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Preface

Acts of creation are ordinarily reserved for gods and poets,
but humbler folk may circumvent this restriction if they
know how. To plant a pine, for example, one need be neither
god nor poet; one need only own a good shovel. By virtue
of this curious loophole in the rules, any clodhopper may
say: Let there be a tree—and there will be one. If his back
be strong and his shovel sharp, there may eventually be ten
thousand. And in the seventh year he may lean upon his
shovel, and look upon his trees, and find them good. God
passed on his handiwork as early as the seventh day, but
I notice He has since been rather noncommittal about its
merits. I gather either that He spoke too soon, or that trees
stand more looking upon than do fig leaves and firmaments.

—Aldo Leopold, A Sand County Almanac,
and Sketches Here and There, 1948.

We read this passage from Leopold often. It not only grounds us to the majesty
of acts of creation but also to the reality of things as they are and to the way
things could be—or, in our opinion, to the way they should be. Along with
Leopold’s reverberating prose about the “Nature” of things on Earth, we are also
reminded of Steinbeck’s statement apropos to the theme of this text, stated in his
The Log from the Sea of Cortez: “None of it is important or all of it is.”

Geoscience (also known as the geosciences, Earth science, ot the Earth sciences)
is a huge discipline to study. It covers Earth’s major spheres:

* Atmosphere (atmospheric chemistry, meteorology, paleoclimatology)
* Biosphere (biogeography, paleontology)
* Hydrosphere (hydrology, limnology, oceanography)

xiii
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* Lithosphere (geosphere, geology)

* Pedosphere (soil science)

* Systems (environmental science, geography)

* Miscellaneous (geodesy and surveying, cartography)

Generally, geoscience is studied or approached holistically or delegated to
reductionist theory. In The Handbook of Geoscience, we present a holistic treat-
ment of the major scientific fields that make up this all-embracing discipline,
including geology, physical geography, biology, ecology, geodesy, soil science,
glaciology, oceanography and hydrology, and atmospheric sciences. We also
discuss many of the subdisciplines contained within these major scientific fields.

Written in an engaging, highly readable style, The Handbook is ideal for stu-
dents, administrators, legal professionals, nonscience professionals, and general
readers with little or no science background. The Handbook is a user-friendly
overview of our physical, biological, and ecological environment that offers
up-to-date coverage of the major scientific fields that in combination form the
structure of geoscience. Students who are enrolled in a geoscience course or one
of its many subdisciplines will find this book to be an invaluable resource and
reference to supplement classroom instruction and provide greater insight into
many of the topics usually discussed. The emphasis is on readability, with clear,
example-driven explanations refined by more than 35 years of experience of
instruction and student feedback.

Frank R. Spellman
Norfolk, Virginia

Melissa L. Stoudt
New York, New York



To the Reader

In reading this text, you are going to spend some time in following an essence
as it wafts through the air, a drop of water on its travels, a ped as it settles in its
complex intricacy to support roots that support all life on Earth, and the myster-
ies of life as they leave their footprint on Earth’s surface and subsurface areas.
When you breathe in a liter of air, you bring into your lungs a chemical mixture
critical to life. When you dip a finger in a basin of water and lift it up again, you
bring with it a small, glistening drop out of the water below and hold it before
you. When you plant a Royal Empress tree in rich soil, you watch the organic
mixture provide sustenance to a rapidly growing member of nature at its best.

Do you have any idea where this waft of air, drop of water, or soil particle
has been?

What changes has each undergone during all the long ages they have sur-
rounded or lain on and under the face of the Earth?

XV
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CHAPTER 1

Introduction

Bathed in such beauty, watching the expression ever vary-
ing on the faces of the mountains, watching the stars,
which here have a glory that the lowlander never dreams of,
watching the circling seasons, listening to the songs of the
waters and winds and birds, would be endless pleasure. And
what glorious cloud-lands I would see, storms and calms, a
new heaven and a new earth every day.

—John Muir, 1912

Just the Facts, Ma’am

You may wonder why we begin this massive tome with the classic TV show
Dragnet’s catchphrase, attributed to (but never actually uttered by) Sergeant Joe
Friday, the deadpan, fast-talking cop’s cop. Simply, we feel it is appropriate (ab-
solutely essential) at this early stage in the text to present bulk data and other pa-
rameters (facts) about the Earth—the topic of focus in this study of geoscience.

EARTH: BULK PARAMETERS (NASA 2010)

Mass (10* kg): 5.9736

Volume (10" km?): 108.321
Equatorial radius (km): 6,378.1

Polar radius (km): 6,356.8
Volumetric mean radius (km): 6,371.0
Core radius (km): 3,485
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Ellipticity (Flattening): 0.00335
Mean density (kg/m?): 5515
Surface gravity (m/s?): 9.798
Surface acceleration (m/s?): 9.780
Escape velocity (km/s): 11.186
Gm (X 10° km3/s?): 0.3986

Bond albedo: 0.306

Visual geometric albedo: 0.367
Visual magnitude: V(1,0) -3.86
Solar irradiance (W/m?): 1367.6
Black-body temperature (K): 254.3
Topographic range (km): 20
Moment of inertia (I/MR?): 0.3308
J, ( 10): 1082.63

Number of natural satellites: 1
Planetary ring system: No

EARTH: ORBITAL PARAMETERS

Semimajor axis (10° km): 149.60
Sidereal orbit period (days): 365.256
Tropical orbit period (days): 365.242
Perihelion (10 km): 147.09
Aphelion (10° km): 152.10

Mean orbital velocity (km/s): 29.78
Max. orbital velocity (km/s): 30.29
Min. orbital velocity (km/s): 29.29
Orbit inclination (deg): 0.000

Orbit eccentricity: 0.0167

Sidereal rotation period (hrs): 23.9345
Length of day (hrs): 24.0000
Obliquity to orbit (deg): 23.44

EARTH: MEAN ORBITAL ELEMENTS (J2000)

Semimajor axis (AU): 1.00000011

Orbital eccentricity: 0.01671022

Orbital inclination (deg): 0.00005

Longitude of ascending node (deg): —11.26064
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Longitude of perihelion (deg): 102.94719
Mean Longitude (deg): 100.46435

NORTH POLE OF ROTATION

Right Ascension: 0.00-0.641T

Declination: 90.00-0.557T

Reference Date: 12:00 UT 1 Jan 2000 (JD 2451545.0)
T = Julian centuries from reference date

TERRESTRIAL MAGNETOSPHERE

Dipole field strength: 0.3076 gauss-Re?

Latitude/Longitude of dipole: N78.6 degrees N/70.1 degrees W
Dipole offset (planet center to dipole center) distance: 0.0725 Re
Latitude/Longitude of offset vectors: 18.3 degrees N/147.8 degrees E

v Note: Re denotes Earth radii, 6,378 km

TERRESTRIAL ATMOSPHERE

Surface pressure: 1014 mb
Surface density: 1.217 kg/m?
Total mass of atmosphere: 5.1 X 10'® kg
Total mass of hydrosphere: 1.4 x 10*! kg
Average temperature: 283 K (15 C)
Diurnal temperature range: 283 K to 293 K (10 to 20 C)
Wind speeds: 0 to 100 m/s
Mean molecular weight: 28.97 g/mole
Atmospheric composition (by volume, dry air)
Major

* 79.08% Nitrogen (N,)

* 20.95% Oxygen (O,)
Minor (ppm)

* Argon (Ar)

* Carbon dioxide

* Neon

* Helium
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* Methane
* Krypton
* Hydrogen

Measurements and Units

“If you cannot measure it, then it is not science.”

—Lord Kelvin, 1883

Lord Kelvin wastes few words in making one of the critical points regarding sci-
ence: We must be able to measure what we observe. That is, science involves the
gathering of information such as facts, statistics, measurements, evidence; this is
generally obtained through observation using our senses.

In regard to Earth facts or parameters listed previously, one might jump to
the conclusion that such measurements are no big deal—especially in the pres-
ent era with our sophisticated measuring devices, computers, GPS, GIS, and
inscrument-laden circling satellites. Thus the impression might be that the listed
measurements are rather recent, certainly not based on ancient measurements.
Well, this thinking would be incorrect. Measurement is nothing new. Humans
have been making measurements long before they learned to read or write. Early
humans learned to measure out of necessity. When they found a weapon or tool
of the right weight and length, they copied them by performing comparison
sight-and-feel measurements. To measure distance, they used their appendages:
fingers, hands, arms, legs, and so on. Weight measurement was based on what
a person could lift or carry; each person learned their comfortable limit. Later,
great thinkers were able to measure the diameter and radius of Earth; this oc-
curred long before the inventions of Galileo and the theories of Newton, Kepler,
and Einstein, and many others.

Early units of measurement were based on 10 because humans had 10 fin-
gers and learned to count in this manner and relate units to each other. Even
though each person is different, some of the earliest units of measurement were
based on familiar body part measurements. A few of the well-known of the early
units of measurement were:

inch—the width of the thumb

digit—the width of the middle finger (- 3/4 inch)

span—the distance covered by the spread hand (- 9 inches)

foot—the length of the foot

cubit—distance from the elbow to the tip of the middle finger (- 18 inches)
fathom—distance spanned by the outstretched arms (- 72 inches)
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These early units of measurement are interesting, but the question arises:
What do these simplistic ancient units have to do with the profound and ex-
act Earth facts and parameters presented earlier? Knowledge evolves and is a
function of experience, experiment, thought, luck, time, and genius. One such
genius was Eratosthenes of Cyrene (c. 276 BCE—c. 195 BCE); he was a Greek
mathematician, poet, athlete, geographer, astronomer, and musician. Eratosthe-
nes is not only credited with inventing a system of latitude and longitude, he is
also credited with inventing the discipline of geography. More than 2,000 years
ago he was the first person to calculate the circumference of the Earth and the
tilt of the Earth’s axis (with remarkable accuracy). Well before Columbus and
other ocean navigators proved that the Earth is round, Eratosthenes determined
this fact on his own.

Another question presents itself: How was Eratosthenes able to measure
many of Earth’s parameters with such a high degree of accuracy before the inven-
tion of the modern measuring instruments, computers, and satellites that are so
common today, but not even imagined in his day?

The most important instrument Eratosthenes possessed was his mind,
which he trained through observation, measurement, and inference to make
conclusions. In regard to his measurement of the size of Earth, he heard an ac-
count of an unusual water well in a distant city. On the summer solstice (the lon-
gest day of the year), at exactly noon, the sun would shine directly down the well.
Eratosthenes, at exactly the same time, looked down the well in his own city. He
noticed that the sun was no# shining directly down the well in his town, at the
same time that the sun was shining straight down the well in the distant town.

Eratosthenes correctly inferred that the explanation for this was that the
surface of the Earth was curved and that the distant well was on the location of
the curve directly under the sun, whereas his hometown well was off to the side a
bit. Although he had little information available to him, Eratosthenes developed
an equation to calculate the entire size of the Earth.

360°
A

C-= x D (1.1)

where:

A = is the angle between the two cities as measured from the core
D = is the distance between the two cities
C = is the circumference of Earth

Although Eratosthenes’s method was well founded, the accuracy of his
calculation was limited, causing his final result to be off a little. That is, his
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calculation would have been more accurate if the two cities had been aligned
exactly north and south of each other.

UNITS OF MEASUREMENT

Like much of life itself, science is all about measurement. Simply, we do not go
through a day without measuring something. Whether counting the money in
our pockets or in our bank accounts or in our 401Ks, counting the number of
shopping days left until Christmas, weighing ourselves to determine how many
pounds we have lost (or gained), using a measuring device to add ingredients to
our food or coffee, or determining where to buy the cheapest gallon of gasoline,
we are always measuring. We constantly take a measure of our world. In geosci-
ence (and all the other sciences), measurement is fundamental—measurement
is what geoscience is all about; measurement is why geoscience exists. From the
atomic scale to clusters of stars and galaxies, geoscientists must measure to probe
the natural world.

In this section, we begin where we should: at the beginning—with a presen-
tation of fundamental math principles and operations. We can’t even approach
the fringe of comprehending geoscience unless we understand the basics of mea-
surement, unit conversions, and basic math operations.

The units most commonly used by geoscientists are based on the compli-
cated English system of weights and measures. However, bench work is usually
based on the metric system or the international system of units (SI) because of
the convenient relationship between milliliters (ml), cubic centimeters (cm?),
and grams (gm).

The SI (short for systéme international d’unités) is a modernized version of
the metric system established by International agreement. The metric system of
measurement was developed during the French Revolution and was first pro-
moted in the United States in 1866. In 1902, proposed congressional legislation
requiring the U.S. government to use the metric system exclusively was defeated
by a single vote.

The most common measurement systems in geoscience are the centimeter-

gram-second (CGS) and meter-kilogram-second (MKS) systems.

Did You Know?

The meter (m) was originally measured to be one ten-millionth of the dis-
tance from the North Pole fo the equator along the meridian running near
Dunkirk, Paris, and Barcelona. It was redefined in 1971 as the length of the
path traveled by light in a vacuum during the time internal of 1/299,792,458
second (General Conference on Weights and Measures, 1987).
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While we use both systems in this text, S provides a logical and intercon-
nected framework for all measurements in engineering, science, industry, and
commerce. The metric system is much simpler to use than the existing English
system because all its units of measurement are divisible by 10. That is, instead
of having a large number of units of different sizes, such as inches, feet, years,
fathoms, furlongs, and miles in the English system, it is easier to use prefixes
that multiply base units by multiples of 10 for larger measurements and decimal
transition for smaller measurements.

Did You Know?

The kilogram (kg) is the mass of a particular cylinder of platinum-iridium
alloy, called the International Prototype Kilogram, kept at the Interna-
fional Bureau of Weights and Measures in Sérves, France. The kilogram,
the only unit sfill defined by an artifact, was derived from the mass of a
cubic decimeter of water (Comptes Rendus de la 1¢ [1889], 1890, 34).

Before listing the various conversion factors commonly used in geoscience,
it is important to describe the prefixes commonly used in the SI system. As
mentioned, these prefixes are based on the power 10. For example, a kilo means
1,000 grams, and a centimeter means one-hundredth of 1 meter. The 20 SI
prefixes used to form decimal multiples and submultiples of SI units are given
in Table 1.1.

Note that the kilogram is the only SI unit with a prefix as part of its name
and symbol. Because multiple prefixes may not be used, in the case of the
kilogram, the prefix names of Table 1.1 are used with the unit name “gram”
and the prefix symbols are used with the unit symbol “g.” With this exception,
any SI prefix may be used with any SI unit, including the degree Celsius and
its symbol (° C).

Example 1.1

10 kg = 1 mg (one milligram), but not 10 kg = 1 mkg (one microkilogram)

Example 1.2

Consider the height of the Washington Monument. We may write 4 = 169,000
mm = 16,900 cm = 169 m = 0.169 km using the millimeter (SI prefix milli,
symbol m), centimeter (SI prefix centi, symbol ¢), or kilometer (SI prefix kilo,

symbol #).
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Table 1.1. SI Prefixes

Factor Name Symbol
10 yotta Y
107 zetta z
108 exa E
10" peta P
10" tera T
107 giga G
106 mega M
108 kilo k
102 hecto h
10 dekad a
107 deci d
102 centi c
1078 milli m
10° micro V]
10° nano n
1012 pico P
1015 femto f
1018 atto a
102 zepto z
102 yocto y

Did You Know?

The Kelvin (K) is 1/273.16 of the temperature interval between absolute
zero and the triple point of water (the temperature at which ice, liquid
water, and water vapor are in equilibrium). The Celsius scale is derived
from the Kelvin scale. An interval of 1 K'is equal to 1° C (National Institute
of Standards and Technology).

