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PREFACE

Our world is changing rapidly. Population growth in
the United States since 1990 has added more than 50
million people, while population growth globally
since 1990 has added more than one billion. Many of
these people live in geologically active areas, which
are subject to potentially hazardous events such as
floods, earthquakes or landslides. Decisions that peo-
ple make, about where and in what they live, greatly
influence whether geologic events become disasters.
For example, human choices about resource develop-
ment, such as logging slopes and changing river
courses, can increase the number and severity of
impacts from geologic events such as landslides and
floods. Impacts from the Indian Ocean tsunami after
the Sumatra earthquake of December, 2004, which |ead
to the tragic loss of nearly 200,000 lives, were probably
made worse by development choices along coasts.
When population is concentrated in the coastal zone
by building hotels and condominiums, risks to
humans increase. A director of the World Health Orga-
nization has been quoted as saying that he doesn't like
to use the term natural disasters; human factors are
also important in creating disasters.

In addition to more losses from disasters, popu-
lation increase also has resulted in greater demand for
geologic resources such as fresh water, industrial rocks
and minerals, metals, and fossil fuels. As we move
beyond the peak in global oil production, major
changes in energy sources, energy uses, our quality of
life, our organization of cities and transportation will
continue to occur.

With population increase, human impact on the
Earth system also is forcing changes in diversity of the
biosphere, the chemistry of the atmosphere, and global
climate. The quest for sustainability, complicated and
threatened by changes in population, pollution, energy
use, environment, economics and political objectives, is
seen by some as the ultimate objective for humanity
and one in which environmental geology should play a
key role.

The main goal of this book is to help students
learn how to make wise choices for sustainability in a
finite, changing and geologically active world. No one
can promise a high-quality life, safe from natural and
human-related risks, but education about observation
of past events, interpretation of clues from landscapes
in potentially hazardous areas, and choices of actions
can help mitigate some of the risks from hazardous
events. Understanding the processes, materials, land-
scapes and history of the Earth and the role of humans
in using and changing the Earth system, will provide
the basis for meeting the sustainability challenge.

ENVIRONMENTAL GEOLOGY AS A DISCIPLINE

The need for environmental geology as a distinct disci-
pline arose in the 1960s in response to obvious changes
in environmental quality. Degradation of the environ-
ment was blamed on a variety of factors, including
affluence in a throwaway society, increasing industri-
alization, urbanization, rapidly growing population,
and lack of aland ethic. Geologists, who typically have
long-term and systems-oriented approaches to prob-
lems, understand the human colony's impact on and
interaction with the geosystem. Environmental geol-
ogy is basically the application of geology to the sus-
tainability challenges facing humans in the earth
system. The scope of environmental geology includes
hazards, resources, pollution, regional planning,
global change, long-range planning and sustainability,
all within the context of an expanding human popula-
tion and declining fossil fuels.

TEACHING APPROACHES

In this book we provide basic ideas, concepts, and tech-
niques of environmental geology for understanding
how the world works primarily in an active learning,
problem-based format. Exercises in this manual are
designed for use in undergraduate courses in environ-
mental geology, applied geology, and environmental
science. They can be used to provide an environmental
focus in physical geology, general geology, physical
geography, earth systems, and sustainability courses.
Although we have created these exercises to provide a
comprehensive experience in environmental geology,
many of the exercises are also useful in other disciplines
such as landscape architecture, natural resources,
regional planning, engineering geology, environmental
studies, geography, and interdisciplinary courses on
global change. Based on our experience and conversa-
tions with colleagues, we have selected both classic and
recent case histories that will meet the needs of most
instructors and students. As with the previous edition
of thisbook, we expect some use in advanced courses at
the pre-college level. Generally, the level of difficulty is
set for a first or second course in the geosciences or
related fields. This book has been written primarily for
use during formal laboratory or recitation sessions;
however, we also use the exercises for in-class activities
and for assigned homework.

Our experience is that students learn best in a
hands-on problem-solving mode. We have used this
approach as a guide in preparing these updated and
new exercises. In most settings this book will provide
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the opportunity to explore topics and examples pre-
sented in lectures, and thus will supplement the stu-
dent's lecture notes and any assigned readings from
on-line and print resources such as scientific journals,
newspapers, reliable websites, network news, pod-
casts and textbooks. Some instructors may choose to
use this book, Investigations in Environmental Geology,
as their only required book for their active learning
course. One option is to break up lectures with brief
exercises drawn from this book, followed by home-
work, recitation, or lab assignments. Another approach
is to spend more than 50% of each class period work-
ing, alone or in groups, on exercises in this book, inter-
rupted by on-demand mini lectures and discussions.
Given the wide availability of materials on-line, the
growing preference for active learning, and the
unused content of many textbooks, one of the above
active learning options may be of interest to many stu-
dents and instructors. We also have found that supple-
menting these exercises with direct observations
during local field trips and through additional ques-
tions using local examples helps students apply the
material to their own lives. It should be noted that the
exercises used in this book have been developed using
data from real cases or research reports. Although very
rare, some data have been adjusted for student com-
prehension but never in a way that would change the
interpretation of the geologic event or problem. With
the variety of topics and examples included here, stu-
dents should learn that there are different ways to
approach the scientific study of environmental prob-
lems and that some problems defy clear-cut solutions.

EXPECTATIONS FOR STUDENTS

In addition to the standard requirements for compl et-
ing a course, we expect students to keep up on current
affairs. Many of the topics considered in the exercises
will be covered in newspapers, public and network TV
and radio, and internet news, sometimes on the same
day as the topic is scheduled to be covered in your
class. We also expect students to search the internet,
use the library, participate in both formal and informal
discussion of issues, and seek out additional sources of
information. Students will have opportunities to
develop skills of project organization, lab report
preparation and presentation, and peer review in
group learning sessions.

FORMAT OF THIS TEXT

This book has 18 exercises that are introduced in four
sections. The exercises cover many current issues in
environmental geology. Exercises 1 through 3 provide
students with background information about earth
materials, geologic time, geologic processes, the use
and interpretation of maps, aerial photographs and
remotely sensed images, and fundamental quantitative

skills that are used in the exercises that follow. Exercises
1 through 3 complement the basic topics covered in
introductory courses in geology. For more experienced
students these three exercises will provide areview; for
others they might be used as a quick study of a topic
needed in later exercises. Exercises 4 through 11 inves-
tigate the nature of geologic events, including volca-
noes, earthquakes, landslides and snow avalanches,
subsidence, river floods and coastal processes. Exer-
cises 12 through 16 investigate water-related resource
and pollution issues. The last section of the book
explores the topic of sustainability in two exercises.
Exercise 17 looks at land use planning from an environ-
mental geology perspective. Exercise 18 and the Sec-
tion Introduction investigate evidence of global change
(CO02 fluctuations, ice-core paleotemperatures, glacier
retreat, ozone losses, and population growth), resource
types and availability, Hubbert's Curve, and forecast-
ing through the development of a long-range scenario.
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THE CHALLENGE

At its current rate of growth, world population may
grow from 6 billion to more than 9 billion people in the
next few decades, which could severely impact Earth
systems because of increased human activity, i.e., human
consumption of energy, mineral, water and food
resources and production of waste. Unfortunately, the
cumulative impact of increased population is not fully
appreciated. The impact of population growth over the
past few decades, combined with anticipated future
growth, could be compared to an asteroid or a bolide
(large meteorite) 1 kmin diameter striking the Earth. An
asteroid of this size would do considerable damage to
the immediate area and might impact the environment
on a global scale with dust and debris gjected into the
atmosphere. An even larger asteroid (9 km in diameter)
would be needed to represent the baggage of geological
materials that this mass of humans will need in its life-
support system during its lifetime. The impact from a
still larger asteroid (22 km in diameter) would be
needed to represent the food energy this mass of
humanity would consume in 60 years at the rate of 2000
calories per day per person! Such an impact would dev-
astate most of the planet. It would be an event similar to
that proposed for extinction of some of the dinosaurs. A
cartoon sketch of the human asteroid that could impact
the Earth is presented on the cover of this book. Think
of it when you hear of proposed programs to track and
deflect killer asteroids that might collide with the Earth.
We have a human asteroid on the way now. Will
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impacts from this asteroid-sized human growth lead to
extinction? Could we be approaching population limits
(imposed by a finite Earth) such as fossil fuel energy,
soil exhaustion and food supply, contamination of the
biosphere (including humans) with related loss of bio-
diversity, and rapid global change that impacts infra-
structure, water resources, and geologic hazards? Have
we been propelled above the long-term carrying capac-
ity of the Earth for humans by high-quality and inex-
pensive buried sunlight?

The Earth is a spaceship for which there are no
operating manuals or wiring diagrams. As humans, we
are trying to understand interconnected Earth systems—
geological, biological, chemical, and social—so that we
will be able to survive on this spaceship by making the
right choices about human activity. Most scenarios point
to avery exciting future for those on board and for those
about to join us. There is not much time to figure out
how the world works; we believe that thisbook will help
students develop a new understanding of environmen-
tal geology and some of the Earth systems. If we are to
address seriously the problems presented to us by global
change, those in the human sciences—political, social,
medical, and economic— must join those in the natural
sciences and engineering. Thehuman asteroid, exponen-
tial growth in resource use, peak oil, the geoquality of
life, and the impact of natural disasters are topics that
must be part of discussions about our future.

Duncan Foley
Pacific Lutheran University
Tacoma, Washington 98447-0003

foleyd@plu.edu

Garry McKenzie, Russell Utgard,

The Ohio State University

Columbus, Ohio 43210-1398
mckenzie.4@osu.edu, and utgard.| @osu.edu
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|. Introduction to Geology

INTRODUCTION

"Our physical environment is fundamentally
interesting. To know it is a pleasure, to under-
stand it is ajoy, and to solve its puzzes is cre-
ative work of the highest type."

—BRETZ, 1940
"The science of geology has long concerned itself
with the real-world natural experience of the
planet we inhabit. Its methodology more directly
accords with the common sense reasoning familiar
to all human beings. Because its study focuses on
the concrete particulars of nature rather than on
abstract generalizations, its results are also more
attuned to the perceptions that compel people to
take action, and to the needs of decision makers
who must implement this action.”

—BAKER, 1996

IMPORTANCE OF GEOLOGY

In addition to seeking fundamental knowledge in the
Earth sciences to help us better understand our
planet, geologists help ensure our health by under-
standing toxins in the environment, enhance our
wealth by studying water and other geologic
resources, and improve our security by helping us
avoid geologic hazards and prepare for global cli-
mate change (Thorleifson, 2003). Your daily life and
safety depend on geology. From the economic wealth
of society to the energy you use, the water you drink,
and the food you eat, even to the atoms that make up
your body—you depend on geology. Earthquakes,
volcanic eruptions, floods, and climate change are
among the natural events that can dramatically alter
your lives. This book looks at geologic processes and
products that are important to understand for your
safety and well-being. But what is geology and how
does it work?

GEOLOGY IS A DISTINCT SCIENCE

Geological science is making observations, asking
questions, creating ideas about how the world works,
gathering information and testing the ideas, and com-
municating with others. Questions geologists seek to
answer come from observations made in the field,
observations that then are often extended through
work in scientific laboratories. To geologists, "the
field" is broadly defined. It may be the rocks on the
surface of the Earth, it may be the core of the Earth, or
it may even be, as space probes demonstrate, other
planets.

Environmental geology applies geological meth-
ods to questions that arise from the interaction of
humans with the earth. Environmental geology seeks
knowledge about how we live with geological events,
how we use the Earth for resources, how we use the
land to live and work, and what we may be doing, as
humans, to impact the future of Earth.

Successful geological studies depend on good
observations, good descriptions, asking good ques-
tions, and integrating all available knowledge into
testable models of how the earth works. One tool of
geology is math; in this manual, the math required is
straightforward.

Geological systemsare complex. Where other sci-
ences may be able to isolate individual actions and
investigate them, ultimate knowledge in geology
comes from integrating many often diverse observa-
tions and using information from many different
fields. We may learn, for instance, about the move-
ment of groundwater near a landslide from the distrib-
ution of plants on the surface of the land.