CONVERSION FACTORS

Conversion factors refer to the conversion of units between different units of
measurement for the same quantity. It is important to note that the process
of making a conversion cannot produce a more precise result than the original
figure. Appropriate rounding of the results is normally performed after conver-
sion. Conversion factors are given in alphabetical order in Table 1.2 and in unit
category listing order in Table 1.3.



INTRODUCTION 11

Table 1.2. Alphabetical Listing of Conversion Factors

Factors

Metric (SI) or English Conversions

1 atm (atmosphere) =

1 bar =

1 Bg (becquerel) =

1 BTU (British Thermal Unit) =

1 cal (calories) =

1 cm (centimeters) =

1 cc (cubic centimeter) =

1 3 (cubic foot) =

1.013 bars

10.133 newtons/cm? (newtons/square
centimeter)

33.90 ft of H,O (feet of water)

101.325 kp (kilopascals)

1,013.25 mg (millibars)

13.70 psia (pounds/square inch—
absolute)

760 torr

760 mm Hg (millimeters of mercury

0.987 atm (atmospheres)

1 x 10° dynes/cm? (dynes/square
centimeter)

33.45 ft of H,0 (feet of water)

1 x 10% pascals [nt/m?] (newtons/
square meter)

750.06 torr

750.06 mm Hg (millimeters of mercury)

1 radioactive disintegration/second

2.7 x 10 Ci (curie)

2.7 x 108 mCi (millicurie)

252 cal (calories)

1,055.06 j (joules)

10.41 liter-atmosphere

0.293 watt-hours

3.97 x 10°® BTUs (British Thermal Units)

4.18 j (joules)

0.0413 liter-atmospheres

1.163 x 10-* watt-hours

0.0328 ft (feet)

0.394 in (inches)

10,000 microns (micrometers)

100,000,000 A =108 A (Angstroms)

3.53 x 10 f1* (cubic feet)

0.061 in® (cubic inches)

2.64 x 10 gal (gallons)

52.18 £ (liters)

52.18 ml (milliliters)

28.317 cc (cubic centimeters)

1,728 in® (cubic inches)

0.0283 m? (cubic meters)

7.48 gal (gallons)

28.32 ¢ (liters)

29.92 gts (quarts)

(continued)
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Table 1.2. (continued)

Factors

Metric (SI) or English Conversions

1in®

1 m? (cubic meter) =

1 yd® (cubic yard) =

1 Ci (curie) =

1 day =

1° C (expressed as an interval) =

° C (degree Celsius) =
1° F (expressed as an interval) =

° F (degree Fahrenheit) =
1 dyne =
1 ev (electron volt) =

1erg=

1 fps (feet/second) =

1 f (foot) =

16.39 cc (cubic cenfimeters)

16.39 ml (milliliters)

5.79 x 10-ft* (cubic feet)

1.64 x 105 m? (cubic meters)

4.33 x 103 gal (gallons)

0.0164 ¢ (liters)

0.55 fl oz (fluid ounces)

1,000,000 cc = 10° cc (cubic
centimeters)

33.32 f3 (cubic feet)

61,023 in® (cubic inches)

264.17 gal (gallons)

1,000 £ (liters)

201.97 gal (gallons)

764.55 £ (liters)

3.7 x 10'° radioactive disintegrations/
second

3.7 x 10'° Bg (becquerel)

1,000 mCi (millicurie)

24 hr (hours)

1,440 min (minutes)

86,400 sec (seconds)

0.143 weeks

2.738 x 1073 yr (years)

1.8° F = [9/5] °F (degrees Fahrenheit)

1.8 °R (degrees Rankine)

1.0 K (degrees Kelvin)

[(5/9)( F - 32%)]

0.556° C = [5/9]° C (degrees Celsius)

1.0° R (degrees Rankine)

0.556 K (degrees Kelvin)

[(9/5)(° C) + 32°

1 % 10° nt (newton)

1.602 x 1072 ergs

1.602 x 107 j (joules)

1 dyne-centimeters

1 x 107 j (joules)

2.78 x 10" watt-hours

1.097 kmph (kilometers/hour)

0.305 mps (meters/second)

0.01136 mph (miles/hour)

30.48 cm (centimeters)

12 in (inches)

0.3048 m (meters)

1.65 x 10~ nt (nautical miles)

1.89 x 10 mi (statute miles)
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Factors Metric (SI) or English Conversions
1 gal (gallon) = 3,785 cc (cubic centimeters)
0.134 ft3 (cubic feet)
231 in® (cubic inches)
3.785 £ (liters)
1 g (gram) 0.001 kg (kilogram)

1 g/cc (grams/cubic cent.) =

—_

—_

-

—_

Gy (gray) =

hp (horsepower) =
hr (hour) =

in (inch) =

inch of water =

1] (joule) =

—_

—_

—_

—_

—_

kcal (kilocalories) =

kg (kilogram) =

km (kilometer) =

kw (kilowatt) =

kw-hr (kilowatt-hour) =

1,000 mg (milligrams)

1,000,000 ng = 10° ng (nanograms)

2.205 x 102 Ib (pounds)

62.43 Ib/ft* (pounds/cubic foot)

0.0361 Ib/in® (pounds/cubic inch)

8.345 Ib/gal (pounds/gallon)

1 j/kg (joules/kilogram)

100 rad

1 Sv (sievert)—(unless modified
through division by an appropriate
factor, such as Q or N)

745.7 j/sec (joules/sec)

0.0417 days

60 min (minutes)

3,600 sec (seconds)

5.95 x 10-° weeks

1.14 x 10 yr (years)

2.54 cm (centimeters)

1,000 mils

1.86 mm Hg (millimeters of mercury)

249.09 pascals

0.0361 psi (Ib/in?)

9.48 x 104 BTUs (British Thermal Units)

0.239 cal (calories)

10,000,000 ergs = 1 x 107 ergs

9.87 x 1073 liter-atmospheres

1.0 nt-m (newton-meters)

3.97 BTUs (British Thermal Units)

1,000 cal (calories)

4,186.8 j (joules)

1,000 g (grams)

2,205 Ib (pounds)

3,280 ft (feet)

0.54 nt (nautical miles)

0.6214 mi (statute miles)

56.87 BTU/min (British Thermal Units)

1.341 hp (horsepower)

1,000 j/sec (kilocalories)

3,412.14 BTU (British Thermal Units)

3.6 x 10¢j (joules)

859.8 kcal (kilocalories)

(continued)
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Table 1.2. (continued)

Factors

Metric (SI) or English Conversions

1

1

—_

—_

—_

T

—_

—_

£ (liter) =

m (meter) =

mps (meters/second) =

mph (mile/hour) =

kt (nautical mile) =

mi (statute mile) =

mi Ci (millicurie) =

mm Hg (mm of mercury) =

min (minute) =

1,000 cc (cubic centimeters)

1 dmd (cubic decimeters)

0.0353 13 (cubic feet)

61.02 in® (cubic inches)

0.264 gal (gallons)

1,000 ml (milliliters)

1.057 gts (quarts)

1 x 10" A (Angstroms)

100 cm (centimeters)

3.28 ft (feet)

39.37 in (inches)

1 x 107 km (kilometers)

1,000 mm (millimeters)

1,000,000 p = 1 x 10¢ y (micrometers)

1 x 10° nm (nanometers)

196.9 fom (feet/minute)

3.6 kmph (kilometers/hour)

2.237 mph (miles/hour)

88 fpm (feet/minute)

1.61 kmph (kilometers/hour)

0.447 mps (meters/second)

6,076.1 ft (feet)

1.852 km (kilometers)

1.15 mi (statute miles)

2,025.4 yd (yards)

5,280 ft (feet)

1.609 km (kilometers)

1,609.3 m (meters)

0.869 nt (nautical miles)

1,760 yd (yards)

0.001 Ci (curie)

3.7 x 10'° radioactive disintegrations/
second

3.7 x 10" Bg (becquerel)

1.316 x 103 atm (atmosphere)

0.535 in H,O (inches of water)

1.33 mb (millibars)

133.32 pascals

1 torr

0.0193 psia (pounds/square inch -
absolute

6.94 x 10 days

0.0167 hr (hours)

60 sec (seconds)

9.92 x 10-° weeks

1.90 x 107 yr (years)
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Factors

Metric (SI) or English Conversions

1
1

1 ppm (parts/million-volume) =
1 ppm [wt] (parts/million-weight) =

1

1

| Ib/ft® (pounds/cubic foot) =
1 Ib/f? (pounds/cubic inch) =

1 psi (pounds/square inch)=

—_

—_

-

—_

—_

—_

nt (newton) =
nt-m (newton-meter) =

pascal =

Ib (pound) =

gt (quart) =

rad =

rem

Sv (sievert) =

cm? (square centimeter) =

ft2 (square foot) =

m? (square meter) =

mi2 (square mile) =

1 x 10° dynes

1.00j (joules)

2.78 x 10 watt-hours

1.00 mI/m? (milliliters/cubic meter)

1.00 mg/kg (milligrams/kilograms)

9.87 x 10 atm (atmospheres)

4.015 x 103 in H,0 (inches of water)

0.0T mb (millibars)

7.5 x 10 mm Hg (milliliters of mercury)

453.59 g (grams)

16 oz (ounces)

16.02 g/I (grams/liter)

27.68 g/cc (grams/cubic centimeter)

1,728 Ib/ft* (pounds/cubic feet)

0.068 atm (atmospheres)

27.67 in H,O (inches or water)

68.85 mb (millibars)

51.71 mm Hg (millimeters of mercury)

6,894.76 pascals

946.4 cc (cubic centimeters)

57.75 in® (cubic inches)

0.946 ¢ (liters)

100 ergs/g (ergs/gram)

0.01 Gy (gray)

1 rem (unless modified through division
by an

appropriate factor, such as Q or N)

1 rad (unless modified through division
by an

appropriate factor, such as Q or N)

1 Gy (gray) (unless modified through
division by an

appropriate factor, such as Q and/
or N)

1.076 x10-3f12 (square feet)

0.155 in? (square inches)

1 x 10 m2 (square meters)

2.296 x 10 acres

9.296 cm? (square centimeters)

144 in? (square inches)

0.0929 m? (square meters)

10.76 ft2 (square feet)

1,550 in% (square inches)

640 acres

2.79 x 107 ft2 (square feet)

2.59 x 10° m? (square meters)

(continued)
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Table 1.2. (continued)

Factors Metric (SI) or English Conversions
1 torr = 1.33 mb (millibars)
1 watt = 3.41 BTl/hr (British Thermal Units/hour)

1.341 x 10-® hp (horsepower)
52.18 j/sec (joules/second)
1 watt-hour = 3.412 BTUs (British Thermal Unit)
859.8 cal (calories)
3,600 j (joules)
35.53 liter-atmosphere
1 week = 7 days
168 hr (hours)
10,080 min (minutes)
6.048 x 10° sec (seconds)
0.0192 yr (years)
1 yr (year) = 365.25 days
8,766 hr (hours)
5.26 x 105 min (minutes)
3.16 x 107 sec (seconds)
52.18 weeks

Table 1.3. Conversion Factors by Unit Category

Units of Length

1 cm (centimeter) = 0.0328 ft (feet)

0.394 in (inches)

10,000 microns (micrometers)

100,000,000 A = 108 A (Angstroms)
1 ft (foot) = 30.48 cm (centimeters)

12 in (inches)

0.3048 m (meters)

1.65 x 10 nt (nautical miles)

1.89 x 10 mi (statute miles)

1in (inch) = 2.54 cm (centimeters)
1,000 mils
1 km (kilometer) = 3,280.8 ft (feet)

0.54 nt (nautical miles)
0.6214 mi (statute miles)
1 m (meter) = 1% 10" A (Angstroms)
100 cm (centimeters)
3.28 ft (feet)
39.37 in (inches)
1 x 10 km (kilometers)
1,000 mm (millimeters)
1,000,000 p = 1 x 10% p (micrometers)
1 x 10° nm (nanometers)
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Units of Length

—_

—_

kt (nautical mile) = 6.076.1 ft (feet)
1.852 km (kilometers)
1.15 km (statute miles)
2.025.4 yd (yards)

mi (statute mile) = 5,280 ft (feet)
1.609 km (kilometers)
1.690.3 m (meters)
0.869 nt (nautical miles)
1,760 yd (yards)

Units of Area

cm? (square centimeter) = 1.076 x 1072 ft2 (square feet)
0.155 in? (square inches)
1 x 10 m? (square meters)

1 ff2 (square foot) = 2.296 x 10°®° acres

—_

—_

929.03 cm? (square centimeters)
144 in? (square inches)
0.0929 m? (square meters)

m? (square meter) = 10.76 f12 (square feet)
1,550 in? (square inches)
mi? (square mile) = 640 acres

2.79 x 107 f12 (square feet)
2.59 x 10° m? (square meters)

Units of Volume

—_

1

—_

cc (cubic centimeter) = 3.53 x 10 f12 (cubic feet)
0.061 in® (cubic inches)
2.64 x 10 gal (gallons)
0.001 ¢ (liters)
1.00 ml (milliliters)

ft* (cubic foot) = 28,317 cc (cubic cenfimeters)
1,728 in® (cubic inches)
0.0283 m?® (cubic meters)
7.48 gal (gallons)
28.32 ¢ (liters)
29.92 gt (quarts)

in® (cubic inch) = 16.39 cc (cubic centimeters)
16.39 ml (milliliters)
5.79 x 10 ft* (cubic feet)
1.64 x 10-° m? (cubic meters)
4.33 x 103 gal (gallons)
0.0164 £ (liters)
0.55 fl oz (fluid ounces)

(continued)
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Table 1.3. (continued)

Units of Volume

1 m3 (cubic meter) = 1,000,000 cc = 10° cc (cubic
centimeters)
35.31 ft* (cubic feet)
61,023 in® (cubic inches)
264.17 gal (gallons)
1,000 £ (liters)

1 yd® (cubic yards) = 201.97 gal (gallons)
764.55 £ (liters)
1 gal (gallon) = 3.785 cc (cubic centimeters)

0.134 ft* (cubic feet)
231 in® (cubic inches)
3.785 £ (liters)

1 € (liter) = 1,000 cc (cubic centimeters)
1 dm? (cubic decimeters)
0.0353 2 (cubic feet)
61.02 in® (cubic inches)
0.264 gal (gallons)
1,000 ml (milliliters)
1.057 gt (quarts)

1 gt (quart) = 946.4 cc (cubic centimeters)
57.75 in?® (cubic inches)
0.946 ¢ (liters)

Units of Mass

1 g (grams) = 0.001 kg (kilograms)
1,000 mg (milligrams)
1,000,000 mg = 10® ng (nanograms)
2.205 x10- Ib (pounds)

1 kg (kilogram) = 1,000 g (grams)
2.205 Ib (pounds)
1 lb (pound) = 453.59 g (grams)

16 oz (ounces)

Units of Time

1 day = 24 hr (hours)
1440 min (minutes)
86,400 sec (seconds)
0.143 weeks
2.738 x 1073 yr (years)
1 hr (hours) = 0.0417 days
60 min (minutes)
3,600 sec (seconds)
5.95 x 108 yr (years)
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Units of Time

1 hr (hour) =

1 min (minutes) =

1 week =

1 yr (year) =

0.0417 days

60 min (minutes)

3.600 sec (seconds)
5.95 x 10-% weeks

1.14 x 104 yr (years)
6.94 x 10 days

0.0167 hr (hours)

60 sec (seconds)

9.92 x 10-° weeks

1.90 x 10-¢ yr (years)

7 days

168 hr (hours)

10,080 min (minutes)
6.048 x 10° sec (seconds)
0.0192 yr (years)

365.25 days

8,766 hr (hours)

5.26 x 10° min (minutes)
3.16 x 107 sec (seconds)
52.18 weeks

Units of the Measure of Temperature

°C (degrees Celsius) =
1° C (expressed as an interval) =

°F (degree Fahrenheit) =
1° F (expressed as an interval) =

[(B/9(F - 329)]

1.8° F = [9/5]° F (degrees Fahrenheit)
1.8° R (degrees Rankine)

1.0 K (degrees Kelvin)

[(9/5)(°C) + 32°]

0.556° C = [5/9]° C (degrees Celsius)
1.0° R (degrees Rankine)

0.556 K (degrees Kelvin)

Example 1.3

Problem:

Find degrees in Celsius of water at 72.

Solution:

°C=(F-32)x5/9=(72-32)x5/9=222

Units of Force

1 dyne = 1 X 107° nt (newtons)
1 nt (newton) = 1 X 10° dynes
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Units of Work or Energy

1 BTU (British Thermal Unit) =252 cal (calories)

1 cal (calories) =

1 ev (electron volt) =

0erg =

1j (joule) =

1 kcal (kilocalorie) =

1 kw-hr (kilowatt-hour) =

1 nt-m (newton-meter) =

1 watt-hour =

1,055.06 j (joules)

10.41 liter-atmospheres

0.293 watt-hours

3.97 x1072 BTUs (British Thermal Units)
4.18 j (joules)

0.0413 liter-atmospheres

1.163 X 107 watt-hours

1.602 x 107'* ergs

1.602 x 107" j (joules)

1 dyne-centimeter

1 X 107 j (joules)

2.78 x 10" watt-hours

9.48 x 10* BTUs (British Thermal Units)
0.239 cal (calories)

10,000,000 ergs = 1 X 107 ergs

9.87 x 107 liter-atmospheres

1.00 nt-m (newton-meters)

3.97 BTUs (British Thermal Units)
1,000 cal (calories)

4,186.8 j (joules)

3,412.14 BTU (British Thermal Units)
3.6 X 10°j (joules)

859.8 kcal (kilocalories)

1.00 j (joules)

2.78 x 10~ watt-hours

3.412 BTUs (British Thermal Units)
859.8 cal (calories)

3,600 j (joules)

35.53 liter-atmospheres

Units of Power

1 hp (horsepower) =
1 kw (kilowatt) =

1 watt =

745.7 jlsec (joules/sec)

56.87 BTU/min (British Thermal Units/min-
ute)

1.341 hp (horsepower)

1,000 j/sec (joules/sec)

3.41 BTU/hr (British Thermal Units/hour)
1.341 x 107 hp (horsepower)

1.00 j/sec (joules/second)
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Units of Pressure

1 atm (atmosphere) =

1 bar =

1 inch of water =

1.013 bars

10.133 newtons/cm? (newtons/square centi-
meters)

33.90 ft. of H,O (feet of water)

101.325 kp (kilopascals)

14.70 psia (pounds/square inch — absolute)
760 torr

760 mm Hg (millimeters of mercury)

0.987 atm (atmospheres)

1 X 10° dynes/cm? (dynes/square centimeter)
33.45 fr of H,O (feet of water)

1 % 10° pascals [nt/m?*] (newtons/square meter)
750.06 torr

750.06 mm Hg (millimeters of mercury)

1.86 mm Hg (millimeters of mercury)

249.09 pascals

0.0361 psi (Ib/in?)

1 mm Hg (millimeter of merc.) =1.316 X 10 atm (atmospheres)

1 pascal =

1 psi (pounds/square inch) =

1 torr =

0.535 in H,O (inches of water)

1.33 mb (millibars)

133.32 pascals

1 torr

0.0193 psia (pounds/square inch—absolute)
9.87 X 107 atm (atmospheres)

4.015x 107 in H,O (inches of water)

0.01 mb (millibars)

7.5 x 10° mm Hg (millimeters of mercury)
0.068 atm (atmospheres)

27.67 in H,O (inches of water)

68.85 mb (millibars)

51.71 mm Hg (millimeters of mercury)
6,894.76 pascals

1.33 mb (millibars)

Units of Velocity or Speed

1 fps (feet/second) =

1 mps (meters/second) =

1.097 kmph (kilometers/hour)
0.305 mps (meters/second)
0.01136 mph (miles/hours)
196.9 fpm (feet/minute)

3.6 kmph (kilometers/hour)
2.237 mph (miles/hour)
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Units of Velocity or Speed

1 mph (mile/hour) =

88 fpm (feet/minute)
1.61 kmph (kilometers/hour)
0.447 mps (meters/second)

Units of Density

1 g/cc (grams/cubic cent.) =

1 Ib/fe® (pounds/cubic foot) =
1 Ib/in? (pounds/cubic inch) =

62.43 Ib/fe® (pounds/cubic foot)
0.0361 Ib/in® (pounds/cubic inch)
8.345 Ib/gal (pounds/gallon)

16.02 g/€ (grams/liter)

27.68 g/cc (grams/cubic centimeter)
1.728 Ib/fe® (pounds/cubic foot)

Units of Concentration

1 ppm (parts/million-volume) = 1.00 ml/m? (milliliters/cubic meter)

1 ppm (wt) =

1.00 mg/kg (milligrams/kilograms)

Radiation & Dose Related Units

1 Bq (becquerel) =

1 Ci (curie) =

1 Gy (gray) =

1 mCi (millicurie) =

1rad =

1 rem =

1 Sv (sievert) =

1 radioactive disintegration/second

2.7 x 107" Ci (curie)

2.7 X 107 (millicurie)

3.7 % 10" radioactive disintegration/second
3.7 x 10" Bq (becquerel)

1,000 mCi (millicurie)

1 j/kg (joule/kilogram)

100 rad

1 Sv (sievert)—(unless modified through divi-
sion by an appropriate factor, such as Q or N)
0.001 Ci (curie)

3.7 % 10" radioactive disintegrations/second
3.7 x 10" Bq (becquerel)

100 ergs/g (ergs/g)

0.01 Gy (gray)

1 rem (unless modified through division by an
appropriate factor, such as Q or N)

1 rad (unless modified through division by an
appropriate factor, such as Q or N)

1 Gy (gray) (unless modified through division
by an appropriate factor, such as Q or N)
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The Scientific Method

We certainly cannot have a discussion about geology (or any other science) with-
out a brief discussion of the scientific method of investigation. This is the case
even though many scientists believe that there is no single universally accepted
“scientific method” (Figure 1.1).

Make observations and gather data

Hypothesize an explanation

Test hypothesis

Figure 1.1. The Scientific method simpli-
fied. This process cycles; it is re-evalu-
ated on an on-going basis.

The step-by-step procedure used in the scientific method follows:

Observe and define the problem.

Hypothesize a theory (make reasonable explanations based on observations).
Test (experiment) the theory. (Can it be reproduced?)

Can others reproduce the same results?

If steps 3 and 4 are unsuccessful, modify or reject the theory (go back to step 1).
If it is consistently reproducible and most of the scientific community agrees
with the theory, it becomes a natural law.

AR R =

Most scientific thought is based on two forms of logical reason: inductive and
deductive reasoning. The goal of science is to establish general principles for the
study of specific cases. The classic example is Newton’s apple. He examined how
specific objects fall, from which he inferred the general theory of gravitation.

* Inductive reasoning is the inference of general principles based on specific
cases; the observer moves from particular observations to general principles
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(discovering the rules). In other words, no matter how much evidence exists
for a conclusion, the conclusion could still conceivably be false. Such that,

Suppose someone eats 4 oranges out of a box of 100 and finds each of the
4 oranges to be tasty. From this, the person concludes that all the oranges
are tasty.

The field of geology has many principles based on inductive reasoning.

* Deductive reasoning is the analysis of a specific case based on specific cases;
the observer moves from general laws to specific predictions (making predic-
tions based on the rules). In other words, if the premises are true, then the
conclusion has to be true. Such that,

If all Maytag washing machines built in 1969 have switches installed
that shut down the machines any time the lid is opened (lifted), and
Mabel’s Maytag washer was built in 1969, then Mabel’s washing
machine has a shutdown switch that is activated when the lid cover is
opened (or at least originally had a shutdown switch if it wasn’t removed

or jerry-rigged).

The Power of Science is its Power of Prediction.
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CHAPTER 2

Basic Math Operations

Most calculations required by geoscientists (as with many others) start with the
basics, such as addition, subtraction, multiplication, division, and sequence of
operations. Although many of the operations are fundamental tools within each
geoscientist’s toolbox, using these tools on a consistent basis is important to
remaining sharp in their use. Geoscientists should master basic math definitions
and the formation of problems; daily practice requires calculation of percentage,
average, simple ratio, geometric dimensions, force, pressure, and head, as well as
the use of dimensional analysis and advanced math operations.

Basic Math Terminology and Definitions

The following basic definitions will aid in understanding the material in this
chapter.

* Integer, or an integral number: a whole number. Thus 1, 2, 3, 4,5, 6,7, 8, 9,
10, 11, and 12 are the first 12 positive integers.

e Factor or divisor of a whole number: any other whole number that exactly
divides it. Thus, 2 and 5 are factors of 10.

* Prime number: in math, a number that has no factors except itself and 1. Ex-
amples of prime numbers are 1, 3, 5, 7, and 11.

* Composite number: a number that has factors other than itself and 1. Examples
of composite numbers are 4, 6, 8, 9 and 12.

» Common factor or common divisor of two or more numbers: a factor that ex-
actly divides each of them. If this factor is the largest factor possible, it is called
the greatest common divisor. Thus, 3 is a common divisor of 9 and 27, but 9 is
the greatest common divisor of 9 and 27.

25
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* Multiple of a given number: a number that is exactly divisible by the given
number. If a number is exactly divisible by two or more other numbers, it is
a common multiple of them. The least (smallest) such number is called the
lowest common multiple. Thus 36 and 72 are common multiples of 12, 9, and
4; however, 36 is the lowest common multiple.

* Even number: is a number exactly divisible by 2. Thus, 2, 4, 6, 8, 10, and 12
are even integers.

* Odd number: an integer that is not exactly divisible by 2. Thus, 1, 3, 5, 7, 9,
and 11 are odd integers.

* Product: the result of multiplying two or more numbers together. Thus, 25 is
the product of 5 X 5. Also, 4 and 5 are factors of 20.

* Quotient: the result of dividing one number by another. For example, 5 is the
quotient of 20 divided by 4.

o Dividend: a number to be divided; a divisor is a number that divides. For exam-
ple, in 100 + 20 = 5, 100 is the dividend, 20 is the divisor, and 5 is the quotient.

* Area: the area of an object, measured in square units—the amount of surface
an object contains or the amount of material required to cover the surface.

* Buase: a term used to identify the bottom leg of a triangle, measured in linear
units.

* Circumference: the distance around an object, measured in linear units. When
determined for other than circles, it may be called the perimeter of the figure,
object, or landscape.

* Cubic units: measurements used to express volume, cubic feet, cubic meters,
and so on.

* Depth: the vertical distance from the bottom of the tank to the top. This is
normally measured in terms of liquid depth and given in terms of sidewall
depth (SWD), measured in linear units.

* Diameter: the distance from one edge of a circle to the opposite edge passing
through the center, measured in linear units.

* Height: the vertical distance from the base or bottom of a unit to the top or
surface.

* Linear units: measurements used to express distances: feet, inches, meters,
yards, and so on.

* Pi(m): anumber in the calculations involving circles, spheres, or cones: 7 = 3.14.

* Radius: the distance from the center of a circle to the edge, measured in linear
units.

* Sphere: a container shaped like a ball.

* Square units: measurements used to express area, square feet, square meters,
acres, and so forth.
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* Volume: the capacity of the unit (how much it will hold) measured in cubic
units (cubic feet, cubic meters) or in liquid volume units (gallons, liters, mil-
lion gallons).

o Width: the distance from one side of the tank to the other, measured in linear
units.

KEY WORDS FOR MATH OPERATIONS

* of: means to multiply

* and: means to add

* per: means to divide

® Jess than: means to subtract

Sequence of Operations

Mathematical operations such as addition, subtraction, multiplication, and
division are usually performed in a certain order, or sequence. Typically, mul-
tiplication and division operations are done prior to addition and subtraction
operations. In addition, mathematical operations are also generally performed
from left to right using this hierarchy. The use of parentheses is also common to
set apart operations that should be performed in a particular sequence.

v/ Note: We assume that the reader has a fundamental knowledge of basic
arithmetic and math operations. Thus, the purpose of the following sections
is to provide a brief review only of the mathematical concepts and applica-
tions frequently employed by geoscientists.

Sequence of Operations

RULES

Rule 1: In a series of additions, the terms may be placed in any order and
grouped in any way. Thus,

4+43=7and3+4=7;4+3)+(6+4) =17,
G6+3)+@A+4)=17,and [6+(B+4) +4=17.
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Rule 2: In a series of subtractions, changing the order or the grouping of the
terms may change the result. Thus,

100 — 30 = 70, but 30 —100 = —70; (100 — 30) — 10 = 60,
but 100 — (30 — 10) = 80.

Rule 3: When no grouping is given, the subtractions are performed in the order
written, from left to right. Thus,

100 — 30 — 15 — 4 = 51; or by steps,
100 - 30 =70, 70 — 15 = 55,55 — 4 = 51.

Rule 4: In a series of multiplications, the factors may be placed in any order and
in any grouping. Thus,

[(2%x3)%x5]%x6=180and 5% [2 X (6 x 3)] = 180.

Rule 5: In a series of divisions, changing the order or the grouping may change
the result. Thus,

100 + 10 = 10, but 10 + 100 = 0.1; (100 + 10) = 2 = 5,
but 100 + (10 + 2) = 20.

Again, if no grouping is indicated, the divisions are performed in the order
written, from left to right. Thus, 100 + 10 + 2 is understood to mean (100 +
10) = 2.

Rule 6: In a series of mixed mathematical operations, the convention is as fol-
lows: whenever no grouping is given, multiplications and divisions are to
be performed in the order written, then additions and subtractions in the
order written.

EXAMPLES

In a series of additions, the terms may be placed in any order and grouped in
any way.
Examples:

3+6=10and 6 + 4 = 10
4+5+0B+7)=19,3+5+@l+7)=19,and [7+ (5 +4)]+3=19
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In a series of subtractions, changing the order or the grouping of the terms may
change the result.

Examples:

100 — 20 = 80, but 20 — 100 = —80
(100 — 30) — 20 = 50, but 100 — (30 — 20) = 90

When no grouping is given, the subtractions are performed in the order writ-
ten—{rom left to right.

Examples:
100 — 30 — 20 — 3 = 47
or by steps,
100 — 30 = 70, 70 — 20 = 50, 50 — 3 = 47

In a series of multiplications, the factors may be placed in any order and in any
grouping.

Example:
[3x3) % 5] x6=270and 5 x [3 x (6 x 3)] = 270

In a series of divisions, changing the order or the grouping may change the result.

Example:

100 = 10 = 10, but 10 + 100 = 0.1
(100 = 10) + 2 = 5, but 100 = (10 + 2) = 20

If no grouping is indicated, the divisions are performed in the order written—
from left to right.

Example:

100 + 5 + 2 is understood to mean (100 = 5) = 2

In a series of mixed mathematical operations, the rule of thumb is whenever no
grouping is given, multiplications and divisions are to be performed in the order
written, and then additions and subtractions in the order written.
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Percent

The word percent means “by the hundred.” Percentage is often designated by the
symbol %. Thus, 15% means 15 percent or 15/100 or 0.15. These equivalents
may be written in the reverse order: 0.15 = 15/100 = 15%. When working with
percent, the following key points are important:

* Dercents are another way of expressing a part of a whole.

* As mentioned, the percent means “by the hundred,” so a percentage is the
number out of 100. To determine percent, divide the quantity we wish to
express as a percent by the total quantity then multiply by 100:

Part
Whole

Percent (%) = 2.1)

For example, 22 percent (22%) means 22 out of 100, or 22/100. Dividing
22 by 100, results in the decimal 0.22:

22
22% = — =0.22
100

* When using percentages in calculations, the percentage must be converted to
an equivalent decimal number; this is accomplished by dividing the percent-
age by 100.