Time is important to geologists. What we see
today is the result of 4.6 billion years of Earth history.
In environmental geology we are worried about how
the accumulated history of the Earth impacts human
occupation and use of land now and into the future. A
basic concept in geology is "the present is the key to
the past." But geologists often state that "the past is the
key to the present (and the future)." By understanding
past geologic processes, events, and products, we

1



2 I. Introduction to Geology

become more aware of the importance of and potential
impacts from current geologic issues.

Geologists must often accept that answers to
questions may be uncertain. As a field-based science,
geologists are often limited by nature in the ability to
observe complex processes directly. We can not, for
instance, cut through an active volcano and observe
directly how magma is working at depth. Nor can
geologists, despite fervent wishes, travel through time
to see the past directly. Limits of nature, however,
mean that geologists must be very careful about obser-
vations that can be made, so the maximum amount of
knowledge can be gained.

Many apparently permanent geological features
are actually moving slowly, often in interconnected
cycles. Continents move on large plates; rocks are cre-
ated and erode. These processes form new rocks and
illustrate the continual tug of war between constructive
and destructive Earth processes. The hydrologic cycle
links circulation of waters in the atmosphere, on land,
underground and in the ocean. It has been said that one
can never cross the same river twice, which means that
it is not possible to regather all the same water mole-
cules moving in exactly the same way. Through geol-
ogy, however, humans are able to view the processes of
the river, and to understand, for instance, that floods
are anormal part of ariver's cycle, and that ariver isa
normal part of the hydrologic cycle.

OBSERVATIONS AND DESCRIPTIONS

A key skill in geology is careful observation and
description of geologic products and processes. Fea-
tures of rocks can be interpreted to reveal a great deal
about their history. Deposits at the surface of the Earth
will be different if they form from ariver, from a land-
slide, or from avolcanic eruption.

Where direct observation is not possible, geolo-
gists use other methods to gather data. In environmen-
tal geology, these methods may include seismographs,
in order to measure earthquakes and interpret subsur-
face structures of the Earth. Another method is satellite
imagery. Satelliteimages are ableto show us parts of the
world that we can not see in other ways. Airp lesfly-
ing over sites take photographs or gather radt. images.

Maps are avery powerful tool in geologic studies.
Patterns made by contours on U.S. Geological Survey
topographic maps are very useful in interpreting
zones with geologic hazards. Hummocky topography
of landslides, rivers meandering on floodplains and
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distinctive shapes of active volcanoes are typical fea-
tures that easily can be identified on topographic maps.

This manual introduces you to many of the tools
and techniques that geologists use to gather data and
answer questions. Doing well on these exercises will
help you become a more aware, and safer, citizen.

OVERVIEW OF EXERCISES 1-3

The three exercises in this section provide basic con-
cepts, tools, and techniques of the geosciences. For
some this material will be a review, for others an intro-
duction, and for all a handy reference while answering
questions in this manual.

In Exercise 1, we explore minerals; common
igneous, sedimentary, and metamorphic rocks; regolith
(the engineer's soil); and geologic time and geologic
processes in the Earth system. Understanding minerals
isimportant for our use of geologic resources and build-
ing on sediments and rocks. Sedimentary rock, because
of itswidespread extent, is most likely to be the bedrock
encountered in environmental investigations. But more
important is arelated component of the rock cycle, the
surficial sediment or regolith that overlies the rocks.
With geologic time, we focus on the last few hundred
thousand years and present a geologic time chart that
emphasizes this. At the same time we realize that
understanding paleoenvironments and changes over
deeper time is important. In this exercise we ask you to
explore the Earth system, the connections that exist
between the processes (Figure 1.3), and the rates of
these processes. In seeking to understand and address
environmental problems, an Earth systems science
approach which looks at frequency, rates, connectivity
and controls on events is essential.

In Exercise 2 we gain increased familiarity with
maps and images that provide the spatial framework
for understanding environmental problems. A review
of topographic maps is followed by interpretation of
geologic maps and an introduction to other useful
images including aerial photographs and satellite and
LIDAR images. Fortunately for the environmental geol-
ogist, as our impact on the planet has increased expo-
nentially, the technology to observe the nature, extent,
and rates of change has grown in a similar fashion.

Scientific measurements and notation, useful cal-
culations and conversions, display of data on graphs
and tables, and simple statistics arein Exercise 3. Addi-
tional useful information for problem-solving exer-
cisesin thismanual isin the Appendices.

Frodeman, R, 1995, Geological reasoning: Geology as an
interpretive and historical science: Geological Society of
America Bulletin, v. 107, p. 960-968.

Thorleifson, H., 2003, Why we do geology: Geology, v. 32, no. 4,
p.land 4.



EXERCISE 1

Earth Materials, Geologic Time,
and Geol ogic Processes

INTRODUCTION

One of the necessary phases of geologic studies is
gaining knowledge of the materials that make up
the Earth's crust. The ability to identify these earth
materials (rocks and minerals) provides one with an
appreciation of the natural environment and
supplies earth scientists with atool that may aid in
geologic and environmental studies of an area.

The minerals (Part A) and rocks (Part B) studied in
this exercise are the most commonly occurring types
and those of interest because of their importance in
environmental considerations. Over geologic time
(Part C), these mineral and rock materials are
modified by geologic processes (Part D) acting on
and within the Earth.

PART A. MINERALS

A mineral is a naturally occurring inorganic sub-
stance that has an orderly internal structure and char-
acteristic chemical composition, crystal form, and
physical properties. Minerals possess many funda-
mental characteristics that are external evidence of an
orderly internal arrangement of atoms, le physical
properties of minerals reflect their internal structure
and provide clues to their identity. Many chemical
properties also aid in mineral identification. For
instance, the carbonate minerals calcite and dolomite
(the main constituents of limestone and dolostone)
effervesce with application of dilute (5 percent)
hydrochloric acid.

Physical Properties

CRYSTAL FORM Crystal form refers to the orderly
geometric arrangement of external planes or surfaces
that are controlled by the orderly internal arrangement

of atoms and/or molecules that make up a mineral.
Minerals may exhibit many different characteristic
external forms, for example, sheets (mica), cubes (halite
and galena), rhombohedrons (calcite), and hexagons
(rock crystal quartz).

HARDNESS The resistance that a mineral offers to
abrasion is its hardness. It is determined by scratching
the surface of a mineral with another mineral or
material of known hardness. The Mohs Scale of
Hardness consists of 10 minerals ranked in ascending
order with diamond, the hardest known mineral,
assigned the number 10. This scale, together with
several common objects of known hardness, is shown
below and should be referred to in determining the
hardness of unknown minerals. Because weathering
may affect hardness, it is important to make tests on
fresh surfaces.

MOHSSCALEOF

HARDNESS COMMON OBJECTS
1. talc

2. gypsum 2-2.5 finger nail

3. calcite 3-3.5 copper penny
4. fluorite

5. apatite 5-5.5 knife blade,
6. feldspar 5.5-6 glassplate

7. quartz 6.5 steel file

8. topaz

9. corundum

10. diamond

CLEAVAGE AND FRACTURE The bonds that hold
atoms together in a crystalline structure are not
necessarily equal in all directions. If definite planes of
weakness exist, a mineral will tend to break along
these cleavage planes. Cleavage is described with
reference to the number of cleavage planes and their
angles of intersection, and may be further qualified as
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perfect when well developed, or indistinct when
poorly developed. Some examples of different types of
cleavage are:

mica and selenite

gypsum
halite and galena

Basal (1 plane or direction)

Cubic (3 planes at right
angles)

Rhombic (3 planes not at
right angles)

calcite

The breaking of a mineral along directions other than
cleavage planes is termed fracture. Some common
types of fracture are conchoidal (quartz), irregular
(pyrite), and fibrous (asbestos).

LUSTER The luster of a mineral is the appearance of a
fresh surface in reflected light. There are two major types
of luster: metallic and nonmetallic. Galena and pyrite
have a metallic luster; nonmetallic lusters include glassy
or vitreous (quartz), resinous (sphalerite), pearly (talc),
and dull or earthy (kaolinite).

COLOR Color is one of the most obvious properties
of a mineral but in general it is of limited diagnostic
value. For example, quartz may vary from colorless to
white (milky), gray, rose, purple (amethyst), green,
and black. In contrast, galenais a distinctive gray and
the micas can often be separated on the basis of color,
which results from different chemical compositions.

STREAK The color of a mineral's powder is its streak.
It is obtained by rubbing a mineral specimen across a
streak plate (a piece of unglazed porcelain). Streak is
commonly a diagnostic characteristic of metallic
minerals. Color may vary greatly within one mineral
species but the streak is generally constant (e.g.,
hematite has a reddish streak).

RELATIVE DENSITY OR SPECIFIC GRAVITY Specific
gravity (s.g.) is the ratio between the weight of a
mineral and the weight of an equal volume of water.
Although sg. can be determined accurately, it is
sufficient for general laboratory and field purposes to
observe the "heft" of a mineral simply by handling it.
Galena (7.5) and pyrite (5) are heavy; the common rock-
forming minerals (calcite, quartz, and the feldspars) are
of medium weight (2.5 to 2.8); and halite is light (2.1).

TENACITY Tenacity is the resistance of a mineral to
being bent or broken. It should not be confused
with hardness. Some of the terms used to describe
tenacity are:

will bend and
returntooriginal
position when
forceisreleased

Elastic mica

Flexible will bend but does not selenite
returntooriginal gypsum
position when force
isreleased

Malleable can behammered into native
thin sheets without copper
breaking

Brittle does not bend but quartz
shatterswhen
sufficient pressure
is applied

Other Mineral Properties

Magnetism Magnetiteisthe only common
mineral to show obvious
magnetic attraction.
Halitehasa salty taste,

which is a definite property of

thismineral.

Odor Theclay minerals(kaolinite, etc.)
smell earthy, especially when
breathed upon.

Feel Some mineralshaveadistinctive

feel (e.g., talc feels soapy).

Calcite will effervesce (fizz)

when cold, dilute hydrochloric

acid (HC1) isapplied. Dolomite
reactswith dilute HCl if it is
powdered.

Taste

Chemical
Reaction

QUESTIONS 1, PART A

1. Examine each mineral specimen that your instructor selects
for this exercise. Determine and record in Table 1.1 &l of the
properties you test and/or observe. This includes determina-
tion of luster, color, cleavage, fracture, and specific gravity; and
testing for hardness, streak, and other properties.

2. After you have recorded the observed physical proper-
ties, with the aid of earlier information and the descriptive
information about each mineral found in Table 1.2, deter-
mine the names of the minerals. Record the chemical com-
position of each minera and note the information
regarding their geologic, environmental, and economic sig-
nificance. As you will see, some of these minerals are of
particular importance because of the way they influence
the environment when not properly used or when their
presence is not considered.

PART B. COMMON ROCKS

A rock is an accumulation or aggregate of one or more
minerals, although some nonmineral substances such
as coal or volcanic glass are also considered rocks.
Rocks are generally classified into three major cate-
gories: igneous, sedimentary, and metamorphic. The
interrelations among the three groups of rocks are
shown by the rock system (Figure 1.1). Note that you
need to add another arrow from metamorphic rocks.
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TABLE 1.1 Mineral Identification

Exercise 1 « Earth Materials, Geologic Time, and Geologic Processes

Sample
Number

Color

Streak

Luster

Hardness

Specific
Gravity

Chemical
Composition

Name of
Mineral

Other
Properties

Fracture or
Cleavage

Igneous Rocks

Igneous rocks are formed by the crystallization of a
molten silicate-rich liquid known as magma. Magma
that cools relatively slowly beneath the Earth's surface
forms plutonic or intrusive igneous rocks, whereas

FIGURE 1.1 The rock system.

magma that crystallizes at or near the Earth's surface
as lava forms volcanic or extrusive igneous rocks. The
rate at which magma cools determines the texture of
igneous rocks. The composition of the magma deter-
mines the mineral composition of the rock. These two
properties, texture and composition, are the basis for
classifying and identifying igneous rocks.

Igneous rock texture

Coarse
(Phaneritic)

Fine

(Aphanitic)

Porphyritic

Ves :ular

Pyroclastic

Glassy

Interlocking mineral grains that
can be distinguished with an
unaided eye

Individual mineral grainsare
small and cannot be
distinguished with an
unaided eye

Two sizes of minerals, with
large crystals (phenocrysts)
imbedded in fine- or

coar se-textured groundmass
Rockscontain many cavitiesor
voids, giving atexture similar
toahard sponge
Rocksmadefrom volcanic
materialsthat have flown
through theair, such asash
(tephra)

Texturethat resemblesglass
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8 I. Introduction to Geology

COMPOSITION Generally, the composition of igneous
rocks can be divided into two major groups: (1) thosein
which the light-colored minerals quartz and orthoclase
feldspar predominate (acidic igneous rocks); and (2)
those in which the dark-colored minerals olivine,
augite (pyroxene), and hornblende predominate (basic
igneous rocks). Plagioclase feldspar is usually present
in the darker igneous rocks.

SIGNIFICANCE Igneous rocks are economically impor-
tant as most metallic minerals are found in or asso-
ciated with them. Many other economic products,
including building stone, aggregate, gemstones, and
ceramic and glass materials are derived from igneous
rocks. Geothermal energy, a source of which is heat
from igneous rocks, is a potentially important,
although limited, future energy source. Since ignheous
rocks are relatively nonporous and impermeable, the
groundwater obtainable from them is generally limited
in quantity, although usually of good quality. However,
some igneous rocks may be jointed or fractured, and
some volcanic rocks may have lava tunnels so that
large voids exist that provide a reservoir of abundant
water. When these rocks are used for waste disposal,
groundwater may readily become polluted.

Important engineering properties of igneous
rocks include their strength and stability; that is, they
provide a sound foundation for construction projects.
Commonly, soils that have developed on igneous
rocks are thin and on slopes such soils may slide when
saturated with water. Although igneous rocks usually
provide a firm foundation, the benefits may be over-
come by adverse factors such as excavation difficulty,
thin soils, and lack of groundwater.

TABLE 1.3 Classification of Igneous Rocks

QUESTIONS 1, PART B1

1. Your instructor will provide specimens of igneous rocks
for you to identify. Determine the texture, composition, and
any other important characteristics of each specimen and
record your observationsin Table 1.4. Using the information
you have compiled and Table 1.3, determine the name of
each rock.

2. After you have made a record of the names and charac-
teristics of the igneous rocks, note information regarding
the geologic, environmental, and economic significance of
these rocks in the proper column in Table 1.4.

Sedimentary Rocks

Sedimentary rocks are formed from the products of
the weathering (breakdown) of preexisting rocks.
When these products (sediments) are compacted by
pressure of overlying material or cemented together by
precipitation of mineral matter between the particles,
new rock is formed. Sedimentary rocks may also be
formed from the accumulation of organic materials
and from chemical precipitation of mineral matter
from water. The common sedimentary rocks and their
characteristics arelisted in Table 1.5.

SIGNIFICANCE Since sedimentary rocks cover appro-
ximately 75 percent of the Earth's surface, human
interaction with earth materials is more likely to be
with these rocks than with any other type. When we
seek a water supply, dispose of waste materials,
engage in construction projects, or extract mineral
resources, the rock encountered is likely to be
sedimentary.

Composition | Quartz, Orthoclase, Na-rich plagioclase.
Texture -—AAN Biotite Hornblende, Biotite Ca-rich plagioclase, Augite, Olivine
Phaneritic Granite Diorite Gabbro
Phaneritic (with phenocrysts) Porphyritic granite
Aphanitic Rhyolite (Felsite) Andesite Basalt
Aphanitic (with phenocrysts) Porphyritic rhyolite Porphyritic andesite Porphyritic basalt
Glassy Obsidian
Vesicular Pumice Scoria
Pyroclastic Tuff and Volcanic breccia
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TABLE 1.4 Igneous Rock lIdentification

Sample

Mineral Other Identifying Geologic, Environmental,

Number Texture Composition Characteristics Name of Rock and Economic Significance

TABLE 1.5 Sedimentary Rocks: Detrital (by granular texture*) and Chemical/Biochemical (by composition)

Conglomerate*

Rounded gravel-sized (>2 mm) rock and mineral fragments cemented together by silica (Si0,), calcite,
or iron oxides.

Sandstone* Sand-sized (1/16 to 2 mm) particles of chiefly quartz cemented together by silica, calcite, or iron oxides.

Siltstone* Silt-sized (1/256 to 1/16 mm) particles of rock fragments, quartz, and other minerals held together by
calcite, silica, or iron oxides or by a clay matrix.

Shale (mud- Clay-sized (< 1/256 mm) particles that are chiefly the product of weathering of feldspars and are lithified

stone)* by compaction. Mineral composition is chiefly clay minerals.

Limestone A calcium carbonate rock, CaCO0,, which may be formed by accumulation of fossil remains or chemical
precipitation from solution upon evaporation, it is composed of calcite and occurs in several varieties
including oolitic, fossiliferous, coquina, and chalk.

Dolostone A calcium-magnesium carbonate rock, CaMg(CO0.,),, composed largely of the mineral dolomite. Texture and
appearance are similar to limestone. Can usually be distinguished from limestone by its slow reaction to HCI.

Coal An accumulation of vegetation that through compaction loses its water and volatile matter to become
relatively pure carbon. Peat and lignite are early stages of coal formation; bituminous coal represents a later
stage; anthracite is further transformed by heat and pressure and may be considered a metamorphic rock.

Rock gypsum A chemical precipitate composed mainly of the mineral gypsum, CaS0,* 2H,0, which originates from evapo-
ration of lakes and seas in restricted bays and thus is an indicator of an arid climate at the time of formation.

Rock salt A chemical precipitate composed of the mineral halite, NaCl whose origin is similar to that of gypsum. A

(halite)

significant physical property of rock salt is that it flows at relatively low temperature and pressure.
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The fact that shale is the most abundant sedi-
mentary rock is somewhat unfortunate, as it has sev-
eral undesirable properties. These properties are
sometimes ignored in construction and engineering
projects. Some shales absorb large quantities of water
and expand greatly; others are plastic and flow easily.
Shales typically weather rapidly, are weak and unable
to support great weight, and, when lubricated by
water, slide readily. The impermeability of shales
makes them a poor source of groundwater.

The coarser clastic (made of fragments) rocks,
conglomerate and sandstone, are generally porous and
permeable and as a result are the source of abundant
groundwater, usually of high quality. These rocks gen-
erally possess good foundation-bearing qualities or
support strength.

Limestones may be highly soluble and hence
unsuitable sites for many construction projects. Solu-
tion channels, caves, and sinkholes which develop in
limestone may result in subsidence problems and
make unsuitable sites for surface water reservoirs and
for waste disposal.

Sedimentary rocks are of great economic signif-
icance. Building materials, aggregate, glass, ceramic
products, and the fossil fuels, as well as some metal -
lic mineral deposits are the products of sedimentary
rocks.

TABLE 1.6 Sedimentary Rock Identification

QUESTIONS 1, PART B2

1. Your ingtructor will provide specimens of sedimentary
rocks for you to identify. Using the information presented in
Table 1.5, determine the composition and texture of each spec-
imen. On thisbasis draw your conclusions about the origin of
the sediments, the process of lithification, and the name of the
rock. Record thisinformationin Table 1.6.

2. After you have identified the rocks, determine some of
the important uses and geologic and environmental signifi-
cance of each rock and record this in the last column in
Table 1.6.

Metamorphic Rocks

M etamorphic rocks are formed from preexisting rocks
that have undergone substantial alteration by pres-
sure, heat, and chemically active fluids. Metamorphic
changes include (1) recrystallization of minerals, nor-
mally into larger grains; (2) chemical recombination
and growth of new minerals; and (3) deformation and
reorientation of constituent minerals. Classification of
metamorphic rocks is based primarily on texture and
composition. Two general categories result: foliated
and nonfoliated. Foliated texture is characterized by
an alignment of platy minerals such as mica, giving
the rock a banded or layered appearance. Nonfoliated

Mineral
Composition

Sample

Number Texture

Other Characteristics
(clastic/non-clastic)

Geologic, Environmental,

Name of Rock and Economic Significance

— ——
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TABLE 1.7 Common Metamorphic Rocks

Texture Diagnostic Characteristics Rock Name
Foliated (coarse) Alternating bands of unlike minerals, such as feldspar and quartz, with lesser Gneiss
amounts of mica, and ferromagnesian minerals
Foliated (medium to fine) Foliation due to parallel arrangement of platy minerals; mica, chlorite, talc, Schist
hornblende, and garnet are common minerals
Foliated (very fine) Quartz, muscovite, and chlorite are common minerals but are not visible with Slate
the unaided eye; may resemble shale but has no earthy odor; compact and
brittle; varicolored. Generally represents metamorphosed shale.
Principally quartz; varicolored; very hard, massive. Original rock is generally Quartzite
quartz rich sandstone.
Nonfoliated . . . . .
Principally calcite or dolomite; crystals commonly large and interlocking; Marble
varicolored. Original rocks are limestone and dolostone.

texture is characterized by an absence of an align-
ment of minerals due to the random orientation or
equidimensional nature of constituent minerals. The
common metamorphic rock characteristics are sum-
marized in Table 1.7.

SIGNIFICANCE The environmental significance of
metamorphic rocks is similar to that of igneous rocks
in that they are generally nonporous and
impermeable; they are, therefore, a poor source of
groundwater, and provide a firm foundation for
construction projects. However, one characteristic of
foliated metamorphic rocks that needs special
consideration is the direction of orientation of the
foliation or planes of schistocity. These may represent
planes of weakness that must be considered in
foundation support, excavations, and in any situation
where sliding may take place along these planes.

TABLE 1.8 Metamorphic Rock Identification

In some cases, metamorphic rocks retain properties
of the original rock and, therefore, respond in the same
way as the original rock. Thisis especially true of mar-
ble, which should be subject to the same considera-
tions as limestone because of its high solubility.

Metamorphic rocks provide many economic
products including building stone, monument and
decorative stone, aggregate, and gemstones, as well as
fossil fuel (anthracite).

QUESTIONS 1, PART B3

1. Your instructor will provide specimens of metamorphic
rocks for you to identify. Using the information presented in
Table 17, determine the texture, composition, and other
properties of each specimen to identify the metamorphic rock
and probable original rock. Record your observations in
Table18.

Mineral
Composition

Sample

Number Texture

| Other Characteristics
| (original rock)

Geologic, Environmental,
Name of Rock and Economic Significance
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2. After you haveidentified the metamorphic rocks, note infor-
mation regarding the geologic, environmental, and economic
significance of these rocks in the proper column in Table 1.8.

Regolith—Unconsolidated Material
on Bedrock

One of the most important geologic materials with
which the human colony interacts at the surface of
the Earth is regolith. This unconsolidated material
that overlies the bedrock is often loose and readily
excavated. There are four basic processes of forma-
tion: (1) in place by weathering of underlying bedrock;
(2) by mass-wasting of bedrock and sediments moving
downslope under the force of gravity; (3) by accumu-
lation oforganics such as peat; or (4) byfluvial, glacial, or
eolian transport of eroded material, which is deposited
as sediment. The general term used by geologists for
al these materials is regolith; however, for the same
unconsolidated materials over bedrock engineers
apply the term soil. Geologists, biologists, and soil sci-
entists generally use the term soil for those weathered
horizons developed at the top of the transported
regolith or directly from weathering of the bedrock. The
biologist's soil is considered to be able to support life.

Most regolith is described primarily on the basis
of grain size (and sorting) in much the same way as are
detrital sedimentary rocks (see Table 1.5). Grain sizes
(or textures) of unconsolidated materials are clay, silt,

sand, and gravel, which correspond to the sedimen-
tary rock materials of shale, siltstone, sandstone, and
conglomerate, respectively. Sorting of sedimentary
material into these grain sizes occurs by wind or mov-
ing water. Unsorted sediments are a mixture of many
of these grain sizes and include such materials as those
deposited directly from glaciers (till) and from land-
slides (colluvium). SeeTable 1.9.