* In a chemical dosing example, calcium hypochlorite contains 65% available
chlorine. What is the decimal equivalent of 65%? Because 65% means 65 per
hundred, divide 65 by 100: 65/100, which is 0.65.

* Decimals and fractions can be converted to percentages. The fraction is first
converted to a decimal, and then the decimal is multiplied by 100 to get the
percentage.

* For example, if a 50-foot high water tank has 26 feet of water in it, how full
is the tank in terms of the percentage of its capacity?

26 ft
50 ft

= 0.52 (decimal equivalent)

0.52 x 100 =52

The tank is 52% full.
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Example 2.1

Problem:

The plant operator removes 6,500 gal. of a chemical mixture from the
storage tank. The chemical mixture contains 325 gallons of solids. What is the
percentage of solids in the chemical mixture?

Solution:
25 gal
Percent = 35—ga x 100 = 5%
6,500 gal
Example 2.2
Problem:
Convert 65% to decimal percent.
Solution:
Percent
Decimal percent =
100
6
= —5 =0.65
100
Example 2.3
Problem:

A solution contains 5.8% solids. What is the concentration of solids in
decimal percent?

Solution:

5.8%
100

Decimal percent = =0.058

v Key Point: Unless otherwise noted, all calculations in the text using percent
values require the percent be converted to a decimal before use.

v Key Point: To determine what quantity a percent equals, first convert the
Y q tyap q
percent to a decimal then multiply by the total quantity.

Quantity = Total X Decimal Percent (2.2)
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Example 2.4

Problem:
A chemical mixture drawn from the settling tank is 5% solids. If 2,800 gal-
lons of solids are withdrawn, how many gallons of solids are removed?

Solution:
%
Gallons = o% % 2,800 gallons = 140 gal
100
Example 2.5
Problem:

Convert 0.55 to percent.

Solution:

0.55 = 2 =0.55=55%
100

In converting 0.55 to 55%, we simply moved the decimal point two places
to the right.

Example 2.6

Problem:
Convert 7/22 to a percent.

Solution:

l =0.318 x 100 = 31.8%

22

Significant Digits
When rounding numbers, remember the following key points:

* Numbers are rounded to reduce the number of digits to the right of the deci-
mal point. This is done for convenience, not for accuracy.
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* Rule: A number is rounded off by dropping one or more numbers from the
right and adding zeroes if necessary to place the decimal point. If the last fig-
ure dropped is 5 or more, increase the last retained figure by 1. If the last digit
dropped is less than 5, do not increase the last retained figure. If the digit 5 is
dropped, round off the preceding digit to the nearest even number.

Example 2.7

Problem:
Round off 10,546 to 4, 3, 2, and 1 significant figures.

Solution:
10,546 = 10,550 to four significant figures
10,546 = 10,500 to three significant figures
10,546 = 11,000 to two significant figures
10,547 = 10,000 to one significant figure

Significant figures are those digits in a final calculation that have physical
meaning. In determining significant figures, remember the following key points:

* The concept of significant figures is related to rounding.
* It can be used to determine where to round off.

v" Key Point: No answer can be more accurate than the least accurate piece of
data used to calculate the answer.

* Rule: significant figures are those numbers that are known to be reliable. The
position of the decimal point does not determine the number of significant
figures.

Example 2.8

Problem:
How many significant figures are in a measurement of 1.35 in?

Solution:

Three significant figures: 1, 3, and 5.

Example 2.9

Problem:
How many significant figures are in a measurement of 0.0001352
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Solution:
Again, three significant figures: 1, 3, and 5. The three zeros are used only
to place the decimal point.

Example 2.10

Problem:
How many significant figures are in a measurement of 103,500?

Solution:
Four significant figures: 1, 0, 3, and 5. The remaining two zeros are used to
place the decimal point.

Powers and Exponents
In working with powers and exponents, important key points include:

* Powers are used to identify area (as in square feet) and volume (as in cubic feet).

* Powers can also be used to indicate that a number should be squared, cubed,
and so on. This later designation is the number of times a number must be
multiplied times itself. For example, when several numbers are multiplied
together, as 4 X 5 X 6 = 120, the numbers 4, 5, and 6 are the facrors; 120 is
the product.

¢ Ifall the factors are alike, as 4 X 4 X 4 X 4 = 256, the product is called a power.
Thus, 256 is a power of 4, and 4 is the base of the power. A power is a product
obtained by using a base a certain number of times as a factor.

* Instead of writing 4 X 4 X 4 X 4, it is more convenient to use an exponent to
indicate that the factor 4 is used as a factor four times. This exponent, a small
number placed above and to the right of the base number, indicates how many
times the base is to be used as a factor. Using this system of notation, the mul-
tiplication 4 X 4 X 4 X 4 is written as 4%. The * is the exponent, showing that
4 is to be used as a factor four times.

* These same considerations apply to letters (4, b, x, y, etc.) as well. For example:

Z = (2) (2) or 2* = (2) (2) (2) (2)

* When a number or letter does not have an exponent, it is considered to have
an exponent of one.
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The powers of 1:

1°=1
1'=1
1’=1
P=1
14=1

The powers of 10:

10°=1

10t =10

10 = 100

103 = 1000

10% = 10,000
Example 2.11
Problem:

How is the term 2? written in expanded form?

Solution:
The power (exponent) of 3 means that the base number (2) is multiplied
by itself three times.

2= (2)2)(2)

Example 2.12

Problem:
How is the term (3/8)? written in expanded form?

v' Key Point: When parentheses are used, the exponent refers to the entire
term within the parentheses. Thus, in this example, (3/8)* means

Solution:

(3/8)* = (3/8) (3/8)

v' Key Point: When a negative exponent is used with a number or term, a
number can be re-expressed using a positive exponent.

62 = 1/6°
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Another example is

11°=1/11

Example 2.13

Problem:
How is the term 87 written in expanded form?

goo Lo

8 (8)(8)(8)

v" Key Point: Any number or letter such as 3° or X does not equal 3 X 1 or
X', but simply 1.

Averages (Arithmetic Mean)

Whether we speak of harmonic mean, geometric mean, or arithmetic mean, each is
designed to find the “center” or the “middle” of the set of numbers. They cap-
ture the intuitive notion of a central tendency that may be present in the data.
In statistical analysis, an average of data is a number that indicates the middle of
the distribution of data values.

An average is a way of representing several different measurements as a single
number. Although averages can be useful by telling “about” how much or how
many, they can also be misleading, as we demonstrate next.

Example 2.14

Problem:

When working with averages, the mean (again, what we usually refer to as
an average) is the total of values of a set of observations divided by the number
of observations. We simply add up all of the individual measurements and
divide by the total number of measurements we took. For example, the opera-
tor of a waterworks or wastewater treatment plant takes a chlorine residual

measurement every day, and part of his or her operating log is shown in Table
2.1. Find the mean.

Solution:

Add up the seven chlorine residual readings: 0.9, 1.0, 0.9, 1.3, 1.1, 1.4, 1.2
= 7.8. Next, divide by the number of measurements, in this case seven: 7.8 , 7 =
1.11. The mean chlorine residual for the week was 1.11 mg/l.
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Table 2.1. Daily Chlorine Residual Results

Day Chlorine Residual (mg/|)
Monday 0.9
Tuesday 1.0
Wednesday 0.9
Thursday 1.3
Friday 1.1
Saturday 1.4
Sunday 1.2
Example 2.15
Problem:

A water system has four wells with the following capacities: 115 gallons per
minute (gpm), 100 gpm, 125 gpm, and 90 gpm. What is the mean?

Solution:

115 gpm + 100 gpm + 125 gpm + 90 gpm 430

Example 2.16

Problem:

A water system has four storage tanks. Three of them have a capacity of
100,000 gallons each, while the fourth has a capacity of 1 million gallons. What
is the mean capacity of the storage tanks?

Solution:
The mean capacity of the storage tanks is:

100,000 + 100,000 + 100,000 + 1,000,000
4

= 325,000 gal

Notice that no tank in Example 2.16 has a capacity anywhere close to the
mean.

Solving for the Unknown

Many calculations in geoscience involve the use of formulae and equations. To
make these calculations, you must first know the values for all but one of the
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terms of the equation to be used. The obvious question is “What is an equation?”
Simply, an equation is a mathematical statement that tells us that what is on one
side of an equal sign (=) is equal to what is on the other side.

v' Key Point: What we do to one side of the equation, we must do to the
other side. This is the case, of course, because the two sides, by definition,
are always equal.

An equation is a statement that two expressions or quantities are equal in
value. The statement of equality 6x + 4 = 19 is an equation; that is, it is alge-
braic shorthand for, “The sum of 6 times a number plus 4 is equal to 19.” It
can be seen that the equation 6x + 4 = 19 is much easier to work with than the
equivalent sentence.

When thinking about equations, it is helpful to consider an equation as
being similar to a balance. The equal sign tells you that two quantities are “in
balance” (i.e., they are equal). The solution to the problem 6x + 4 = 19 may be
summarized in three steps.

Step (1) 6x+4=19
Step (2) O6x=15
Step (3) x=2.5

v/ Note: Step 1 expresses the whole equation. In step 2, 4 has been subtracted
from both members of the equation. In step 3, both members have been

divided by 6.

v/ Key Point: An equation is, therefore, kept in balance (both sides of the
equal sign are kept equal) by subtracting the same number from both mem-
bers (sides), adding the same number to both, or dividing or multiplying by
the same number.

The expression 6x + 4 = 19 is called a conditional equation, because it is
true only when x has a certain value. The number to be found in a conditional
equation is called the unknown number the unknown quantity or, more briefly,
the unknown.

v' Key Point: Solving an equation is finding the value or values of the un-
known that make the equation true.
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Let’s look a look at another equation:

W=FxD 2.3)
where
W = work
F = force

D = distance

Work = Force (Ib) X Distance (ft or in)
= ft-1b or in-Ib

Suppose we have this equation:
60 = (x) (2)

How can we determine the value of 2 By using the following axioms, the

solution to the unknown is quite simple.

v' Key Point: It is important to point out that the following discussion in-

cludes only what the axioms are and how they work.

AXIOMS

N

If equal numbers are added to equal numbers, the sums are equal.

. If equal numbers are subtracted from equal numbers, the remainders are

equal.

If equal numbers are multiplied by equal numbers, the products are equal.
If equal numbers are divided by equal numbers (except zero), the quotients
are equal.

. Numbers that are equal to the same number or to equal numbers are equal

to each other.

Like powers of equal numbers are equal.

Like roots of equal numbers are equal.

The whole of anything equals the sum of all its parts.
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v" Note: Axioms 2 and 4 were used to solve the equation 6x + 4 = 19.

v' Key Point: As mentioned, solving an equation is determining the value or
values of the unknown number or numbers in the equation.

Example 2.17

Problem:
Find the value of x if x— 8 = 2.

Solution:

Here it can be seen by inspection that x = 10, but inspection does not help
in solving more complicated equations. However, if we notice that to determine
that x = 10, 8 is added to each member of the given equation, we have acquired a
method or procedure that can be applied to similar but more complex problems.

Given equation:

x—8=2
Add 8 to each member (axiom 1),

x=2+8
Collecting the terms (that is, adding 2 and 8).

x=10

Example 2.18

Problem:
Solve for x;, if 4x — 4 = 8 (each side is in simplest terms)

Solution:

4x = 8+ 4 [the term (—4) is moved to the right of the equal sign as (+4)]
4 = 12

e 12

= 7 (divide both sides)
4 4

x =3 (x is alone on the left and is equal to the value on the right)
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Example 2.19

Problem:
Solve for x, if x + 10 = 15

Solution:
Subtract 10 from each member (axiom 2),

x=15-10
Collect the terms,
x=5
Example 2.20
Problem:

Solve for x, if 5x + 5 -7 =3x+6

Solution:
Collect the terms (+5) and (-7):

S5x-2=3x+6
Add 2 to both members (axiom 2)
5x = 3x +8
Subtract 3x from both members (axiom 2)
2x =8
Divide both members by 2 (axiom 4):
X=4
After obtaining a solution to an equation, we should always check it. This
is an easy process. All we need to do is substitute the solution for the unknown

quantity in the given equation. If the two members of the equation are then
identical, the number substituted is the correct answer.
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Example 2.21

Problem:
Solve and check 4x + 5—-7=2x+6

Solution:

dx+5-7=2x+6

4y —-2=2x+6
4x=2x+8
2x =8
x=4

Substituting the answer x = 4 in the original equation,

4x+5-7=2x+6

4(4) +5-7=24)+6

16+5-7=8+6
14 =14

Because the statement 14 = 14 is true, the answer x = 4 must be correct.

The equations discussed to this point were expressed in algebraic language.
It is important to learn how to set up an equation by translating a sentence into
an equation (into algebraic language) and then solving this equation.

In setting up an equation properly, the following suggestions and examples

should help.

1. Always read the statement of the problem carefully.

2. Select the unknown number and represent it by some letter. If more than one
unknown quantity exists in the problem, try to represent those numbers in
terms of the same letter—that is, in terms of one quantity.

3. Develop the equation, using the letter or letters selected, and then solve.

Example 2.22

Problem:
Given: One number is eight more than another. The larger number is two
less than three times the smaller. What are the two numbers?

Solution: Let n represent the small number.
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Then 7 + 8 must represent the larger number.

n+8=3n-2
n =5 (small number)
n + 8 = 13 (large number)

Example 2.23

Problem:
Given: If five times the sum of a number and 6 is increased by 3, the result
is two less than 10 times the number. Find the number.

Solution: Let n represent the number.

5(n +6) +3=10n -2

n=>5
Example 2.24
Problem:
If 2x + 5 = 10, solve for x.
Solution:
2x+5=10
2x=5
0.x =5/2
x =2
Example 2.25
Problem:
If 0.5x — 1 = -6, find x.
Solution:
05x—-1=-6
0.5x = -5
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Ratio

A ratio is the established relationship between two numbers. For example, if
someone says, “T'll give you four to one the Redskins over the Cowboys in the
Super Bowl,” what does that person mean? Four to one, or 4:1, is a ratio. If
someone gives you 4 to 1, it’s his or her $4 to your $1.

As another more pertinent example, if an average of 3 cu ft of screenings are
removed from each million gallons of wastewater treated, the ratio of screenings
removed (cu ft) to treated wastewater (MG) is 3:1. Ratios are normally written
using a colon (such as 2:1), or written as a faction (such as 2/1).

A proportion is a statement that two ratios are equal. For example, 1 is to 2
as 3 is to 6, so 1:2 = 3:6. In this case, 1 has the same relation to 2 that 3 has to
6. And what exactly is that relation? What do you think? You're right: 1 is half
the size of 2, and 3 is half the size of 6. Or, alternately, 2 is twice the size of 1,
and 6 is twice the size of 3.

When working with ratio and proportion, the following key points are
important to remember.

1. One place where fractions are used in calculations is when ratios and propor-
tions are used, such as calculating solutions.

2. A ratio is usually stated in the form A is to B as C'is to D, and we can write
it as two fractions that are equal to each other:

A C
B D

3. Cross-multiplying solves ratio problems; that is, we multiply the left numera-
tor (A) by the right denominator (D) and say that is equal to the left denomi-
nator (B) times the right numerator (C): </nl>

AXD=BxC
AD = BC

4. If one of the four items is unknown, dividing the two known items that are
multiplied together by the known item that is multiplied by the unknown
solves the ratio. For example, if 2 pounds of alum are needed to treat 500
gallons of water, how many pounds of alum will we need to treat 10,000 gal-
lons? We can state this as a ratio: 2 pounds of alum is to 500 gallons of water
as “pounds of alum is to 10,000 gallons.”
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This is set up in this manner:

1 Ib alum x Ib alum

500 gal water © 10,000 gal water

Cross-multiplying:

(500) (x) = (1) x (10,000)

Transposing:
1 x 10,000
X= ——
500
x= 20Ibalum

For calculating proportion, for example, five gallons of fuel costs $5.40.
How much does 15 gallons cost?