SIGNIFICANCE Many of the environmental problems
encountered in use of the surface of the Earth occur in
or on the regolith. Failure or movement of this mater-
ia often occurs during hazardous geologic processes
and may result in destruction of buildings and high-
ways. The regolith iswhere solid and liquid waste dis-
posal and recharge, protection, storage, and extraction
of groundwater can occur. In this material we also find
gravel and sand resources for construction and agri-
cultural soils for crops. And in glacial and other
deposits, including those inrivers, lakes, and bogs, we
are able to decipher Quaternary history, which shows
us how climate, geologic processes, and landscapes
have changed over the last 2 million years. Thus the
regolith provides essential resources for humanity and
provides scientific data that helps us understand what
the future might hold. Where does the regolith fit in
therock cycle? It is basically unconsolidated sediment
that overlies the rocks.

TABLE 1.9 Common Regolith (Unconsolidated Sedimentary) Materials

Texture (or grain Sorting Sediment Possible Origin Geologic Significance

size—gravel, sand, (well sorted, Type (detrital, (e.g., river, beach, (good aquifer, mineral
Sample silt, clay) (sizes in poorly sorted, organic, humans, wetland, resource, or building
Number Table 1.5) unsorted) residual)* dune, glacier) site, etc.)

* Detrital, loose grains of broken rocks and minerals (e.g., sand, etc.); organic, peat or loose plant matter; residual, chemically weathered residual regolith

with loose silicate fragments, clay minerals, and concentrations of iron oxide and aluminum oxide.
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The properties of surficial materials are deter-
mined largely by grain size, sorting, and moisture
content. Generally fine-grained sediments (silts and
clays) are less suitable for construction substrates
because of loss of strength and resulting deformation
that occurs, particularly with high moisture content.
But such fine-grained materials also provide benefits
as they are more suitable for trapping subsurface pol-
lutants and restricting groundwater flow. Coarse-
grained sediment such as gravel is generally a good
substrate for construction because of its strength and
well-drained character. Gravel units often are good
groundwater reservoirs. The strength of till (an
unsorted component of the regolith) depends on the
range of grain sizes and the dominant grain size. In
glaciated regions of North America, much of the infra-
structure is built on glacial till or gravel, so under-
standing their properties is important. If clayey and
unfractured, till serves as a barrier to movement of
toxic materials and polluted groundwater. Clay min-
eral type is also important in understanding the
behavior of regolith (e.g., some clays expand more
than 50 percent when wet). More information on the
engineering aspects of the materials on bedrock is
available in engineering geology books (e.g., Rahn,
1996; West, 1995).

To minimize the structural losses from hazards
and maximize availability of the resources in the
regolith, land-use planners use information from
two basic sources: surficial geology maps (often
known as glacial geology maps in the northern
states and Canada) and soil surveys. The surficial
maps provide information on geologic materials at
the surface, stratigraphy of the regolith, depth to
bedrock (which might range from less than Im to
more than 200m), and landforms. The soil surveys
typically focus on the upper meter of the regolith,
but also give us a clue to the substrate beneath. Soil
surveys also contain site-specific aerial photographs
marked with soil types and important tables
that contain resource and engineering limitations.
Groundwater resource maps provide additional
information on the nature of the regolith and
groundwater. By combining these information
sources in what are known as stack maps, it is possi-
ble to obtain a 3-D picture of the regolith that aids us
in planning land use. For more information on surfi-
cial materials consult Graf (1987), Easterbrook
(2003), Walker and Cohen (2006), and state soil sur-
veys (many on the Web).

QUESTIONS 1, PART B4

1. Your instructor will provide samples of sedimentary
materials for you to identify. Use information in the
description of regolith types above, and descriptionsin the
sedimentary rocks section of the manual, to help identify

the samples, their possible origin, and their geologic sig-
nificance. For example, a dry, compact mass of well-
sorted, very fine-grained sediment that can be abraded
with a knife might be a clay, formed in a lake bed, and
have low strength, slow movement of water through it,
and thus not a good aquifer (but useful for containment of
wastes, eg., a potential landfill site). Coarser-grained
sorted sediments reflect higher energy environments. See
Table 15 for grain-size information.

2. Define each of the following terms and any others
assigned by the instructor.

Regolith

Soil (engineering)

Sail (biological or soil science)

Till

3. List four possible environments of formation or origins of
regolith. (Hint: Seetheintroduction to the section "Regolith.")

4. Think of the types of materials that make up the regolith
and determine which material or materials would be most
useful for:

a. agroundwater reservoir (aquifer)

b. protecting an aquifer from contamination from a gaso-
line spill on the land surface

5. If the local surficial geology map and county soil survey
reports are available in lab or online, determine:

a. the material and origin of the regolith beneath your
building or campus

b. the soil type beneath your building or campus. (Soil
maps are available for most counties; they contain a wealth of
data on a site, often including aerial photos.)

PART C. GEOLOGIC TIME

One of the basic concepts underlying geologic stud-
ies is that of geologic time, a term which implies an
exceedingly long duration of Earth history. Geologic
time encompasses the total age of the Earth, about
4.6 billion years, from the time of formation of the
primitive Earth to the present. The immensity of geo-
logic time is difficult to comprehend because we
must consider time spans that far exceed our com-
mon experiences.

Geologic processes acting on the Earth since its
beginning have produced tremendous changes that
are possible only because of almost unlimited time.
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FIGURE 1.2 Geoenvironmental time scale. See Appendix Il for a more detailed time scale. (Modified from McKenzie and others, 1996)

From the human perspective these natural processes
often act so slowly that change may not be visible
over an entire lifetime. Conversely, humans as agents
of geologic change have had an enormous impact on
the Earth's surface, an impact that is greatly out of
proportion to the amount of time humans have occu-
pied the Earth.

A necessary outgrowth of years of geologic studies
has been the development of a calendar of geologic time,
known as the geologic time scale. In the early days of
collection of fossil and rock specimens or the timing of
geologic events, a standard chronologic sequence of rel-
ative time was developed based on the way strata occur
one on top of another and on stages of evolutionary
progress shown by fossil organisms. In the last half cen-
tury radiometric dating methods have been developed
that allow precise determination of absolute time in
terms of actual years before the present (Appendix I1).

Global environmental changes in the last 50,000
years have been particularly rapid and significant for the
human colony; however, the standard geologic time
scale does not adequately represent most recent time.
The Geoenvironmental Time Scale (McKenzie et al.,
1996) encompasses the standard time scale but empha-
sizes, with greater detail, recent time and includes his-
torical events (Figure 1.2). It is designed to place
environmental events in a geologic perspective. Use it
and the more detailed traditional time scale showing
eras, periods and epochs from Appendix Il for answer-
ing the questions below.

QUESTIONS 1, PART C

1. Which subdivision of geologic time represents the great-
est length of time (era, period, epoch)?

2. What is the length in millions of years of the:
Cenozoic Era?
Tertiary Period?
Quaternary Period?
Eocene Epoch?
Pleistocene Epoch?

3. How does the Pleistocene Epoch compare in length to the
Ordovician Period?

4. Approximately how many times longer is Precambrian
time than the Cenozoic Era?

5. What is the age in million years (M@ of the boundary
between the Cretaceous and the Tertiary (K/T boundary)?

6. Approximately how many years ago did the following
geologic eventsoccur?

Mt. St. Helens eruption

New Madrid, Mo., earthquake

Vesuvius eruption

Toba eruption
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PART D. EARTH SYSTEMS AND GEOLOGIC
PROCESSES

The Earth's surface is not static; it changes in response
to processes that operate at the surface and within the
Earth. The results of these interactions are the land-
forms and landscapes on which the human colony
lives.

External geologic processes are generated primarily
by solar energy and gravity. Precipitation and other
components of the hydrologic cycle work on the materi-
als of the Earth to shape the land. The processes include:
weathering of rocks and sediments; mass wasting (com-
monly described as landsliding); and erosion and sedi-
mentation by rivers, lakes, oceans, wind and glaciers.
Biologic processes also produce landforms, for exam-
ple, organic reefs. In fact, humans are the prime geo-
morphic agent. We are reshaping the Earth's surface
directly with anthropogenic (human-produced) land-
forms and indirectly through modification of the rates
and scales of natural geologic processes. The processes
working on the Earth are summarized in Figure 1.3. In
addition, humans are also modifying climate, which
controls many geologic processes. The Earth has been
both colder and warmer in the last 130,000 years, but
our current understanding of the Earth system incorpo-
rates a mechanism for increases in global temperatures
because of increased concentrations of greenhouse
gases. Water vapor accounts for 80 percent of the green-
house effect, which is an essential process for the main-
tenance of life-supporting temperatures on Earth
(Jacobsen and Price, 1990). Anthropogenic increases in
natural trace gases such as carbon dioxide (CO,),
methane (CH,), and tropospheric ozone (0,) and
manufactured gases chlorofluorocarbons (CFCs) and
halons are now causing significant changes in tempera-
tures, climate, and geologic processes. Excess quantities
of greenhouse gases are caused primarily by the burn-
ing of fossil fuels or "buried sunlight" (CO,, CH, and
N,0), but agricultural activity (livestock management,
rice paddies, biomass burning, nitrogenous fertilizers,
and deforestation) and industrialization (chlorofluoro-
carbons and halons) also contribute to these gases.
Industrial gases also cause stratospheric ozone deple-
tion, which leads to increases in ultraviolet (UV) radia-
tion and impacts human health, plant productivity, and
climate (Jacobson and Price, 1990).

Environmentalists commonly speak of "Space-
ship Earth" to describe the life-support characteristics
of the Earth. Note that the Earth is not a closed system.
For example, infall of meteoritic material is generally
a minor process; however, on very rare occasions (in
geologic time) large-scale meteorite impact occurs
and can cause significant changes in the Earth's land-
scape, climate, and life. Although not always obvious
on Earth, cratering is the most important geomorphic
process in the solar system.

Internal geologic processes are driven by geother-
mal heat, produced primarily by the radioactive decay
of elements within the Earth. As indicated in Figure
1.3, the rotational energy of the solar system also acts
on the Earth, producing earth and ocean tides. The
result of all these processes is deformation of the crust,
primarily through the mechanism of plate tectonics, in
which large and small segments of the crust and upper
mantle known as plates collide, separate, deform,
grow, and disappear. Due to these plate tectonic
processes and to phase changes in minerals in the
Earth, the surface of the Earth rises and falls. Although
much of this deformation is very slow (on the order of
a few centimeters or less per year), some is very rapid.
These seismic events or earthquakes not only rapidly
displace portions of the crust, but cause shaking and
secondary processes that can seriously impact human
structures designed for a generally stable surface. In
addition to these tectonic processes, there are volcanic
processes that affect the surface and near surface areas
of the Earth. The rates at which many of the geologic
processes that shape the Earth occur are summarized
in Figure 1.4.

The interaction of the internal and external
processes working on earth materials comprises the
"geosystem" and produces our landscapes and the
substrate for human structures. As the surface
changes on short- and long-term bases, humans must
adjust to it. The climate component of the geosystem,
which is responsible for the relative importance of
different external geomorphic processes, is a major
factor in the rate and scale of changes on the Earth.
With the widespread recognition of global warming,
both natural and human-induced (IPCC, 2001, 2007),
our need for improved understanding of the geosys-
tem has grown. The impacts of global warming will
not al be negative; some regions may benefit
(Ausubel, 1991). Global change is now a focus of
much educational, research, and political activity.
Given the expected growth in the human component
of this system, we can expect humans to become a
more important geomorphic agent and to have a
more difficult time adjusting their activities to this
changing system. In partial recognition of this devel-
opment, the 1990s were designated the International
Decade of Natural Disaster Reduction (IDNDR). When
humans have the potential of being overwhelmed by
natural geologic processes, these processes are referred
to as geologic hazards. If the events actually produce
losses in property and life, they are then described as
geologic disasters.