5gal 15 gal
$5.40 %y
5Xy=15%5.40 =81
L $16
=— =$16.20
77 s
Example 2.26
Problem:

If a pump will fill a tank in 20 hours at 4 gpm, how long will it take a 10-
gpm pump to fill the same tank?

Solution:

First, analyze the problem. Here, the unknown is some number of hours.
But should the answer be larger or smaller than 20 hours? If a 4-gpm pump
can fill the tank in 20 hours, a larger pump (10 gpm) should be able to com-
plete the filling in less than 20 hours. Therefore, the answer should be less
than 20 hours.
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Now set up the proportion:

xh  4gpm
20h 10 gpm
(4)(20)
X =
10
x= 8h
Example 2.27
Problem:

Solve for x in the following proportion problem.

Solution:
36 R
180 4450
(4450)(36)
— T =x
180
=890
Example 2.28
Problem:

Solve for the unknown value x in the problem given below.

Solution:
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Dimensional Analysis

Dimensional analysis is a problem-solving method that uses the fact that one,
without changing its value, can multiply any number or expression. It is a useful
technique used to check if a problem is set up correctly. In using dimensional
analysis to check a math setup, we work with the dimensions (units of measure)
only—not with numbers.

An example of dimensional analysis common to everyday life is the unit pric-
ing found in many hardware stores. A shopper can purchase a 1-Ib box of nails for
$0.98 in one store, whereas a warehouse store sells a 5-1b bag of the same nails for
$3.50. The shopper will analyze this problem almost without thinking about it.
The solution calls for reducing the problem to the price per pound. The pound
is selected as the unit common to both stores. Knowing the unit price, which is
expressed in dollars per pound ($/1b), is implicit in the solution to this problem.

To use the dimensional analysis method, we must know how to perform
three basic operations:

v Note: Unit factors may be made from any two terms that describe the same
or equivalent “amounts” of what we are interested in. For example, we know
that 1 inch = 2.54 centimeters.

1. Basic Operation: To complete a division of units, always ensure that all units
are written in the same format; it is best to express a horizontal fraction (such
as gal/ft*) as a vertical fraction. Horizontal to vertical:

gallff to &[
7

it lb
57 to —
in®

2. Basic Operation: We must know how to divide by a fraction. For example,

b

d b d
—— becomes — X —
min d  min
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In the preceding example, notice that the terms in the denominator were
inverted before the fractions were multiplied. This is a standard rule that
must be followed when dividing fractions. An example is,

becomes mm? X
mm? mm

2

3. Basic Operation: We must know how to cancel or divide terms in the numera-
tor and denominator of a fraction. After fractions have been rewritten in the
vertical form and division by the fraction has been re-expressed as multiplica-
tion, as shown previously, then the terms can be canceled (or divided) out.

v" Key Point: For every term that is canceled in the numerator of a fraction, a
similar term must be canceled in the denominator and vice versa, as shown
in the following example:

W R

min  gal  min

How are units that include exponents calculated?

When written with exponents, such as {©, a unit can be left as is or put in
expanded form, (ft)(ft)(ft), depending on other units in the calculation. The
point is that it is important to ensure that square and cubic terms are expressed
uniformly, as sq ft, cu ft, or as f®. For dimensional analysis, the latter system is
preferred. For example, if we wish to convert 1,400 f¢’ to gallons, and we will
use 7.48 gal/fe’ in the conversions, the question becomes whether to multiply
or divide by 7.48.

In this instance, it is possible to use dimensional analysis to answer this ques-
tion; that is, are we to multiply or divide by 7.48? In order to determine if the
math setup is correct, only the dimensions are used.
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First, try dividing the dimensions:

I
gallff ol
ﬁ3

Then, the numerator and denominator are multiplied to get

ﬁé

) gal

Thus, by dimensional analysis we determine that if we divide the two di-
mensions (f# and ga//f#’), the units of the answer are {t®/gal, not gal. It is clear
that division is not the right way to go in making this conversion.

What would have happened if we had multiplied the dimensions instead
of dividing?

gal
allfi) = —
(%) (gallf?) = (#) <ﬁ3 )

Then multiply the numerator and denominator to obtain

(P) (gal)

P

and cancel common terms to obtain

(P) (gal)

P

Obviously, by multiplying the two dimensions (f# and ga//f¥’), the answer
will be in gallons, which is what we want. Thus, because the math setup is cor-
rect, we would then multiply the numbers to obtain the number of gallons.

(1,400 ft°) (7.48 gal/ft®) = 10,472 gal
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Now let’s try another problem with exponents. We wish to obtain an answer

in square feet. If we are given the two terms 70 ft*/s and 4.5 ft/s, is the following
math setup correct?

(70 ft’/sec) (4.5 ft/sec)

First, only the dimensions are used to determine if the math setup is correct.
Multiplying the two dimensions’ yields:

o))

multiplied:

Then the terms in the numerators and denominators of the fraction are

£
52

Obviously, the math setup is incorrect because the dimensions of the answer

are not square feet. Therefore, if we multiply the numbers as shown previously,

the answer will be wrong.

Let’s try division of the two dimensions instead.

P

f¥/sec = i
ft

sec

Invert the denominator and multiply to get

()
(sec) )\ (/D)

) (D) () (fD) (sec)
(sec)(fD)
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-

Because the dimensions of the answer are square feet, this math setup is
correct. Therefore, by dividing the numbers as was done with units, the answer
will also be correct.

70 fe/s
4.5 ft/s

= 15.56 ft*

Mass

The terms weight and mass are often confused. The weight of an object depends
on its mass and the gravitational force pulling on it. This is why our weight on
the Moon would be less: It exerts less gravitational pull on our bodies—weight is
a measure of how heavy an object is (our bodies or any other object), measured
in units of force. However, mass (a fundamental concept in science) on the
Moon does not change or vary. This is the case because mass is a measure of the
number of atoms in an object. Simply, unless we add to or subtract atoms from
our bodies (by eating too much or dieting, for example), it does not matter what
we are doing or where we are; our mass remains the same.

The fundamental (SI) unit of mass is the kilogram (kg). Many other units
of mass are also employed, such as:

e gram: 1 gm = 0.001 kg
* ton: 1 ton = 1,000 kg
o eV/c?

SPECIFIC GRAVITY AND DENSITY

Specific gravity is the ratio of the density (ratio of a body’s mass [m] to its vol-
ume [V]; in layman’s terms, density is a measurement of how much mass is
packed into a given volume: Density = Mass/Volume) of a substance to that of
a standard material under standard conditions of temperature and pressure. The
specific gravity of water is 1.0 (one). Any substance with a density greater than
that of water will have a specific gravity greater than 1.0, and any substance with
a density less than that of water sill have specific gravity less than 1.0. Specific
gravity can be used to calculate the weight of a gallon of liquid chemical.

Chemical, 1b/gal = Water, 1b/gal x Specific Gravity (chemical) (2.4)
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Example 2.29

Problem:
If we say that the density of gasoline is 43-1b/cu ft, what is the specific grav-
ity of gasoline?

Solution:
The specific gravity of gasoline is the comparison—or ratio—of the density
of gasoline to that of water:

Density of Gasoline
Density of Water

Specific Gravity =

B 43 Ib/cu ft (density of gasoline)
62.4 Ib/cu ft (density of water)

=0.69

v' Key Point: Because gasoline’s specific gravity is less than 1.0 (lower than
water’s specific gravity), it will float in water. If gasoline’s specific gravity
were greater than water’s specific gravity it would sink.

v Key Point: The density of water is 1,000 g per 1,000 cubic centimeters
(cm?) or, more simply, 1,000/1,000 = 1 gram per cubic centimeter (gm/
cm?) at a temperature of 4° C.

Flow

Flow is expressed in many different terms (English system of measurements).
The most commonly used flow terms are as follows:

* gpm—gallons per minute

* cfs—cubic feet per second

* gpd—gallons per day
MGD—million gallons per day

In converting flow rates, the most common flow conversions are 1 cfs = 448

gpm and 1 gpm =1440 gpd.
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To convert gallons per day to MGD, divide the gpd by 1,000,000. For
instance, convert 150,000 gallons to MGD.

150,000 gpd
1,000,000

=0.150 MGD

In some instances, flow is given in MGD but is needed in gpm. To make
the conversion (MGD to gpm), two steps are required.

Step 1: Convert the gpd by multiplying by 1,000,000.
Step 2: Convert to gpm by dividing by the number of minutes in a day (1,440
min/day).

Example 2.30

Problem:
Convert 0.135 MGD to gpm.

Solution:

First convert the flow in MGD to gpd.
0.135 MGD x 1,000,000 = 135,000 gpd

Now convert to gpm by dividing by the number of minutes in a day (24 hr
per day X 60 min per hour) = 1,440 min/day.

135,000 gpd

=93.8 or 94 gpm
1,440 min/day

In determining flow through a pipeline, channel, or stream, we use the fol-
lowing equation:

Q=VA (2.5)

where

Q = cubic feet per second (cfs)
V' = velocity in feet per second (ft/sec)
A = area in square feet (ft%)
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Example 2.31

Problem:
Find the flow in cfs in an 8-inch line, if the velocity is 3 feet per second.

Solution:

* Step 1: Determine the cross-sectional area of the line in square feet. Start by
converting the diameter of the pipe to inches.

* Step 2: The diameter is 8 inches; therefore, the radius is 4 inches and 4 inches
is 4/12 of a foot or 0.33 feet.

* Step 3: Find the area in square feet.

A = nr?
A =n(0.33 fr)?
A=nx0.109 ft?

A=0.342
* Step4: Q=VA
Q = 3 fi/sec X 0.342 fi?
Q= 1.03 cfs
Example 2.32
Problem:

Find the flow in gpm when the total flow for the day is 75,000 gpd.

Solution:
75,000 gpd
_2UEPE 5y gpm
1,440 min/day
Example 2.33
Problem:

Find the flow in gpm when the flow is 0.45 cfs.

Solution:

cfs 448 gpm
0.45 — x ———— =202 gpm

1 1 cfs
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Horsepower and Work

Horsepower is a common expression for power. One horsepower is equal to
33,000 foot pounds of work per minute. This value is determined, for example,
for selecting a pump or combination of pumps to ensure an adequate pumping
capacity. Pumping capacity depends on the flow rate desired and the feet of head
against which the pump must pump (aka effective height).

Calculations of horsepower are made in conjunction with many industrial
operations. The basic concept from which the horsepower calculation is derived
is the concept of work. Work involves the operation of a force (Ib) over a specific
distance (ft). The amount of work accomplished is measured in foot-pounds:

() (Ib) = fi-lb (2.6)

The rate of doing work (power) involves a time factor. Originally, the rate of
doing work or power compared the power of a horse to that of a steam engine.
The rate at which a horse could work was determined to be about 550 ft-Ib/sec
(or expressed as 33,000 ft-Ib/min). This rate has become the definition of the
standard unit called horsepower.

1. Horsepower

Power, ft-1b/mi
Horsepower, hp = ower, t-b/min 2.7)

33,000 ft-Ib/min/HP

When the major use of horsepower calculation is to determine the proper
pumping station operation, the horsepower calculation can be modified as
shown in the following section.

Area, Volume, and Density

To aid in performing these calculations, the following definitions are provided.

* Area—the area of an object, measured in square units

* Base—the term used to identify the bottom leg of a triangle, measured in
linear units

* Circumference—the distance around an object, measured in linear units

When determined for other than circles, circumference may be called the perim-
eter of the figure, object, or landscape.
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* Cubic units—measurements used to express volume, cubic feet, cubic meters,
and so on
* Depth—the vertical distance from the bottom of the tank to the top

Depth is normally measured in terms of liquid depth and given in terms of
SWD, measured in linear units.

* Diameter—the distance from one edge of a circle to the opposite edge passing
through the center, measured in linear units

* Height—the vertical distance from one end of an object to the other, measured
in linear units

* Length—the distance from one end of an object to the other, measured in
linear units

* Linear units—measurements used to express distances: feet, inches, meters,
yards, and so on

* Pi, 7—a number in the calculations involving circles, spheres, or cones (r =
3.14)

* Radius—the distance from the center of a circle to the edge, measured in linear
units

* Sphere—a container shaped like a ball

* Square units—measurements used to express area, square feet, square meters,
acres, and so on

* Volume—the capacity of the unit, how much it will hold, measured in cubic
units (cubic feet, cubic meters) or in liquid volume units (gallons, liters, mil-
lion gallons)

¢ Width—the distance from one side of the tank to the other, measured in linear
units

On occasion, it may be necessary to determine the distance around grounds
or landscapes. To measure the distance around property, buildings, and basin-
like structures, it is necessary to determine either perimeter or circumference.
The perimeter is the distance around an object: a border or outer boundary.
Circumference is the distance around a circle or circular object, such as a clarifier.
Distance is linear measurement, which defines the distance (or length) along a
line. Standard units of measurement like inches, feet, yards, and miles and met-
ric units like centimeters, meters, and kilometers are used.

PERIMETER

The perimeter of a rectangle (a four-sided figure with four right angles) is ob-
tained by adding the lengths of the four sides (see Figure 2.1).
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L
Ly L,
Ls
Figure 2.1. Perimeter.
Perimeter =L, + L, + L, + L, (2.8)
Example 2.34
Problem:

Find the perimeter of the rectangle shown in Figure 2.2

35

8 8

35
Figure 2.2. Perimeter (for Example 2.34).

Solution:

P=35+8+35+8
P =286
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CIRCUMFERENCE

The circumference is the length of the outer border of a circle. The circumfer-
ence is found by multiplying pi () times the diameter (D) (diameter is a straight
line passing through the center of a circle—the distance across the circle; see
Figure 2.3).

Diameter (D)

Figure 2.3. Diameter of circle.

C=nD (2.9)

where

C = circumference
n = Greek letter pi = 3.1416
D = diameter

Use this calculation if, for example, the circumference of a circular tank
must be determined.

Example 2.35

Problem:
Find the circumference of a circle that has a diameter of 25 feet (n = 3.14)

Solution:

C=nx25
C=3.14x25'
C=785"
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Example 2.36

Problem:
A circular chemical holding tank has a diameter of 18 m. What is the cir-
cumference of this tank?

Solution:
C=n18m
C=(3.14) (18 m)
C=56.52m
AREA

For area measurements, three basic shapes are particularly important: circles,
rectangles, and triangles. Area is the amount of surface an object contains or the
amount of material it takes to cover the surface. The area on top of a chemical
tank is called the surface area. The area of the end of a ventilation dust is called
the cross-sectional area (the area at right angles to the length of ducting). Area is
usually expressed in square units, such as square inches (in?) or square feet (ft?).
Land may also be expressed in terms of square miles (sections) or acres (43,560
ft?) or in the metric system as hectares.

A rectangle is a two-dimensional box. The area of a rectangle is found by
multiplying the length (Z) times width (W); see Figure 2.4.

Area =L X W (2.10)

IJ
Figure 2.4. Rectangle.
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Example 2.37

Problem:
Find the area of the rectangle shown in Figure 2.5.

14°
6’ 6’
14°
Figure 2.5. Rectangle (for Example 2.37).
Solution:
Area = LxX W
=14'x6'
= 84 ft?
AREA OF A CIRCLE

To find the area of a circle, we need to introduce one new term, the radius, which
is represented by r. In Figure 2.6, we have a circle with a radius of 6 inches.