Much of this book explores the realm of geologic
hazards and disasters as they are a major component
of environmental geology. The last section explores
global climate change, possibly the most important
geologic hazard, in the context of sustainability.
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QUESTIONS 1, PART D

1. Figure 1.3 identifies many components of the geosystem,
but does not show linkages between all of them. Sketch on
this figure links that you think might exist between various
geosystem components. If you are uncertain, it may help to
refer to your text. Add to your links a few key words that
explain why you think a particular link exists. Add soils to
the diagram, and indicate important links in their formation
and erosion.

2. Isthe Earth aclosed system? Explain.

3. According to this figure, what is the net annual gain in the
mass of the Earth?

4, List the processes acting on or flowing through the surface
of the Earth.

5. What two energy sources drive the hydrologic cycle?

6. What are the "greenhouse gases" and what do they do?
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EXERCISE 2

Maps, Aerial Photographs,
and Satellite Images

INTRODUCTION

Maps and aerial photographs are basic tools of earth
scientists. They are scale models of a portion of the
Earth's surface that show details of size, shape, and
spatial relations between features. There are many
different kinds of maps, several of which will be used
in this manual. Therefore, it is very important to have
a basic understanding of how to interpret maps,
aerial photographs and other images.

PART A. TOPOGRAPHIC MAPS

A topographic map is a representation of the configu-
ration of the Earth's surface. In addition to showing
the position, relation, sizes, and shapes of the physical
features of an area, it typically shows cultural features.
Topographic maps are of great value to earth and envi-
ronmental scientists for observation and analysis of
the effects of geologic processes that are constantly
changing the face of the Earth. They are also used as
base maps for recording and interpreting geologic and
environmental information that may be used in ana-
lyzing and solving environmental problems. The U.S.
Geological Survey, which hasbeen actively engaged in
making topographic maps since 1882, has produced
maps covering practically all of the United States.
Appendix | contains useful conversion factors for
working with maps using data in both feet and miles
and meters and kilometers.

Interpretation of topographic maps is a great
deal easier if one has an understanding of the follow-
ing terminology:

Topography is the configuration of the surface of the
land.

Relief refers to difference in elevation between the tops
of hills and the bottoms of valleys within a given area.
The datum plane is the plane of zero elevation, which
for nearly all topographic maps is mean sea-level.
Elevation is the vertical distance between a given point
and the datum plane.

Height is the difference in elevation between a topo-
graphic feature and its immediate surroundings.

A bench mark is apoint of known elevation. Itisusually
designated on a map by the letters BM, with the eleva-
tion given to the nearest foot or meter.

Contour lines are lines connecting points of equal eleva-
tion. Contour lines show the vertical or third dimen-
sion on a map and, in addition, the size and shape of
physical features.

Contour interval is the vertical distance between adja-
cent contour lines.

Hachured contour lines are used to indicate closed depres-
sions. They resemble ordinary contour lines except for
the short lines (hachures) on one side, which point
toward the center of the depression.

Scale refers to the ratio of the distance between two
points on the ground and the same two points on the
map. The scale is commonly shown at the center of the
bottom margin of the map sheet and may be expressed
in three ways: (1) a fractional or ratio scale, such as
1:24,000, meaning that one unit of measurement on the
map represents 24,000 of the same units on the
ground; (2) a graphic scale, which is simply a line or
bar that is subdivided to show how many units of dis-
tance on the ground are equivalent to a given distance
on the map; and (3) averbal scale is a convenient way
of stating the scale, such as "one inch equals one mile.”

In the Questions for Part A, the "Tour of a Topo"
section explains many of the additional types of infor-
mation that are on a topographic map.
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Map Symbols

Conventional symbols, used to indicate natural and
manmade features, make it possible to put a vast
amount of detailed information on topographic maps.
In general, cultural (man-made) features are shown in
black and red, all water features are blue, and relief is
shown by contours in brown. Green overprint is used
on some maps to indicate forest areas. Maps that have
been photorevised use a purple or gray overprint to
show cultural features constructed since the map was
originally published.

Topographic map symbols used by the U.S. Geo-
logical Survey are inside the front cover. Information
on how to order maps, a description of the national
mapping program, and map scales are in Appendix IV.

Methods of Describing Locations

There are many ways to locate places or areas on maps.
One way that is commonly used is a description in
terms of latitude and longitude. Lines of latitude (paral-
lels) and lines of longitude (meridians), form a coordi-
nate system superimposed on the Earth's surface.
Parallels are east-west lines that parallel the equator.
Meridians are north-south lines that converge toward
the poles. By this method location is expressed in terms
of the number of degrees (°), minutes ('), and seconds
(") of latitude north or south of the equator and longi-
tude east or west of the prime meridian. The prime
meridian, which passes through Greenwich, England, is
the reference meridian (O°OO'0O0") from which longi-
tude is measured. The equator is the reference parallel
(0°00'00"). The most commonly used topographic
maps are either 7'/,"' or 15' quadrangles.

A second method by which areas or places may
be located is by using the township and range system
(TRS). Thissystem, established by congress as part of
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the "Land Ordinance of 1785," uses selected principal
meridians and base lines as reference points
(Figure 2.1). Starting from these meridians and base
lines, the land was surveyed into congressional town-
ships, six miles square, making the problem of locating
smaller tracts of land simpler. Townships were further
subdivided into 36 sections, each one mile square
(Figure 2.1).

One section of land contains 640 acres, a half-
section 320 acres, and so on. Asamatter of convenience,
sections are divided into halves, quarters, halves and
quarters of quarters, and so on, called fractions, which
are named or located by points of the compass; such
as NW 1/4, SE 1/4, S 1/2, or NE 1/4. In finding the
location of a described tract of land, the description is
analyzed by first determining the location of the
township by range and township number, then the
section by its number. The exact fraction is deter-
mined by beginning with the last (which is the
largest) and working back: T. 2N, R. 2E, Sec. 10, NW
1/4,NE 1/4 (Figure 2.1).

A third way for locating places is the Universal
Transverse Mercator (UTM) grid. The UTM system is
becoming more popular with increasing use of Global
Positioning Systems (GPS). This is in part due to the
fact that the UTM system locates features using
meters, rather than degrees, minutes, and seconds. Itis
far easier to imagine what the distance between two
features isif the distance is reported in meters. It is dif-
ficult at best to imagine distances that are given in
minutes and seconds.

In the UTM system, the world is divided into 60
zones of 6 degreeslongitude. AsshowninFigure2.2, the
conterminous United Statesislocated in zones 10-19.

Locationsin the US are reported in meters north
of the equator (called northings) and meters east of
an arbitrary zero line that lies 500,000 meters west of

NE ;

Wl E;
of | of ©

SW
(160 acres) | gg! SE ;

32|33 |34 |35| 36

Enlargement of Enlargement of

section 10

(640 acres)

FIGURE 2.1 Subdivision of land by township, range, and section. Atownship consists of 36 square miles; a section, 1 square mile (640
acres). Point Z, shown on the maps above, is located in the NE1/4 of the NW1/4 of Sec. 10, T. 2N, R.2E.
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FIGURE 2.2 The Universal Transverse Mercator grid that covers the conterminous 48 United States comprises 10 zones—from Zone 10
on the west coast through Zone 19 in New England. Numbers at top of figure are degrees of longitude. (USGS)

the central N-S meridian in any zone. The central line
in any zone has a value of 500,000 meters to ensure
that all UTM eastings in a specific zone are reported as
positive numbers (Figure 2.3). Sincethereare 10 UTM
zones in the United States, it is important that the spe-
cific zone always be indicated. In the United States,
for instance, each zone may have identical values for
northing and easting; specifying the zone will allow
someone to determine if you are in Washington,
Minnesota, or Maine. Topographic maps indicate
UTM values along their margins shown as blue tic
marks.

Contour Lines

A distinctive characteristic of topographic maps is that
they portray the shape and elevation of the terrain
through the use of contour lines. The manner in which
contour lines express topography is illustrated in
Figure 2.4. Since contours are not ordinary lines, they
must meet certain criteria to satisfy their definition.
The following principles govern the use and interpre-
tation of contour lines.

1. All points on a contour line have the same
elevation.
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FIGURE 2.3 The grid value of line A-A is 357,000 meters east (of the zero line for that UTM zone). The grid value of line B-B is 4,276,000
meters north (of the equator), Point P is 800 meters east and 750 meters north of the grid lines; therefore, the grid coordinates of point P

are north 4,276,750 and east 357,800. (USGS)
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FIGURE 2.4 Topography expressed by contour lines. (USGS)
THE USE OF SYMBOLS IN MAPPING

These illustrations show how various features are depicted on atopographic map. The upper illustration is a perspective view of a river
valley and the adjoining hills. The river flows into a bay which is partly enclosed by a hooked sandbar. On either side of the valley are
terraces through which streams have cut gullies. The hill on the right has a smoothly eroded form and gradual slopes, whereasthe one
on the left rises abruptly in a sharp precipice from which it slopes gently, and forms an inclined tableland traversed by a few shallow
gullies. A road provides access to a church and two houses situated across the river from a highway which follows the seacoast and

curves up the river valley.

The lower illustration shows the same features represented by symbols on atopographic map. The contour interval (the vertical dis-

tance between adjacent contours) is 20 feet.

2. Contours separate all points of higher elevation than
the contour from all points of lower elevation.

3. The elevation represented by a contour line is always
a simple multiple of the contour interval.

4. Usually, every contour line that is a multiple of five
times the contour interval is printed as a darker line
than the others.

5. Contour lines never intersect or divide, they may,
however, merge at a vertical or overhanging cliff.

6. Every contour closes on itself either within or
beyond the limits of the map.

7. Contours that close within a relatively small area on
a map represent hills or knobs.

8. Steep slopes are shown by closely spaced contours,
gentle slopes by widely spaced contours.

9. Uniformly spaced contour lines represent a uniform
slope.

10. Minimum valley and maximum ridge contour
lines must be in pairs. That is, no single lower con-
tour can lie between two higher ones, and vice
versa.

Topographic Profiles

Topographic maps represent a view of the landscape
from above, and even though contour lines show the
relief of thislandscape, it is often desirable to obtain a
better picture of the actual shape of the land in an
area. This can be achieved by constructing a topo-
graphic profile, that is, a cross section of the Earth's
surface along a given line. Profiles may be con-
structed quickly and accurately from topographic
maps using graph paper. The procedure for con-
structing a profile along a selected line on the map is
as follows:

1. Examine the line of profile on the map and note the
elevations of the highest and lowest contour lines
crossed by it. Select a vertical scale that fits the graph
paper and note how many inches or centimeters on
the graph paper correspond to a selected vertical ele-
vation interval. For instance, one inch on the graph
paper might equal 10,100, or 1,000 feet (or 120,1,200,
or 12,000 inches) of relief in your cross section. Label
on the graph paper equally spaced horizontal lines
that correspond to the elevation of each contour line
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(use only alternate or heavy contour lines if they are
closely spaced).

2. Place the edge of the graph paper along the profile
line. Opposite each intersection of a contour line with
the profile line, place a short pencil mark on the graph
paper and indicate the elevation of the contour. Also
mark the intersections of all streams and depressions
and note, where appropriate, depressions or hills that
do not quite reach the next contour line.

3. Project each marked elevation perpendicularly to the
horizontal line of the same elevation on the graph paper.

4. Connect the points with smooth line and label
prominent features.

5. State the vertical exaggeration. To avoid distortion,
profiles are drawn with equal vertical and horizontal
scales. However, it is usually necessary to use a verti-
cal scale several times larger than the horizontal scale.

This is done to bring out the topographic details in
areas of low relief. The vertical exaggeration is calcu-
lated by dividing the horizontal scale by the vertical
scale. Thus a profile with a horizontal scale of
1" = 2000'(1:24,000) and a vertical scale of 1" = 400
(1:4800) would have a vertical exaggeration of five
times, that is 2000/400 = 5x (24,000/4800 = 5x).
Note that the units of measurement must be the same
for both the numerator (24,000) and denominator
(4800) to calculate acorrect vertical exaggeration.