Figure 2.6. Area of circle (for Example 2.38).
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The radius is any straight line that radiates from the center of the circle to
some point on the circumference. By definition, all radii (plural of radius) of the
same circle are equal. The surface area of a circle is determined by multiplying
7 times the radius squared.

Area of Circle = nr? (2.11)
where
A =area
n = pi(3.14)
r = radius of circle—radius is one-half the diameter
Example 2.38
Problem:

What is the area of the circle shown in Figure 2.6?

Solution:

Area of circle = nr*
n6*
3.14 x 36

=113 f¢

AREA OF A CIRCULAR OR CYLINDRICAL TANK

If we were assigned to paint a water storage tank, we must know the surface
area of the walls of the tank—we need to know how much paint is required. To
determine the tank’s surface area, we need to visualize the cylindrical walls as a
rectangle wrapped around a circular base. The area of a rectangle is found by
multiplying the length by the width; in this case, the width of the rectangle is
the height of the wall, and the length of the rectangle is the distance around the
circle, the circumference. Thus, the area of the side walls of the circular tank is
found by multiplying the circumference of the base (C'= n X D) times the height
of the wall (H):

A=nXxXDxXH (2.12)
A=nx20ftx25ft

A=3.14x20ftx25ft

A =1570.8 ft?
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To determine the amount of paint needed, remember to add the surface
area of the top of the tank, which is 314 ft>. Thus, the amount of paint needed
must cover 1,570.8 ft> + 314 ft*> = 1,884.8 or 1,885 ft?. If the tank floor should
be painted, add another 314 fi*

VOLUME

The amount of space occupied by or contained in an object, volume (see Figure
2.7), is expressed in cubic units, such as cubic inches (in?), cubic feet (ft°), acre
feet (1 acre foot = 43,560 {t), and so on. The volume of a rectangular object is
obtained by multiplying the length times the width times the depth or height.

A 7

-4 L —
Figure 2.7. Volume of rectangle.
V=LxWxH (2.13)

where

L = length

w = width

D or H = depth or height
Example 2.39
Problem:

A unit rectangular process basin has a length of 15", width of 7', and depth
of 9'. What is the volume of the basin?

Solution:

V=LXWxD
=157X7|X9|
= 945 ft?
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Table 2.2. Volume Formulas

Sphere volume = (11/6) (diameter)?

Cone volume = 1/3 (volume of a cylinder)

Rectangular tank volume = (area of rectangle) (D or H) = (LW) (D or H)
Cylinder volume = (area of cylinder) (D or H)

2 (D or H)

Triangle volume = (area of triangle) (D or H) = (bh/2) (D or H)

The practical volume formulas for determining representative surface areas
of rectangles, triangles, circles, or a combination of these are given in Table 2.2.

Volume of cone = " X Diameterx Diameter Height (2.14)
12
.14
T3 e
12 12
v Key Point: The diameter used in the formula is the diameter of the base of
the cone.
Example 2.40
Problem:

The bottom section of a circular settling tank has the shape of a cone. How
many cubic feet of water are contained in this section of the tank if the tank has
a diameter of 120 ft and the cone portion of the unit has a depth of 6 f©?

Solution:
3.14 ) ) )
Volume = —— X Diameter X Diameter X Diameter (2.15)
6
.14

T 3 s

6 6
Example 2.41
Problem:

What is the volume of cubic feet of a gas storage container that is spherical
and has a diameter of 60 ft?
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Solution:

Volume, ft® = 0.524 x 60 ft X 60 ft X 60 ft = 113,184 ft?

VOLUME OF A CIRCULAR OR CYLINDRICAL TANK

A circular tank consists of a circular floor surface with a cylinder rising above it
(see Figure 2.8). The volume of a circular tank is calculated by multiplying the
surface area times the height of the tank walls.

R
N

Figure 2.8. Volume of circular tank
(Volume = Surface Area x Heighf).

Example 2.42

Problem:

If a tank is 20 feet in diameter and 25 feet deep, how many gallons of water

will it hold?

Hint: In this type of problem, calculate the surface area first, multiply by
the height, and then convert to gallons.

Solution:

r =D+2=20ft+2=10ft

A =X
A =nx10ftx 10 ft
A =314 ft?
V=AxXH

V =314 fx 25 ft
V =7,850 ft* x 7.5 gal/ft® = 58,875 gal
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Force, Pressure, and Head

Before we study calculations involving force, pressure, and head, we must first
define these terms.

e Force—the push exerted by water on any confined surface
Force can be expressed in pounds, tons, grams, or kilograms.

* Pressure—the force per unit area
The most common way of expressing pressure is in pounds per square inch (psi).

* Head—the vertical distance or height of water above a reference point
Head is usually expressed in feet. In the case of water, head and pressure are
related.

A cubical container measuring one foot on each side can hold one cubic
foot of water. A basic fact of science states that one cubic foot of water weights
62.4 pounds and contains 7.48 gallons. The force acting on the bottom of the
container would be 62.4 pounds per square foot. The area of the bottom in
square inches is:

62.4 b/ 62.4 Ib/fe?
1 144 in?/ft?

= 0.433 Ib/in? (psi)

If we use the bottom of the container as our reference point, the head would
be 1 foot. From this we can see that 1 foot of head is equal to 0.433 psi—an
important parameter to remember.

v Important Point: Force acts in a particular direction. Water in a tank exerts
force down on the bottom and out on the sides. Pressure, however, acts in
all directions. A marble at a water depth of 1 foot would have 0.433 psi of

pressure acting inward on all sides.

Using the preceding information, we can develop Equations (2.16) and
(2.17) for calculating pressure and head.

Pressure (psi) = 0.433 X Head (ft) (2.16)

Head (ft) = 2.31 X Pressure (psi) (2.17)
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As mentioned, bead is the vertical distance the water must be lifted from the
supply tank or unit process to the discharge. The total head includes the vertical
distance the liquid must be lifted (static head), the loss to friction (friction head),
and the energy required to maintain the desired velocity (velocity head).

Total Head = Static Head + Friction Head + Velocity Head (2.18)
Static head is the actual vertical distance the liquid must be lifted.

Static Head = Discharge Elevation — Supply Elevation (2.19)

Example 2.43

Problem:
The supply tank is located at elevation 108 ft. The discharge point is at
elevation 205 ft. What is the static head in feet?

Solution:
Static Head, ft = 205 ft — 108 ft = 97 ft

Friction head is the equivalent distance of the energy that must be supplied
to overcome friction. Engineering references include tables showing the equiva-
lent vertical distance for various sizes and types of pipes, fittings, and valves.
The total friction head is the sum of the equivalent vertical distances for each
component.

Friction Head, ft = Energy Losses caused by Friction (2.20)

Velocity head is the equivalent distance of the energy consumed in achieving
and maintaining the desired velocity in the system.

Velocity Head, ft = Energy Losses to Maintain Velocity (2.21)
The pressure exerted by water is directly proportional to its depth or head
in the pipe, tank, or channel. If the pressure is known, the equivalent head can

be calculated.

Head, ft = Pressure, psi X 2.31 ft/psi (2.22)
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Example 2.44

Problem:
The pressure gauge on the discharge line from the influent pump reads 75.3
psi. What is the equivalent head in feet?

Solution:
Head, ft = 75.3 x 2.31 fi/psi = 173.9 ft

If the head is known, the equivalent pressure can be calculated by:

Head, fi
Pressure, psi = ek (2.23)

2.31 fi/psi

Example 2.45

Problem:
The tank is 15 feet deep. What is the pressure in psi at the bottom of the
tank when it is filled with wastewater?

Solution:

15 ft
2.31 ft/psi

Pressure, psi =

= 6.49 psi

Before we look at a few example problems dealing with force, pressure, and
head, it is important to list the key points related to force, pressure, and head.

* By definition, water weighs 62.4 pounds per cubic foot.

* The surface of any one side of the cube contains 144 square inches (12 in X
12 in = 144 in?). Therefore, the cube contains 144 columns of water 1-foot
tall and 1-inch square.

* The weight of each of these pieces can be determined by dividing the weight
of the water in the cube by the number of square inches.
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62.4 lbs
144 in?

Weight = = 0.433 lbs/in? or 0.433 psi

* Because this is the weight of one column of water 1 foot tall, the true expres-
sion would be 0.433 pounds per square inch per foot of head, or 0.433 psi/ft.

v" Key Point: 1 foot of head = 0.433 psi.

In addition to remembering the important parameter, 1 foot of head =
0.433 psi, it is important to understand the relationship between pressure and
feet of head—in other words, how many feet of head 1 psi represents. This is
determined by dividing 1 by 0.433.

1fi
Feet of head = LR 2.31 fi/psi
0.433 psi

If a pressure gauge reads 12 psi, the height of the water necessary to repre-
sent this pressure is 12 psi X 2.31 ft/psi = 27.7 feet.

Example 2.46

Problem:
Convert 40 psi to feet head.

Solution:
40 psi
P o f = 92.4 feet
1 0.433 psi
Example 2.47
Problem:
Convert 40 feet to psi.
Solution:
ft 0.4 i
4o L QB0 B  si

1 1ft
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As the previous examples demonstrate, when attempting to convert psi to
feet, we divide by 0.433, and when attempting to convert feet to psi, we multiply
by 0.433. This process can be most helpful in clearing up the confusion regarding
whether to multiply or divide. There is another way, however—one that might be
more beneficial and easier for many operators to use. Notice that the relationship
between psi and feet is almost 2 to 1. It takes slightly more than 2 feet to make 1 psi.
Therefore, when looking at a problem in which the data is in pressure and the result
should be in feet, the answer will be at least twice as large as the starting number.
For instance, if the pressure were 25 psi, we intuitively know that the head is over
50 feet. Therefore, we must divide by 0.433 to obtain the correct answer.

Example 2.48

Problem:
Convert a pressure of 45 psi to feet of head.

Solution:
3 1fi
45 20 " 104k
1 0.433 psi
Example 2.49
Problem:
Convert 15 psi to feet.
Solution:
3 1 fi
15 2% 2 3464
1 0.433 psi
Example 2.50
Problem:

Between the top of a reservoir and the watering point, the elevation is 125
feet. What will the static pressure be at the watering poine?

Solution:

: £
125 P2 TN 541

1 0.433 psi



70  THE HANDBOOK OF GEOSCIENCE

Example 2.51

Problem:
Find the pressure (psi) in a 12-foot-deep tank at a point 5 feet below the
water surface.

Solution:

Pressure (psi) = 0.433 X5 ft
= 2.17 psi



CHAPTER 3

Force and Motion

“T can calculate the movement of the stars, but not the
madness of men.”

—Sir Isaac Newton

Every one of the measurable quantities that we discuss in this text can be speci-
fied in terms of only three basic dimensions: mass, length, and time.

In geoscience we are interested in trying to understand the motion of ob-
jects. In starting our discussion of motion, we describe position in two and three
dimensions and discuss the motion of objects in only one dimension. Later, after
presenting and explaining foundational material, we discuss motion in regard to
the real world; that is, we discuss the motion of objects in two dimensions (and
three dimensions, for that matter).

Position

Position and time are two fundamental quantities that can be used to describe
where an object is, where it is headed, and how long it will take to get there.
The position of an object (its location in space; often indicated by the letter x;
see Figure 3.1) along a straight line can be uniquely identified (we can measure
it) by its distance from an origin (see Figure 3.1). Because the position shown
in Figure 3.1 is specified by one coordinate, it is said to be a one-dimensional
problem. Some examples of one-dimensional motion include a car moving on a
straight road, dropping a pencil, throwing a ball straight up, and many others.

71
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< >

x<0 x=0 x>0
Figure 3.1. One-Dimensional Position.

Speed and Velocity

In routine conversation, the terms speed and velocity are often used interchange-
ably—they are commonly thought to have the same meaning. In science, however,
they are two distinct quantities. Speed is a scalar quantity that refers to how fast an
object is moving (i.e., the rate of change of distance with time). Thus, if you travel
16 miles in 2 hours, the average speed is 8 miles per hour (mph). Even though most
people are confused about the difference between speed and velocity (defined later
in this chapter), most people do know the difference between two identical objects
traveling at different speeds. Many know, for example, that a person moving faster
(the one with the greater speed) will go farther than the one moving slower in the
same amount of time. If we do not understand this concept, we certainly know
that someone moving faster will get where he or she is going before someone who
is moving slower. Intuitively, we all know that speed deals with both distance and
time. We know that sooner means less time and that faster means greater distance
(farther). Thus, it logically follows that doubling one’s speed means doubling
one’s distance traveled in a given amount of time. Moreover, doubling one’s speed
would also mean having the time required to travel a given distance.

We can summarize our introductory presentation about speed by the fol-
lowing: A fast-moving object has a high speed and covers a relatively large
distance in a short amount of time. A slow-moving object has a low speed and
covers a relatively small amount of distance in a short amount of time. An object
with no movement at all has a zero speed.

v" Key Point: Simply, how fast an object moves is its speed.
Speed is measured in meters per second (m/s), feet per second (ft/s), miles

per hour, and knots—a k7ot is 1 nautical mph or 1.15 statute mph. The stan-
dard formula for determining speed is:



FORCE AND MOTION 73

Speed = Distancel Time (3.1
or
s=dlt
Example 3.1
Problem:

A truck leaves Norfolk, Virginia, at 11:00 a.m. (EDT) and arrives in Wash-
ington, D.C., 200 miles away, at 2:00 p.m. (EDT) the same day. What is the
truck’s average speed?

Solution:

s=dlt
200 miles/3 hours = 67 mph

Velocity is speed with direction. Velocity is a vector quantity that refers to the rate
at which an object changes it position. To determine velocity, it is important to
know if you are traveling 50 mph due east or 50 mph due south. These same two
speeds (but with different velocities) will take you to two very different final loca-
tions. Problems in science generally involve velocities (represented by vectors that
are simply measured quantities that have both a direction and magnitude [or size])
because the direction of motion is typically an important piece of information.

Again, velocity is a vector quantity and speed is a scalar quantity. Scalar
quantities have magnitude, but no direction. Velocity is defined as a change in
distance in a given direction divided by a change in time. The Greek letter delta
(A) is used to represent the concept of change. Thus, the equation

Velocity = Ax/At (3.2)

is read as “velocity equals the change in x divided by the change in #.”
To determine how far an object has traveled from an initial position after
a set amount of time traveling at constant velocity, we need to derive equation

(3.3) from equation (3.2).
X=X + vt (3.3)

where

x = distance traveled

x_ = initial position

t = a set amount of time
v = constant velocity
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Example 3.2

Problem:

If you travel with an annual velocity of 60 mph, you drive for 12 hr on
your second travel day, your starting point (x_) was 400 miles beyond where you
were the day before, then your total distance traveled at the end of the second
day would be:

Solution:

x = (400 mi) + (60 mph) x (12 h)
x = 1120 mi

In typical geoscience problems involving the velocity of an object, there
are sometimes several velocities involved, and the velocity that results from the
sum of all the velocities described (resultant velocity) must be determined. The
resultant velocity is the sum of all the velocity vectors. A vector is a quantity that
has direction as well as magnitude (size). The resultant velocity is the sum of all
the velocity vectors.

To gain understanding of vectors and vector math operations, imagine a
speedboat crossing a river. If the speedboat were to point its bow straight toward
the other side of the river, it would not reach the shore directly across from its
starting point (see Figure 3.2). The river current influences the motion of the boat
and carries it downstream. The speedboat may be moving with a velocity of 5 m/s
directly across the river, yet the resultant velocity of the boat will be greater than
5 m/s and at an angle in the downstream direction. While the speedometer of the
speedboat may read 5 m/s, its speed with respect to observers on the shore will be
greater than 5 m/s. The resultant velocity of the motor boat can be determined
by using vectors. The resultant velocity of the boat is the vector sum of the boat
velocity and the river velocity. Because the speedboat heads across the river and

River Current

Boat Veloci'ty #
—_— —P ’
— >

Figure 3.2. Motion of speed boat with current.
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V resultant

V speedboat

V_>

river

Figure 3.3. The Lengths of the sides of a right tri-
angle are related according to the Pythagorean
Theorem.

because the current is always directed straight downstream, the two vectors are at
right angles to each other. The lengths of the sides of a right triangle are related by
the Pythagorean theorem (see Figure 3.3), which states that in a right triangle the
square of the length of the long side (hypotenuse) is equal to the sum of the squares
of the other two sides. Generally, the Pythagorean theorem is written as 2 + & = ¢%.

In our example of the speedboat crossing the river, the two velocity vectors
form a right triangle, so that the resultant velocity can be computed with the
formula:

v (resultant) = (v, + v,%)"

where v, is the velocity of the river, and v, is the velocity of the speedboat.

Example 3.3

Problem:

Suppose that the river in our previous example is moving with a velocity of
4 m/s north and the speedboat is moving with a velocity of 5 m/s east. What will
be the resultant velocity of the speedboat (i.e., the velocity relative to observers
on the shore)? The magnitude of the resultant can be found as follows:

Solution:

(5.0 m/s)? + (4.0 m/s)* = B2
25 m?/s?+ 16 m?*/s* = R?
41 m?/s* = R?

V(41 m¥/s) = R
6.4 m/s=R
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Acceleration

When an object’s velocity increases, we say it accelerates. Acceleration shows the
change in velocity in a unit time, or:

Acceleration = Av/At

Because velocity is measured in meters per second (m/s) and time is mea-
sured in seconds (s), acceleration is measured in (m/s)/s, m/s?, which can be both
positive and negative and always varying; it is rarely constant.

Accelerations determine the final velocity of an object. To determine an
object’s final velocity (v), given that it started at some initial velocity (v) and
experienced acceleration (2) over a period of time (t), use the equation derived
from the definition of acceleration:

1/=1/0+¢lt

Example 3.4

Problem:
If a truck starts at rest (with an initial velocity »_ = 0) and it accelerates for 5
s at an acceleration rate of 12 m/s?, then what will be the final velocity?

Solution:

v=v +at
v=0m/s+ (12 m/s?) X (55s)

or
v =60 m/s

It is important to note that a change in direction also constitutes acceleration.
Remember, our definition of velocity is a speed in a given direction. Thus, a
change in direction is a change in velocity, and any change in velocity is ac-
celeration. Moreover, whenever we step on the brakes to slow our cars, we are
experiencing another kind of acceleration called deceleration—a negative accel-
eration, or slowing down.

THE ACCELERATION OF GRAVITY

On Earth, a free-falling object has an acceleration of 9.8 m/s/s. The acceleration
of gravity at the surface of Earth is often referred to as Ig. Any object that is
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falling to the surface of Earth owing to the acceleration of gravity is in free fall.
When the velocity and time for a free-falling object being dropped from a posi-
tion of rest is tabulated, it displays the following pattern.

Time (s) Velocity (m/s)

00
1 9.8
2 19.6
3 29.4
4 39.2
5 49.0

The general acceleration equation is:
x=x +vt+sat

where

position of object

initial velocity (original speed)
time elapsed

= constant acceleration

R
In

NN Y

Example 3.5

Problem:

A water balloon is dropped from a five-story building. How long will it take
to hit the street below? Ignoring air friction, the only acceleration involved is the
acceleration of gravity (g), and the height of the building is 20 m.

Solution:

In the acceleration equation, we use x = 20 m (when the balloon hits the
street), x_ = 0 m (we take the balloon’s starting point at the top of the five-story
building to be zero), » = O m/s (the balloon starts from rest), and g = 9.8 m/s
(only gravity is acting on the balloon). Inserting these values into the equation
and solving for # we determine that:

x=x0+vot+1/2¢zt2
or

20m=0m + 0 m/s(t) + 1/2 (9.8 m/s)#
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or

40/9.8 > = £
t=2.0s

Force

We define force as a push or pull from the object’s interaction with another ob-
ject that can cause an object with mass to accelerate. Force has both magnitude
(size) and direction, making it a vector quantity. When the interaction between
two objects ceases, the objects no longer experience the force. All interactions
(forces) between objects can be placed into two categories: contact forces (e.g.,
friction, normal, applied forces, etc.) and forces resulting from action-at-distance
(e.g., magnetic, gravitational, or electrical force). Force is represented in units
of newtons (abbreviated N). A newron is the force required to accelerate a 1-kg
mass at a rate of 1 m/s*.

Did You Know?

Truth is ever fo be found in simplicity, and not in the multiplicity and
confusion of things.

Newton’s Laws of Motion

To this point in the text, we have presented foundational information important
to grasping the concepts put forward by Sir Isaac Newton in his three laws of
motion, which changed our understanding of the universe. Through careful
observation and experimentation, Newton was able to describe the motion of
objects by what are now called Newton's laws of motion. These laws include the
law of inertia (Newton’s first law of motion), the law of constant acceleration
(Newton’s second law of motion), and the law of momentum (Newton’s third
law of motion).

NEWTON’S FIRST LAW

According to Newton’s first law,

“An object at rest will remain at rest unless acted on by an unbal-
anced force. An object in motion continues in motion with the



FORCE AND MOTION 79

same speed and in the same direction unless acted upon by an
unbalanced force.”

This law expresses what we mean when we say that an object has inertia. Inertia
is that property of matter that causes matter to resist change in motion—it is the
natural tendency for objects to keep on doing what they’re doing.

v" Note: Mass is a measure of how much inertia an object possesses.

NEWTON’S SECOND LAW

According to Newton’s second law,

“Acceleration is produced when a force acts on a mass. The greater
the mass (of the object being accelerated) the greater the amount of
force needed (to accelerate the object).”

We all know that heavier objects require more force to move the same
distance as lighter objects. The second law does give us, however, an exact
relationship between force, mass, and acceleration. It can be expressed as a
mathematical equation:

F=MA
or
Force = Mass times Acceleration = newtons (~1/4 pound)
Example 3.6
Problem:

A four-wheeled cart weights 1,200 kg and is at rest. A man tries to push the
cart to a storeroom, and he makes the cart go 0.05 m/s/s. How much force is
the man applying to the cart?

Solution:

F=MA
F =1,200 % 0.05
= 60 newtons
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NEWTON’S THIRD LAW

According to Newton’s third law,
“For every action there is an equal and opposite reaction.”

Whenever an object pushes another object, it gets pushed back in the opposite
direction equally hard.



CHAPTER 4

Work, Energy, and Momentum

Physics does not change the nature of the world it studies,
and no science of behavior can change the essential nature
of man, even though both sciences yield technologies with
a vast power to manipulate their subject matters.

—B. F. Skinner

Work

Work is defined as the product of the net force and the displacement through
which that force is exerted, or W= F (Force) X 4 (displacement)—F and  are
vectors, but Wis not. This corresponds to our everyday meaning of the word
in that when you lift a grocery bag 4 feet from the floor, you do twice as much
work as when your lift is 2 feet. Or suppose you lift 10 grocery bags to a height
of 3 feet. You do 30 times as much work as lifting one grocery bag that high.
Keep in mind that although work is a scalar quantity, both F and d are vector
quantities that must be in the same direction if they are to be multiplied to
obtain work.

When force is measured in pounds and distance in feet, the unit of work
is foot-pound (ft-1b). In SI units, recall that force is measured in newtons and
distance in meters. The unit of work is the newton-meter, called the joule (pro-
nounced ‘Gewel”).

To gain better understanding of this information, consider the force’s action
on the box shown in Figure 4.1. The forces acting are represented by arrows, and
also show the acceleration of the box as an arrow.

81
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A

Figure 4.1. Forces acting on a box.

As shown in Figure 4.1, different forces act on the box.

* Wis the weight of the box.

* Nis a force on the box arising from contact with the floor.
* Fis the constant force applied to the box.

* 4 represents the acceleration of the box.

Example 4.1

Problem:
A force F =20 N pushes a container across a frictionless floor for a distance
d =10 m. Determine how much work is done on the box.

Solution:

W =Fxd
= (20 N) X (10 m) = 200 Joules (J)

Energy

Energy (often defined as the ability to do work) is one of the most discussed
topics today because of high prices for hydrocarbon products (gasoline and
diesel fuel), electricity, and natural gas. These are all forms of energy that we are
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quite familiar with, but energy also comes in other forms—heat (thermal), light
(radiant), mechanical, and nuclear energy. Energy is in everything. All things we
do in life and death (biodegradation requires energy, too) are a result of energy.
There are two types of energy—stored (potential) energy and working or moving
(kinetic) energy.

POTENTIAL ENERGY

An object can have the ability to do work—to have energy—because of position.
For example, a weight suspended high from a scaffold can be made to exert a
force when it falls. Because gravity is the ultimate source of this energy, it is cor-
rectly called gravitational potential energy (GPE; GPE = Weight X Height), but
we usually refer to this as potential energy (PE). Another type of PE is chemical
PE—the energy stored in a battery or the gas in a vehicle’s gas tank.

Consider Figure 4.2. When the suspended object is released, it will fall on
top of the box and crush or squash it, exerting a force on the box over a distance.
By multiplying the force exerted on the box by the distance the object falls, we
could calculate the amount of work that is done.

Figure 4.2. A box of bricks (gravitational potential
energy, GPE) suspended above an empty cardboard
box.
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KINETIC ENERGY

Moving objects have energy (ability to do work). Kinetic energy (KE) of an
object is related to its motion. Figure 4.3 shows the suspended box of bricks we
used earlier to demonstrate PE, but now the box of bricks is free-falling—the PE
is converted to KE because of movement. Specifically, KE of an object is defined
as half its mass times its velocity squared, or:

KE = Y5 mv?

From this equation, it is apparent that the more massive an object, and the
faster it is moving, the more KE it possesses. The units of KE are determined by
taking the product of the units for mass (kg) and velocity squared (m?/s*)—the
units of KE, like PE, are joules. KE can never be negative and only tells us about
speed, not velocity.

Figure 4.3. Free-falling box of bricks (kinetic energy,
KE) suspended above an empty cardboard box.
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Momentum

An object in motion possesses momentum. Momentum, abbreviated with the
letter p, is equal to the product of mass and velocity, p = mv. Thus, the SI unit
of momentum is kg + m/s. Momentum has direction; therefore, it is a vector
quantity. Newton’s third law—for every action there is an equal and opposite
reaction—is often referred to as the law of conservation of momentum.

The standard well-worn but appropriate example of someone jumping from
a rowboat into a body of water to swim and cool off helps to explain momentum
and the law of conservation. First we write total momentum as:

P =0=muv +mp,

total

or

mu, =—mu,

and then designating the two objects as the boat, 7, and the swimmer, 7z, we
observe that each of these will move in opposite directions. If the mass of the
boat (2,) is 150 kg and the mass of the swimmer (72,) is 50 kg, then the velocity

of the boat (v,) will be
v, = (m/m) v,
or
v,=-0.33 v,

indicating that the boat will move away from the swimmer at one-third the
speed of the swimmer swimming away from the boat. Keep in mind that if some
force other than the swimmer jumping from the boat had caused the boat to
move, the principle of conservation of momentum would not apply because the
application of the principle of conservation of momentum is limited to systems
isolated from other forces (basically, it must be a closed system).






CHAPTER 5

Circular Motion and Gravity

Kepler’s First Law: All planets travel in elliptical orbits with the Sun at one
focus.

Kepler’s Second Law: Each planet travels in such a way that a line joining the
planet and the Sun sweeps equal areas in equal times.

Kepler’s Third Law: The square of the period is proportional to its distance
from the Sun, squared. Stated differently, the farther a planet is from the
Sun, the longer it takes to go around the Sun.

Circular motion, or more generally, angular motion, can include race cars whiz-
zing around a track, rockets moving around planets, bees buzzing around a hive,
children on a merry-go-round, a yo-yo moving up and down, planets orbiting
the Sun, and the propeller of an airplane spinning. In the previous chapters we
discussed concepts like displacement, velocity, and acceleration and how they re-
late to linear motion; now we describe the terms needed to describe and predict
angular motion. Before discussing angular motions, qualitatively and quantita-
tively (and to aid in understanding the material presented later) a comparison of
linear and angular motion terms is presented in Table 5.1.

Table 5.1. Terms Used for Linear and Angular Motion

Linear Motion Units Angular Motion Units
Distance (x) m Angle (0) rad, °
Velocity (V) m/s Angular velocity (o) rad/s, or 1/s
Acceleration (o) m/s? Angular acceleration (o) rad/s?> or 1/¢?
Force (F) N Torque (1) N-m

F=ma N Nt = lo N-m

Mass (m) kg Moment of inertia (/) kg - m?

87
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Angular Motion

Earlier, when we discussed linear motion, we pointed out that linear distances
are measured in meters and in other linear units of measure. These linear mea-
surements were displacements from an arbitrary zero-point. Angular motion is
measured differently. The different ways angular motion or angular distance is
measured are shown in Figure 5.1 and explained later in this chapter.

Suppose the circular objects shown in Figure 5.1 are axle-mounted wheels
wherein the top wheel is rotated through 6 as shown. This rotation can be
measured in three different ways. As you might expect, the two most common
ways, though arbitrary, to measure the angle (8) are with revolutions (one full
rotation is a revolution) and degree units (one full rotation is defined as 360°).
These are related by:

1 rev = 360

Figure 5.1. Angular distance 6.

The third way to measure 0 is not arbitrary. It is an angular measure scaled
to the circle called a radian (rad). This is shown in Figure 5.2.
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<—
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90° 270°

180°

Direction of Rotation —’

Figure 5.2. Degrees and radians in circular motion: 90° =
/2 radians; 360° = 2n radians.

Angular Velocity

Angular velocity is a measure of the rate of change in angular position. In an
average day, we are exposed to many different examples of angular velocity. Con-
sider, for example, the tachometer in your automobile. The automobile tachom-
eter measures the number of revolutions per minute (rev/min) of the engine’s
crankshaft. When the auto is not moving (idling), the tachometer reads some-
where around 6001000 rev/min. Actually, the car engine’s crankshaft is idling
but not stopped; it is revolving at what is known as angular speed (the number
of revolutions per minute that the crankshaft is making). When you step on the
gas pedal (accelerator) you feed more gas to the engine, causing the crankshaft to
rotate at a higher angular velocity—the motion of the crankshaft is transferred to
the wheels of the car manually or automatically by the transmission.
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The average angular velocity of a rotating object is defined to be the angular
distance divided by the time taken to turn through this angle, as defined in the
following equation.

Average angular velocity (0—overline) = 0/¢

Where 0 is the angle through which an object rotates in time, £ The units
for angular velocity (0—Greek letter “omega”) are those of an angle divided by
a time—units might be degrees per second, revolutions per minute, or radians
per second.