QUESTIONS 2, PART A

1. Construction of a Contour Map. The elevation of points
shown on the map in Figure 2.5 was determined by survey.
Abiding by the principles governing contour lines, you are
to draw in contour lines to make a topographic map. Use a
20-foot contour interval and assume that the land slopes uni-
formly between any two points of different elevation.
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FIGURE 2.5 Elevations (in feet) for drawing a contour map. (Horizontal scale: 1” = 1 mile = 5280’)
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FIGURE 2.6 Profile along line X-X’ in Figure 2.5. Vertical scale:

1" =

ft. Vertical exaggeration
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2. Construction of a Topographic Profile. Using the contour map
you have just completed, draw a topographic profile along
line X-X". This profile may be constructed by "dropping"
perpendicular dotted lines from each intersection of a con-
tour line with the profile line, to the same elevation on the
graph paper (Figure 2.6). Then connect the points with a
smooth line. State the vertical scale and vertical exaggeration
in the spaces provided.

3. Use either Figure 2.7 or a map supplied by your
instructor to answer the following questions.

a. What year was the map made? Revised?

b. What year were the photographs taken that were used

to create the map? Were later photographs also
taken? If so, when?

c. What are the UTM values for the southeast corner of
the map? N, E

d. What are the latitude and longitude values for the
southeast corner of the map? degrees, min-
utes, and seconds N; degrees, minutes, and
seconds W

e. What is the scale of the map?

f. What is the contour interval of the map?

0. What is the quadrangle immediately southwest of this
quadrangle?

h. How many degrees difference are there between true
north and magnetic north?

4. True North (TN) and M agnetic North seldom are exactly
the same and magnetic north changes continually. Since we
use a compass to determine our direction of travel and sight-
ings, knowing the difference between TN and Magnetic
North becomes essential, especially for mapping. In the SW
corner of most maps, the difference in degrees and direction
between these two north indicators is given for the year of
publication of the map. Thisis known as the M agnetic Dec-
lination from True North.

a. What is the mean magnetic declination on the
ZanesvilleWest, Ohio, map (Figure 10.5)?

b. Would you expect the magnetic declination to be the
samethefollowingyear?

c. Explain why or why not.

5. Use Figure 2.8 (inside front cover), the description of sym-
bols used on U.S. Geological Survey topographic maps, and
Figure 2.10, the Bloomington, Indiana, I\ minute quadrangle
(in the color map section at the back of this book) to answer
this question.

a. What isthe fractional or ratio scale?

b. What is the contour interval ?

c. What is the elevation of the filtration plant below Griffy
Reservoir?

d. Using the township and range system, locate Payne
Cemetery to the nearest 40 acres (quarter of a quarter
section).

/4, 1/4, Sec.. ,T.ON., R. 1W.

e. What is the elevation of the magjor contour adjacent to
the cemetery?

6. Using a topographic map of your local area (provided by
your instructor), fill in the following information:
a. Name of the map?

b. Contour interval ?

c. Datum plane?

d. Year areafirst surveyed?

e. Fractional or ratio scale?

f. E-W distance covered by map?

g. N-Sdistance covered by map?
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h. Approximate area covered by the map (in both mi* and

km?)?

i. Latitude and longitude of the northeast, northwest,
southeast, and southwest corners of the map?

(Sw)

j- Names of quadrangles located north, east, south, west,
northeast, southeast, southwest, and northwest of this
quadrangle?

k. Notethe variety of symbolsused on the map. Find exam-
ples of each of the following and give its location by either
latitude and longitude coordinates or by township, range,
section, and quarter-section locations. Also note the rela-
tionship to mgjor features or to the general area covered.

A bench mark.

A spot elevation other than a bench mark.

A school or church.

Features shown in:

blue:

brown:

black:

red:

green:

PART B. GEOLOGIC MAPS

Geologic maps show the distribution of rock units at
the earth's surface, as though the regolith (loose
unconsolidated materials) were stripped from the
bedrock. The basic rock unit mapped is the geologic
formation. Some geologic maps combine formations
and show only units that include all rocks of a given
age. Soil and regolith are shown as map units only
when they are unusually thick or are directly associ-
ated with recent geologic processes, such as floodplain
and landslide deposits, or glacial drift. In addition to
earth materials, faults and other geologic structures
are shown on geologic maps and the relative age of
these materials and their arrangement beneath the sur-
face are indicated.

By convention, formations are identified on geo-
logic maps by color or pattern (see Figure2.10, in map
section at the back of the book), and are labeled with a
letter abbreviation, which gives the geological age or
name of the formation. Usually the color or pattern
and the letter symbols for all ages and formations used
on a map are printed in an explanation along the map
margin. The oldest formation is listed at the bottom. In
addition to color, line, and letter symbols for forma-
tions, geologic maps may also contain a wide variety
of other symbols, depicting rock structure (strike and
dip), economic rock or mineral deposits, and other
geologic features.

A good geologic map contains a great amount of
information. When used in conjunction with topo-
graphic maps or aerial photographs, they can provide
much of the basic information needed for studies con-
nected with mineral and mineral fuel exploration, con-
struction projects, urban planning, and surface and
subsurface water problems. They also tell us much
about the geologic history of an area.

Study the geologic map of central North America
Figure 2.10 (in the maps section) to help answer the
questions on geologic maps bel ow.

QUESTIONS 2, PART B

1. Using Table2.1, theexplanation for Figure2.10, givethe
words for the following symbols:

p€ m

Di

2. What is the age in millions of years of the boundary
between the Cambrian and the Precambrian (Hint: Consult
the geologic time scalein Appendix [1)?
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Period Color/Pattern Symbol

Cretaceous Light green K

U Pennsylvanian Blue IP.

L Pennsylvanian Blue diagonal 1PL

Mississippian Light purple diagonal Mt

Devonian (und) Brown D

U Devonian Brown D

L Devonian Brownish gray D1

Silurian Light purple S

Ordovician (und, L, U) Reddish purple 0,0,,0,

Cambrian Brownish orange Lol

Era (and rock type)

U Precambrian Yellowish tan pCu
Keweenawan sed rocks Reddish brown pCu,
Keweenawan vole rocks Light brown pEu.
Basic Intrusives Brownish green p-Cb

Middle Precambrian Light brown p€m
Granite and Granite Gneiss Pink p-ei

Lower Precambrian Olive green P-ei

3. Almost all of the Precambrian rocks are metamorphic or
? Precambrian rocks form the basement rock of conti-
nents and are known as "shields" where they outcrop. They
extend under the younger Phanerozic Eon rocks, which in
the map area are sedimentary rocks, and present different
environmental challenges to land use planning.

4. The geologic cross section (Figure 2.11) for the bedrock
geology map of central North America (Figure 2.10) shows
the stratigraphy of part of the Michigan Basin between A,
northwest of Milwaukee, Wisconsin and A', northeast of
London, Ontario, Canada. In the cross section the Silurian
systemislabeled (S). Label other geologic units shown.

5. Thecircular geologic structure centered on theblue areaiin
the lower peninsula of Michigan is a basin; however, in the
cross section it appearsas a (circle one)

anticline  syncline.

6. If you drilled a hole at the "D" north of Milwaukee, what
geologic systems would you pass through before you
reached the Precambrian igneous or metamorphic basement
rocks? List the sequence of rocks from youngest to oldest.

7. Although this bedrock map shows the distribution of
rocks of different ages (and in the Precambrian some of the
rock types), in most areas of the map these rocks are buried
beneath unconsolidated sediments ranging from a few to
as much as 700 feet thick. Which of the following citiesis
underlain by the oldest bedrock? (check one)

Chicago , Detroit , Duluth

Note: Geologic maps of larger scal e also show details on rock
type that are important in seeking resources (water, metallic
minerals, gravel, stone, etc.) and meeting environmental
challenges.

PART C. AERIAL PHOTOGRAPHS
AND REMOTELY SENSED IMAGES

Aerial Photographs

An aerial photograph is a picture taken from a cam-
era position located somewhere above the earth's
surface. Such pictures may be taken obliquely (for
example, see Figure 5.2, which shows oblique pho-
tographs of Mt. St. Helens in Washington). In geol-
ogy, it is common to use aerial photographs that
have been taken vertically looking down to the
ground. These photographs are often overlapped
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FIGURE 2.11 West-east cross section of the Michigan Basin from NW of Milwaukee, Wisconsin (A), to NE of London, Ontario, Canada

(A"). See color map, Figure 2.11, for the line of the cross section.

and combined to create stereopairs of photos, in
which relief of the ground surface can easily be seen.
Aerial photos are valuable tools for use by earth sci-
entists in studying geologic and environmental phe-
nomena. Aerial photos have proven invaluable in
making topographic, geologic, and soil maps, in aid-
ing military operations, in regional planning, and in
monitoring the environment.

Federal, state, and other governmental and pri-
vate agencies have photographed practically all of the
United States and Canada from aircraft flying at alti-
tudes as great as 60,000 feet.

Satellite Imagery

Beginning in July 1972, with the launching of ERTS-1
(EarthResources Technology Satellite), the United States
started collecting, on a repetitive basis, satellite images
of the earth's surface. Several similar Land Satellites
(Landsat) have subsequently been launched in near-
polar orbits at an altitude of about 570 miles to collect a
variety of images of large areas of the earth's surface.
Landsat images can be photographed in different wave-
lengths and may be produced in false color or enhanced
by computer to make available a tremendous amount of
data. The satellite passes over the same area at regular
intervals permitting monitoring of surface changes in
addition to providing information for mapping and
detecting changes in vegetation.

Many satellites from different national pro-
grams and private organizations are now providing
improved understanding of Earth processes, land-
forms, materials, and change in the Earth system.
Exceptional image resolution, availability on the
Web (e.g., Google Earth, TerraServer, etc.) and ease of
use are enticing the public to explore and under-
stand as never before how components of the Earth
work.

LIDAR

LIDAR (Light Detection And Ranging), also known as
Airborne Laser Scanning (ALS), is a relatively new
remote sensing technique that transmits laser light
from an airplane and records the light that bounces

back to the plane. About 30,000 points per second are
recorded as the airplane flies over the land surface.
These data are then compiled into an image for inter-
pretation of natural and human-related features on
the ground. LIDAR is particularly powerful in terrain
that has tree cover, as the data allow "virtual defor-
estation” or removal of vegetation from the image.
Thus LIDAR images show the surface of the ground,
not the tops of the trees. Fault identification, landslide
recognition, floodplain delineation, and basic geo-
logic mapping are among the applications in environ-
mental geology. A LIDAR image analysisis included
in Exercise 6 where it is used to locate new faults that
had escaped traditional field and aerial photographic
techniques.

Interpretation of Photos and Images

The interpretation of either single aerial photos or
stereopairs requires practice. One of the greatest diffi-
culties experienced in viewing an air photo for the first
time is recognition of features on the photographs, such
as roads and buildings that are very familiar when
seen on the ground. However, someone unfamiliar
with aerial photos can comprehend them amazingly
well with a little practice and the guidance of a few
basic principles of recognition of common features on
black and white photos. Some aspects of features to
consider when looking at an aerial photograph are
listedin Table 2.2.

On natural color aerial photographs, colors are
similar to those seen on the ground. Some geological
studies use infrared photographs, in which healthy
vegetation appears as shades of red. Satellite images
are manipulated in computers to use colors to empha-
size different aspects of geology or vegetation. It is
important to pay close attention to color keys when
working with infrared photographs or satellite
images.

Determination of Scale

The most commonly used aerial photographs are ver-
tical photos that accurately illustrate the land in the
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TABLE 2.2 Aspects of Features That Aid in Their Recognition on Aerial Photographs
(modified after Avery & Berlin, 1992)

Aspects of Features on
Photographs

Characteristics of Features Helpful for Their Identification

Shape

Natural features, such as rivers, faults, coastlines, or volcanoes, tend to be irregular in shape.
Human constructed features, such as roads or buildings, tend to have regular geometric shapes.
Agricultural fields are typically rectangular. Circular crop patterns occur where center-pivot
irrigation systems are used.

Size

Some features, such as homes or highways, have approximate sizes familiar to most observers.
Where such features can be located on a photograph, they can be used as a basis to infer the
sizes of other features, such as rivers or landslides.

Pattern

Some geologic features, such as landslides, have characteristic patterns. For landslides, these
patterns commonly include a steep scarp at the top, and a lower area of displaced soil, rocks,
vegetation (trees are especially easy to see), or human structures. Refer to introductory material
in many exercises for descriptions of typical features related to geologic hazards. Unmodified
drainage patterns can reveal much about the underlying geology of an area.

Shadow

Taller objects will cast longer shadows when sun angles are low. A high sun angle, such as
directly overhead of the feature being observed, will create only a small shadow. Low-sun-angle
photography, with enhanced shadows, is often helpful in identifying geologic features such as
linear fault scarps.

Tone (or color)

Water is dark gray or black except where sunlight is reflected. Soil moisture, which is controlled
by texture and type of soil, largely determines the difference in appearance of different fields on
air photos. Wetter areas generally appear as darker grays; dryer soils as lighter grays. Vegetation
accounts for a great many differences in pattern and shades of gray. Heavily forested areas are
usually medium to dark gray. Grasslands are light gray. Cultivated fields vary greatly in color tone
depending on whether or not just plowed, or if planted, the kind of crop and stage of growth.

Texture

Roughness or smoothness of features on aerial photographs can be helpful in identifying them.
The texture of a given feature on a particular photograph depends on the scale of the
photograph. For example, a fresh lava flow may appear rough when viewed closely, but will
appear smooth when viewed from farther away. Water will often be smooth; surf zones along
coasts may, when viewed closely, appear rough.

Association

When looking at some features, other features are often also found. Landslides may cause rivers
to bend or, if the landslide is large enough, a lake may be created. Linear faults often are zones
with more water and therefore greater vegetation. Active volcanoes may have fresh lava areas
where there is no vegetation.

Site

Thinking about typical sites for features can help identify objects on photos. Large shopping
malls are not typically found in rural areas. Major airports are located near big cities. Floodplains
are a natural part of river systems.

central portion of the photo directly beneath the cam-
era. Thebasic scale of avertical air photo, overlooking
variations due to distortion near the edges of the photo
and due to relief, can be computed if the focal length of
the camera (the distance between the lens and the film)
and the altitude of the camera above the ground sur-
face are known.

The scal e of a photograph can also be determined
by measuring distances between objects on the ground
and comparing them with distances measured
between the same objects on the photo. Section lines,

where available, are well suited for this purpose since
they are supposed to be one mile apart and are fre-
quently visible on photos as roads or fencelines. Scale
is computed using this equation:

Sc = Dph/Dgd

where Sc = the scal e of the photo,
Dph the distance on the photograph, and
Dgd = the distance on the ground.
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FIGURE 2.12 Stereopair aerial photos of Meteor Crater, Arizona. The scale of these photographs is about 3,500 ft/in. The crater is
approximately 600 ft deep. (Reprinted by permission from Avery, 1968. Photograph courtesy of U.S. Department of Agriculture.

Copyright © 1968 T. Eugene Avery)

Remember that scale is described as a ratio (such as
1:24,000), and that the units of measure must be the
same on the photo and the ground (for example,
inches on both photo and ground, not inches on the
photo and feet or miles on the ground).

Stereoscopic Viewing

Air photos are usually taken in sequence along a path of
flight so that there is considerable overlap, such that any
given feature will appear on at least two different photos.
Viewing these overlapping photos (a stereopair) through
a stereoscope results in a three-dimensional view of the
surface. Figure 2.12 is a stereopair that allows the third
dimension to be easily seen with a standard stereoscope.
Note that features on the ground will appear to be verti-
cally exaggerated on stereo photographs.

QUESTIONS 2, PART C
Meteor Crater

1. Examine Figure 2.12. Given the scale in the caption, what
is the approximate diameter of the crater?

2. Using a stereoscope to see the third dimension in Figure
2.12, outline the floor of the crater and mark the lowest point
withan"L."

3. OnFigure2.12, label any other visiblerelief features, vege-
tation, roads and buildings.

Boston

The following questions refer to Figure 2.13, which isin the
color map section at the back of thisbook. Thisisahigh alti-
tude photograph of the Boston, Massachusetts, area. The
Charles River enters from the middle west of the photo-
graph. The Mystic River enters the northern Inner Harbor
from the west, and Chelsea Creek enters the Inner Harbor
from the east. The channel with the ship docked south of
Logan Airport is oriented E-W. The instructor will identify
place names and locations of specific sites or you can consult
topographic or road maps.

4. Study the color high altitude photograph (Figure 2.13)
using a magnifying glass or hand lensif necessary to identify
geologic and cultural features. Label the following features
on the photo, using the corresponding numbers 1-15.

1. park

2. airport runway

3.arport termina with planes

4.tidal flat

5. beach

6. star-shaped fort (SE quarter of image)

7. road

8. bridge

9. ralway

10. pond

11. small boat

12. large docked ship

13. racetrack
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14. baseball field
15. oil and gasoline storage tanks

5. In which direction is the small boat traveling at the
entrance to Boston Inner Harbor?

6. Notice the diffuse white zone in the Mystic River, between
the first and second bridges. What might cause such a zone
in the river? What is your evidence from this photograph?

7. The Back Bay Fensis a swampy area that drains from the
south into the Charles River. A Fen isan akalinebog. Given
this information, locate and mark the baseball field named
Fenway Park.

8. The L Street Beach, which is located west of the circular
bay in the SE quarter of the image, has structures that extend
into the Old Harbor. Give the name for these erosion control
structures and the direction of the longshore current in the
area

9. Many elongated hillsin this glaciated |andscape have influ-
enced street patterns. In the NE quarter of the photograph is
Suffolk Downs Racetrack. What isthe direction of elongation
(which givestheiceflow direction) and the name of the land-
forms beneath the communities of Beachmont (1 cm E of the
racetrack) and Orient Heights (1 cm W of the racetrack)?

10. If the long axis of Suffolk Downsis 650 m (2100 ft), what
is the scale of the photograph?

11. Tdl structures can be identified by their shadows. At
what time of day (morning, noon, afternoon) in mid-April
1985 was the picture taken?

Salt Lake City, Utah

Thefollowing questionsrefer to Figures2.14and 2.15. Figure
2.15 is a black and white stereo pair of aerial photographs
taken of the Salt Lake City areain 1958. Figure 2.15 (back of
book) shows color aerial stereo photographs of an area south
of the black and white photographs. The color stereo pho-
tographs were taken in 1992. The area of Figure 2.15 is
included on Figure 6.10, the colored topographic map of the
Draper, Utah, quadrangle, which also isin the map section at
the back of this book.

12. Using a pocket stereoscope, examine the stereo pair in
Figure 2.14 to determine the nature of the landscape. The
shades of gray indicate vegetation or soil moisture differ-
ences. ldentify a feature that shows:

a. darkest shading

b. lightest shading

c.intermediate shading

13. Identify the natural or built feature at each of the follow-
ing sites on Figure 2.14: Most can be identified without the
stereoscope.

A.

~ IO MOUO®

(Select a Site)

= - xX*

14. What land uses are visible in the 1958 stereopair (Figure
2.14)? Are other land uses visible on the 1992 photographs
(Figure 2.15)?

15. Use the definitions provided below to help determine in
which geomorphic feature site " J" (Figure 2.14) is located.
What isyour evidence?
terrace (flat areanear ariver but above theriver in el evation)
floodplain (low-lying area along a river that is flooded at
high water)
drumlin (rounded hill deposited by a glacier)
landslide (area where land has did)

16. a. In Figure 2.14 what is the distance between the middle
of the G to the middle of the H? mm

b. Given that the scale of the photo is 1:14,400, what is the
distance on the ground between G and H? km
(thereare 1,000,000 mmin 1 km)

17. Compare similar features on the black and white stereo
photographs (Figure 2.14) with those on the col or stereo pho-
tographs (Figure 2.15).
a. Are the two sets of photographs the same or different
scales? What isyour evidence?

b. What are some advantages of using color stereo pho-
tographs over using black and white stereo photographs?

c. What are some advantages (if any) of using black and
white photographs over color photographs?
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FIGURE 2.14 Stereopair aerial photos (1958) of area at edge of Wasatch Front South of Salt Lake City, UT. South Street (W-E) meets
Holladay Blvd (N-S) in NW quarter of photo.

MM ™

s 0N



»

»

Exercise2 « Maps, Aerial Photographs, and Satellite Images 33

San Francisco, California

Thefollowing questionsrefer to Figure 2.16, whichisasatellite
image of the San Francisco Bay area. The dotsand small circles
are earthquake epicenters, which are discussed in Exercise 7.

18. Locate examples of thefollowing land uses on the satel -
lite image. Mark these features and a north arrow on the
outline map of the San Francisco Bay area (Figure 2.17
(back cover)):

a. bridges across San Francisco Bay

b. airport(s)

c. an urban park

d. amagor highway

e. elongated lakes along the San Andreas Fault

19. What pattern differences help distinguish natural veg-
etation areas from vegetation patterns in agricultural
areas?

20. Compare natural and human features on this satellite
image with those on the black and white and color stereo
photographs. What are some of the advantages and dis-
advantages of using satellite images rather than aeria
photographs in environmental studies? Under what condi-
tions do you think that satellite images might be especially
useful ?

Bainbridge Island near Seattle, Washington.

21.What are the kinds of features that can more easily be
seen on the LIDAR image than on the topographic map?
Which of these features are natural and which are related to
human activity? What isyour evidence?

22. What are the kinds of features that can more easily be seen
on the topographic map than on the LIDAR image?
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FIGURE 2.17 Outline map of the San Francisco Bay area for
interpretation of Figure 2.17.

23. How does having a topographic map help interpret
human-related featureson aLIDAR image?

24. When would the use of each type of map be an advan-
tage? A disadvantage?
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FIGURE 2.19 Topographic map of this same area. Suquamish Quadrangle, Washington (USGS).
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EXERCISE 3

M easurements, Basic Calculations
and Conversions, and Graphs

INTRODUCTION

Scientific study of Earth requires careful observation,
description, measurement, and analysis of data that
are collected in the field and laboratory. Some of the
data are in numerical form and are obtained by mea-
surement of some quantity—such as the size of
pebbles on a beach, temperature of geothermal or
surface waters, thickness of a sequence of sedi-
ments, or location of stakes on a glacier. We then
study the patterns and trends in these data using
mathematics, tables, graphs, and maps to help us
understand the materials, processes, and landforms
of the Earth. With this approach we are able to estab-
lish the rates of processes, the nature of change in and
on the Earth and, if we really understand the system,
predict changes. The techniques used can be quite
sophisticated; however, there are basic calculations
thatnon-scientists can master that will help them
understand how the Earth system operates. Many of
these will be useful in day-to-day activities, also.
These are reviewed in this chapter; additional related
information is in Appendix I.

PART A. SCIENTIFIC MEASUREMENTS
AND NOTATION

In measuring a feature on the Earth, such as the width of
a stream, geoscientists obtain a quantity (a number) and
associated units (such as meters or feet). Standards have
been devised for measurements that ensure reliability
and uniformity in handling these numbers and units;
these standards include the International System (SlI) and
other units, scientific notation, and significant figures.

International System of Units

The International System of Units is the standard for
making scientific measurements. With a standarized
36

format for measurements, the results of science are
readily transformed from one nation to another and
from one discipline to another. The International Sys-
tem of Units, or Sl Units, (Systeme International d'U-
nites), is similar to the metric (or CGS, centimeter-
gram-second) system. The standard base units most
often used in the geosciences are: meter (m) for dis-
tance, sec (s) for time, and kilogram (kg) for mass. Tem-
perature is measured in degrees Kelvin (K). But often
we use centimeters (cm), grams (g), and degrees Celsius
(C) because they are more convenient. So-called derived
units are formed through a combination of these base
units and sometimes other units, such as cm’, m?,
m*/sec (or m’s-'),and gm/cm’. Additional units are
given in Appendix I.

Unfortunately, the geosciences still use a combina-
tion of Sl units (actually modified as metric units) and
English units to describe the size or dimensions of things
we measure in everyday activity. This situation makes it
easier for non-scientists to understand some things;
however, it means that in the geosciences we must often
deal with English units, for instance, on older topo-
graphic maps, contours and elevations are in feet. Other
than energy units (e.g., Btu), most of the measurements
employ modified S| units. Interfacing with old maps
and some disciplines that use English units requires that
we be able to switch from English to metric or Sl units
(seetheconversiontablesin Appendix I). Actually, exer-
cises in thisbook are in English or metric units. Eventu-
aly, the United States will make the transition to metric
to compete more effectively in international trade. One
additional advantage of Sl is the ease of making conver-
sions from one set of units to another as shown below:

1 kilometer (km) = 1,000 meters (m) = 1,000,000
millmeters (mm)

which is easier to work with than:

1 mile = 5,280 feet = 63,360 inches
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Scientific Notation

Often numbers in science are very large or very small.
Scientists have devised scientific notation as a way of
saving space, minimizing the chance of dropping a
zero or two, and speeding calculations and communi-
cations. The technique employs the exponent (in this
case the power of 10), which is tacked on to a 10 (i.e.,
10°or 10 X 10 X 10 or 1000 are equal; the " 3" is the
exponent), and is multiplied by another number (usu-
ally between 0.1 and 10) to indicate the size of the
number. If it isapositive exponent it means we need to
increase the number in front of the 10 by the number of
zeros equal to the exponent. If it is a negative number,
it means we decrease the number by the number of
zeros equivalent to the exponent. For example,

4X 10°actually means4X 10 X 10X 10=4X 1000
=4,000. 2.3 X 10°actually means2.3 X 1,000,000,000,
or, when we move the decimal point nine spaces to the
right in 2.3, the number is 2,300,000,000 and would be
said astwo billion 300 million, or more easily as 2.3 bil-
lion. In fact when we see 2.3 X 10°, in most cases we
say 2.3 billion.

We aso use this system for small numbers.
2.3 X 10"° actually means that we move the decimal
point over three spaces to the left; the number is 0.0023.
We also put a zero to the left of the decimal point to
emphasize the decimal. Another advantage of scien-
tific notation is in recognition of significant figures
(described below).

Another option is to use prefixes to describe very
large and very small numbers. We often deal in mil-
lions and billions of years in the geosciences. We use
the terms million and billion, but we also use the term
mega for million and giga for billion, as in megawatts
and gigayears. Actually, the French word annee is
used for year in Sl; it is abbreviated as (a), but some
geologists still use the word year (yr).

The full ranges of these prefixes are in Appendix
I. They range from 10'°, which is known as exa- (E is
the symbol) for 1,000,000,000,000,000,000 (a quintillion,
which has 18 zeros after the 1) to 10~**, which isknown
as atto (ais the symbol) for a very small quantity, that
is, 0.000,000,000,000,000,001. Spaces, not commas, are
used in the SI system between the sets of zeros. Com-
mas have been included here for ease of reading.

Significant Figures

Significant figures provide an indication of the preci-
sion with which a quantity is known. The more precise
a number is, the more significant figures it has. For
example, the number 2.43 has three significant figures.
The actual value of this number may be between 2.425
and 2.435. If there is no decimal point in a number, the
number of significant figures is the number of digits
from the first nonzero digit on the left to the last
nonzero digit on the right. For example, 22,000 has two
significant figures. If there is a decimal point in the

number, the number of significant figures is the num-
ber of digits from the first nonzero digit on the left to
the last digit (zero or nonzero) on the right. For exam-
ple, 22,000.0 has six significant figures. Other exam-
ples of significant figures are 0.0022 has two significant
figures, 2.2 X 10° has two significant figures, and
2.20 X 10° has three significant figures. The last two
examples show the use of scientific notation in deter-
mining significant digits. It is important to note that
when two numbers (or more) are multiplied or
divided, the number of significant figures of the new
number is the value of the smallest number of signifi-
cant figures of the numbers multiplied or divided. For
instance, if 17.0 is divided by 7.00, the answer is
reported as 2.42 (three significant figures). If 17.0 is
divided by 7.0, the number is reported as 2.4 (two sig-
nificant figures, as 7.0 has only two significant figures).
In neither example is the answer reported as
2.428571429, whichistheresult you may seeif you use
a calculator. Reporting that number as your answer
would indicate 10 significant figures, when, in fact,
there were only two or three significant figures
(depending on example above).

QUESTIONS 3, PART A

1. What isthe Sl unit for measuring:
a. distance?

b. temperature?

2. Why might geoscientists not use Sl Units in working with
some maps produced in the United States?

3. Give the value in words and numbers for the following
numbers, which are given in scientific notation (the first is
given for you).

Scientific
Notation Numbers Words
i 1,200,000 one million two
8 12> hundred thousand
(or 1.2 million)
b. 412 x 10°
c. 58 x 10°
d 22x 10"
e 01 x 10°
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4. Consult Appendix | to determine the value and name for
the following prefixes in the International System of Units.

Value Name

aT 10" tera

b.G

c.M

d k

5. Complete the blanks in the columns to provide the name
and equivalent values in meters.

Full Name in Meters
a.lcm = 1 centimeter = 0.01 meter
b.55cm = =55 X 10~ meters
c.55km=
dlmm =

6. Write in long form and scientific notation the equivalent of
47 Gyr.

7. Give the significant figures for the following:

a.22X10

b.1500

c.0.028 or 28 x 10~*

d. 0.0440

e 125.00

8. Complete the sentence. The number of significant figures
in anumber is an indication of the ; themore sig-
nificant figures, the more isthe value.

PART B. BASIC CALCULATIONS
AND CONVERSIONS

Calculations

Percentage. This calculation determines some part of
a given amount or quantity. The simplest example for
most of us is our score on a test consisting of 100
questions. If we got 70 questions correct we would
have 70 out of 100 or 70% correct. We obtain this by
taking the 70/100 amount and multiplying it by 100%
as follows:

70
— X 100% = 70%.

In this example we have taken some fraction (70/100)
of the 100%. If the total of the points on the test were
106 and the score were the same (70 correct), wewould
calculate the percentage score by

— X 100% = 66%.
106

If we were told we got 20 questions wrong of 106, how
would we calculate our percentage score? Subtract the
20 fromthe 106 = 86. Then divide 86 by the total num-
ber of questions and multiply by 100% as below:

106 — 20=86 (i.e.,total questions—wrong answers
= correct answers)

— X 100% =81%
106

The key here is knowing the quantity for which you
want to determine the percent.

Often we want to know percentage change in some-
thing over a period of time. For example, if the ozone
level in the stratosphere over Antarctica in October
averaged 200 in 1988 and 180 in 1989, what would the
percentage change have been from one year to the next?

We need to compare the change with the original
amount. The change was a decrease of 20; that is
(200 - 180 = 20). The original amount was 200.
Therefore the percentage change is:

20
— X 100% = 10%
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Note that this is not 20/180, which would be dividing
by the final, not the original, amount. Dividing by the
final amount to determine a percent change is a com-
mon error that must be avoided.

As another example, we might ask for a discount
of 10% on the price of some quartz crystals that we
need for our collection. How would we calculate it?

10% of $200 = (10/100) X $200 = $20

which is the amount the price would be lowered, that
is, $200 - $20. Thenew, discounted priceis $180.

Remember the following.

1. When determining percent, you are taking a fraction
of 100 (per cent, from the Latin, centum [hundred] and
means out of 100).

2. When determining percentage increase or decrease
in a quantity, use the amount of change to construct
the numerator (top) of the fraction and the amount
you are comparing to (the original amount) as the
denominator (bottom) of the fraction.

Slope or Gradient

The slope of the land surface or ariver is often of inter-
est in the study of Earth. It is often inadequate to char-
acterize a slope as "steep" or "gentle,” more precision
isneeded. Slope is calculated by using the difference in
elevation between two points (either arise or a drop if
we were traversing from one point to the other point)

and the length or distance between the two points.
Both of these quantities can be obtained from a topo-
graphic map. Then the relationship of the "rise"
divided by the "run" is used to calculate slope. Let's
use the data in Figure 3.1 to determine the slope
between points A and B, both on contour lines, on a
hillslope.

The difference in elevation between A and B is
400 meters obtained from the contour Ilines
(900m - 500m = 400m); the horizontal distance is 2
kilometers, obtained by comparison with the scale for
the map. The gradient or slope is a fraction that gives
the rate of change from A to B and is determined by:

rise (vertical change) 400 meters 400m

run (horizontal dist.) 2 kilometers  2000m
1

- 0.2

~5

That is, there is a Im drop for every 5m of horizontal
distance or 0.2 m in 1 meter on the map. The units
(meters) cancel, making the slope dimensionless. We
can think of this as a slope of Im drop in 5m of hori-
zontal distance. We can convert the ratio of 0.2 to a
percent by multiplying as follows (remember that
0.2 = 2/10):

0.2 X 100% = 2/10 X 100% = 20%

Sometimes slope is expressed in the units actually
measured on the map. For example, there might be a
drop of 150 feet in the elevation of a road between the
center of the city and the river's edge over a distance
of 3 miles. The slope or gradient could be expressed in
feet/mile as follows:

difference in
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FIGURE 3.1 Map view (left) and profile (right) showing the relative position of Points A and B for gradient determination.
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rise=a
=tany

o=

)..
run=b

FIGURE 3.2 Tangent (opposite side/adjacent side) of angle y
is a/b.

150ft/3 miles = 50 feet/mile or 50 feet per mile.

For those who recall geometry and trigonometry, this
relationship of rise over the run is the tangent of the
slopeangle. IntheexampleinFigure 3.2, itistheangley.

rise = arun = b
a/lb = tany

We can convert this fraction for slope between A and B
in Figure 3.1 to a slope angle by using the inverse tan
function on a calculator, which may be labeled tan™.
Slope = 400/2000 = 0.2 (0.2 is the tangent of the slope
angle).

The angle that has a tangent of 0.2 isabout 11.3 degrees
or 11 degrees 19 minutes.

Rates

Although the determination of slope (above) isreally a
rate calculation (how does the elevation change with
distance), we often think of rates as change over time.
The rate of movement of your car is given in miles per
hour (mph or miles/hour) or in km/hr. The general
relationship is velocity = distance/time. The slash or
the "per" indicates one quantity over the other, in this
case rate. The velocity of water in a stream or the
movement of debrisin alandslide is usually described
in feet per second, meters per second, or miles per
hour. In Figure 1.4, the ranges in rates for many geo-
logic processes are given in m/s, mm/s, km/y, mly,
and mm/y. These could be written as mm/yr or even
mm yr—, where the -1 superscript for the yr indicates
1/yr and means per year.

In addition, the rate of use of a quantity such as
miles per gallon or liters per kilometer in transporta-
tionisfamiliar to most of us. In the geosciences we also
speak of the volume of material per time in the dis-
charge of river. For example, river flow in English units
is measured using cubic feet per second, or cfs, units.

Conversions

When working practical problems, measurements in
many different units may need to be combined to arrive
at an answer. In so doing we need to be able to convert
the units and the amounts of the quantities readily,
without becoming confused. Fortunately, scientists and

engineers have devised a simple way to keep these
numbers and their units straight. It sometimes is
described as dimensional analysis because we are
measuring or calculating the dimensions of a feature,
although that term has other meanings and it is based
on the need to arrive at the answer in specific units. To
make unit conversions, which are sometimes lengthy
and complicated, we set up a dimensional equation,
with the given quantity and units on the left and the
desired units (the ones we wish to have after the con-
version) on the right.

A familiar example of this conversion technique
is given by the following problem. If we wish to con-
vert 1 hour into seconds and we know the number of
minutes in an hour and the number of seconds in a
minute we can set up a relationship to do the conver-
sion. This relationship covers the numbers and the
units portions of our data. All except the unit you want
(what you will have after the conversion) cancel each
other. Here we use seconds, minutes, hours as the
units of the quantity we are working with