Angular Acceleration

When a rotating object’s angular velocity changes—it speeds up or slows
down—it signifies the presence of angular acceleration. Because angular accel-
erations are changes in velocity, the units of angular acceleration are radians per
second per second. Because radians are dimensionless units, angular acceleration
is measured in units of 1/s*. Like angular velocity, ®, angular acceleration, o,
(Greek “alpha”) is a vector, meaning it has a magnitude and a direction. Angular
acceleration is the rate of change of angular speed:

o =Aw /A

Torque

Torque is a vector that measures the tendency of a force to rotate (or twist) an
object about some axis. The SI unit for torque is newton meters (Nm). In U.S.
customary units, it is measured in foot pounds (ft-1bs). The symbol for torque
is T, the Greek letter zau. Torque can be described simply as the application of a
force at some distance from a pivot point (see Figure 5.3), or

Torque = Force X Radius
Or

Pivot Pointi
| |

Radius

Figure 5.3. Torque.
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Angular Momentum

The angular momentum of an object around a certain point is a vector quantity
equal to the product of the distance from a point and its momentum measured
with respect to the point. In equation form, we say that an object with a mass 7
moving in a circle of radius 7 at a velocity v has an angular momentum of

L = mor

Gravity

Gravity refers to the force that is the cause of the attraction between objects.
Newton, using foundational scientific explanations provided earlier by Kepler
and Brahe, was the first to describe the force that makes the planets move in
elliptical paths around the Sun. Newton claimed that the same physical laws
that can explain how things move here on Earth can explain the motions of the
planets. Newton asserted that all objects with mass exert an attractive force on
all other objects with mass. Newton further posited that this force is directly
proportional to the product of the masses of the two objects and inversely pro-
portional to their distance squared.
Newton’s law of gravity can be stated as follows:

The symbol ~ means “is proportional to”; 7, symbolizes the mass of one of
the objects, and 7, is the mass of the other; 4 is the distance between the centers
of the objects.

In addition to the obvious attractive effects of gravity on the planets in
the universe, upon earth and all objects with mass, in geoscience, gravity plays
an important role in shaping Earth’s structure; it is a main force of erosion.
Whether it is a rock falling from a cliff, downhill creep, or massive landslide
(mass wasting), gravity is the main force at work. Think of mass wasting as the
ongoing process that works to reduce the highest levels on earth (mountains) to
the lowest levels (ocean basins). We discuss gravity and mass wasting in greater
detail later in the text.






CHAPTER 6

Thermal Properties
and States of Matter

This grand show is eternal. It is always sunrise somewhere;
the dew is never all dried at once; a shower is forever falling;
vapor is ever rising. Eternal sunrise, eternal sunset, eternal
dawn and gloaming, on sea and continents and islands,
each in its turn, as the round earth rolls.

—TJohn Muir

Thermal Properties

Thermal properties of chemicals and other substances are important in geo-
science. Such knowledge is used in math calculations, in the study of the
physical properties of materials, in hazardous materials spill mitigation, and
in solving many other complex environmental problems. Heat is a form of
energy—thermal energy that can be transferred between two bodies that are
at different temperatures. Whenever work is performed, usually a substantial
amount of heat is caused by friction. The conservation of energy law tells us
the work done plus the heat energy produced must equal the original amount
of energy available. That is:

Total energy = work done + heat produced (6.1)
A traditional unit for measuring heat energy is the calorie (cal), which is
defined as the amount of heat necessary to raise one gram of pure liquid water

by 1 degree Celsius at normal atmospheric pressure. In SI units

1 cal = 4.186 ] (Joule)
93
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The calorie we have defined should not be confused with the one used when
discussing diets and nutrition. A kilocalorie is 1,000 calories as we have defined
it—the amount of heat necessary to raise the temperature of one kilogram of
water by 1° C.

In the British system of units, the unit of heat is the British thermal unit
(BTU). One BTU is the amount of heat required to raise 1 pound of water 1
degree Fahrenheit at normal atmospheric pressure (1 atm).

Heat can be transferred in three ways: by conduction, convection, and
radiation. When direct contact between two physical objects at different tem-
peratures occurs, heat is transferred via conduction from the hotter object to
the colder one. When a gas or liquid is placed between two solid objects, heat
is transferred by convection. Heat is also transferred when no physical medium
exists by radiation (for example, radiant energy from the sun).

Specific Heat

Earlier we pointed out that 1 kilocalorie of heat is necessary to raise the tempera-
ture of 1 kilogram of water 1 degree Celsius. Other substances require different
amounts of heat to raise the temperature of 1 kilogram of the substance 1 degree.
The specific heat of a substance is the amount of heat in kilocalories necessary to
raise the temperature of 1 kilogram of the substance 1 degree Celsius.

The units of specific heat are Kcal/kg® C or, in SI units, J/kg® C. The specific
heat of pure water, for example, is 1.000 kcal/kg® C, or 4186 J/kg° C.

The greater the specific heat of a material, the more heat is required. Also,
the greater the mass of the material or the greater the temperature change de-
sired, the more heat is required. If the specific heat of a substance is known, it is
possible to calculate the amount of heat required to raise the temperature of that
substance. In general, the amount of heat required to change the temperature
of a substance is proportional to the mass of the substance and the change in
temperature, according to the following relationship:

Q=mcAT (6.2)
where
Q = heat required
m = mass of the substance
¢ = specific heat of the substance

AT = change in temperature



THERMAL PROPERTIES AND STATES OF MATTER 95

The amount of heat necessary to change 1 kilogram of a solid into a liquid
at the same temperature is called the latent heat of fusion of the substance. The
temperature of the substance at which this change from solid to liquid takes
place is known as the melting point. The amount of heat necessary to change 1
kilogram of a liquid into a gas is called the latent heat of vaporization. When this
point is reached, the entire mass of substance is in the gas state. The temperature
of the substance at which this change from liquid to gas occurs is known as the
boiling point.

To compare the effect of different specific heats of different materials, one
of the standard lab tests we have conducted in our environmental science and
health undergraduate college courses is to heat equal amounts of different ma-
terials in boiling water. Then the students place those materials on squares of
wax to see which heated material melts deeper into the wax. The students then
measure the deepness of the melting; the deeper the melting, the more difficult
the material is to cool, indicating which material has the higher specific heat.

States of Matter

The three common states (or phases) of matter (solid, liquid, gaseous) each have
unique characteristics. In the so/id state, the molecules or atoms are in a relatively
fixed position. The molecules are vibrating rapidly, but about a fixed point.
Because of this definite position of the molecules, a solid holds its shape. A solid
occupies a definite amount of space and has a fixed shape.

When the temperature of a gas is lowered, the molecules of the gas slow
down. If the gas is cooled sufficiently, the molecules slow down so much that
they lose the energy needed to move rapidly throughout their container. The
gas may turn into liquid. Common liquids are water, oil, and gasoline. A liquid
is a material that occupies a definite amount of space, but that takes the shape
of the container.

In some materials, the atoms or molecules have no special arrangement ar all.
Such materials are called gases. Oxygen, carbon dioxide, and nitrogen are common
gases. A gas is a material that takes the exact volume and shape of its container.

Although the three states of matter discussed previously are familiar to most
people, the change from one state to another is of primary interest to environ-
mentalists. Changes in matter that include water vapor changing from the gaseous
state to liquid precipitation, or a spilled liquid chemical changed to a semisolid
substance by addition of chemicals, which aids in the cleanup effort, are two ways
that changing from one state to another affects environmental concerns.
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Did You Know?

During the phase change in water from solid to liquid (melting). 80 calo-
ries of heat are required for every gram. To boil info gas, liquid water
requires 540 calories of that for every gram. If is interesting to note that
during a phase change, the temperature will not change—no matter
how hot the flame is under the container of water being heated.

The Gas Laws

The atmosphere is composed of a mixture of gases, the most abundant of which
are nitrogen, oxygen, argon, carbon dioxide, and water vapor (gases and the at-
mosphere are addressed in greater detail later). The pressure of a gas is the force
that the moving gas molecules exert on a unit area. A common unit of pressure
is newton per square meter, N/m,, called a pascal (Pa). An important relation-
ship exists among the pressure, volume, and temperature of a gas. This relation
is known as the ideal gas law and can be stated as:

PV = uRT

where P, V,, and T are pressure, volume, and absolute temperature at time 1,
and P,, V,, and T are pressure, volume, and absolute temperature at time 2. A
gas is called perfect or ideal, when it obeys this law.

A temperature of 0° C (273 K) and a pressure of 1 atm have been chosen as
standard temperature and pressure (STP). At STP, the volume of 1 mole of ideal
gas is 22.4 L.

Liquids and Solutions

The most common solutions are liquids. However, solutions, which are homog-
enous mixtures, can be solid, gaseous, or liquid. The substance in excess in a
solution is called the solvent. The substance dissolved is the so/ute. Solutions in
which water is the solvent are called aqueous solutions. A solution in which the
solute is present in only a small amount is called a dilute solution. If the solute
is present in large amounts, the solution is concentrated solution. When the
maximum amount of solute possible is dissolved in the solvent, the solution is
called a saturated solution.

The concentration (the amount of solute dissolved) is frequently expressed
in terms of the molar concentration. The molar concentration, or molarity, is
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the number of moles of solute per liter of solution. Thus, a 1-molar solution,
written 1.0 M, has 1-gm formula weight of solute dissolved in 1 liter of solution.
In general,

Molarisy = moles of solute (6.4)

number of liters of solution

Note that the number of liters of solution, not the number of liters of solvent,
is used.

Example: Exactly 40 gm of sodium chloride (NaCl), or table salt, were
dissolved in water and the solution was made up to a volume 0.80 liter of solu-
tion. What was the molar concentration, M, of sodium chloride in the resulting
solution?

Answer: First find the number of moles of salt.

40
Number of moles = _sm 0.68 (6.5)
58.5 gm/mole
, 0.68 mole
Molarity = ——— = 0.85 m

0.80 liter
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EARTH’S BREATH






CHAPTER 7

The Atmosphere

This most excellent canopy, the air, look you, this brave
o’erhanging firmament, this majestical roof fretted with
golden fire. . ..

—Shakespeare, Hamlet

It suddenly struck me that that tiny pea, pretty and blue,
was the earth. I put up my thumb and shut one eye, and
my thumb blotted out the planet Earth. I didn’t feel like a
giant. I felt very, very small.

—Neil Armstrong

Several theories of cosmogony attempt to explain the origin of the universe.
Without speculating on the validity of any one theory, the following is simply
the authors’ view.

The time: 4,500 million years ago.

Before the universe there was time. Only time; otherwise, the vast void held
only darkness everywhere.

Overwhelming darkness.

Not dim, not murky, not shadowy, not unlit. Simple nothingness—nothing
but darkness, a shade of black so intense we cannot fathom or imagine it today.
Light had no existence —this was the black of blindness, of burial in the bowels
of the earth, the blackness of no other choice.

With time, eons of time, darkness came to a sudden, smashing, shattering,
annihilating, scintillating, cataclysmic end, and there was light—Ilight every-
where. This new force replaced darkness and lit up the expanse without end,
creating a brightness fed by billions of glowing round masses so powerful as to
renounce and overcome the darkness that had come before.

101
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With the light was heat-energy that shone and warmed and transformed
into mega-mega-mega trillions of super-excited ions, molecules, and atoms—
heat of unimaginable proportions, forming gases, gases we don’t even know how
to describe, how to quantify, let alone how to name. But gases they were, and
they were everywhere.

With light, energy, heat, and gases present, the stage was set for the greatest
show of all time, anywhere—ever: the formation of the universe.

Over time—time in stretches we cannot imagine, so vast we cannot contem-
plate them meaningfully—the heat, the light, the energy, and the gases all came
together and grew, like an expanding balloon, into one solid, glowing mass. But
it continued to grow, with the pangs, sweating, and moans accompanying any
birthing, until it had reached the point of no return: explosion level. And it did;
it exploded with the biggest bang of all time.

The Big Bang sent masses of hot gases in all directions, to the farthest
reaches of anything, everything, into the vast, wide, measureless void. Clinging
together as they rocketed, soared, and switled, forming galaxies that gradually
settled into their arcs through the void, constantly propelled away from the force
of their origin, these masses began their eternal evolution.

Two masses concern us: the Sun and Earth.

Forces well beyond the power of the Sun (beyond anything imaginable)
stationed this massive gaseous orb approximately 93,000,000 miles from the
dense molten core enveloped in cosmic gases and the dust of time that eventually
became the insignificant mass we now call Earzh.

Distant from the Sun, Earth’s mass began to cool, slowly; the progress was
slower than we can imagine, but cool it did. While the dust and gases cooled,
Earth’s inner core, mantle, and crust began to form—no more a quiet or calm
evolution than the revolution that cast it into the void had been.

This transformation was downright violent. The cooling surface was only
a facade for the internal machinations going on inside, out-gassing from huge,
deep, destructive vents (we would call them volcanoes today) erupting continu-
ously, never stopping, blasting away, delivering two main ingredients: magma
and gas.

The magma worked to form the primitive features of Earth’s early crust.
The gases worked to form Earth’s initial atmosphere, which is our point of inter-
est. Without atmosphere, what is there?

About 4 billion years before the present, Earth’s early atmosphere was
chemically reducing, consisting primarily of methane, ammonia, water vapor,
and hydrogen—for life as we know it today, an inhospitable brew.

Earth’s initial atmosphere was not a calm, quiet, quiescent environment.
To the contrary, it was an environment best characterized as dynamic and ever
changing. Bombardment after bombardment by intense, bond-breaking, ultra-
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violet (UV) light, along with intense lightning and radiation from radionuclides,
provided energy to bring about chemical reactions that resulted in the produc-
tion of relatively complicated molecules, including amino acids and sugars, the
building blocks of life.

About 3.5 billion years before the present, primitive life formed in two radi-
cally different theaters: on dry land and below the primordial seas near hydro-
thermal vents that spotted the wavering, water-covered floor. Initially, on Earth’s
unstable surface, these very primitive life forms derived their energy from fer-
mentation of organic matter formed by chemical and photochemical processes,
then gained the ability to produce organic matter (CH,0) by photosynthesis.
Thus, the stage was set for the massive biochemical transformation that resulted
in the production of almost all the atmosphere’s oxygen (O,).

The oxygen initially produced was quite toxic to primitive life forms.
However, much of this oxygen was converted to iron oxides by reaction with
soluble iron. This process formed enormous deposits of iron oxides, the exis-
tence of which provides convincing evidence for the liberation of oxygen in
the primitive atmosphere.

Eventually, enzyme systems developed that enabled organisms to mediate
the reaction of waste-product oxygen with oxidizable organic matter in the sea.
Later, the mode of waste gradient disposal was utilized by organisms to produce
energy by respiration, which is now the mechanism by which nonphotosynthetic
organisms obtain energy. In time, oxygen accumulated in the atmosphere. In
addition to providing an abundant source of oxygen for respiration, the ac-
cumulated atmospheric oxygen formed an ozone ©) shield—the ozone shield
absorbs bond-rupturing UV radiation.

With the ozone shield protecting tissue from destruction by high-energy
UV radiation, the Earth, although still hostile to life forms we are familiar with,
became a much more hospitable environment for life (self-replacing molecules),
and life forms were enabled to move from the sea, where they flourished next
to the hydrothermal gas vents, to the land. And from that point to the present,
Earth’s atmosphere became more life-form friendly.

Earth’s Overhanging Roof

Shakespeare likened the sky to a majestic overhanging roof, constituting the
transition between its surface and the vacuum of space; others have likened it
to the skin of an apple. Both these descriptions of our atmosphere are fitting, as
are descriptions of the Earth’s envelope, veil, or gaseous shroud. The atmosphere
is more like the apple skin, however. This thin skin, or layer, contains the life-
sustaining 21% oxygen required by all humans and many other life forms; the
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carbon dioxide (0.03%) so essential for plant growth; the nitrogen (78%) needed
for chemical conversion to plant nutrients; the trace gases such as methane, ar-
gon, helium, krypton, neon, xenon, ozone, and hydrogen; and varying amounts
of water vapor and airborne particulate matter. Life on earth is supported by this
atmosphere, solar energy, and other planets’ magnetic fields.

Gravity holds about half the weight of a fairly uniform mixture of these
gases in the lower 18,000 feet of the atmosphere; approximately 98% of the
material in the atmosphere is below 100,000 feet.

Atmospheric pressure varies from 1,000 millibars (mb) at sea level to 10 mb
100,000 feet. From 100,000 to 200,000 feet, the pressure drops from 9.9 mb
to 0.1 mb and so on.

The atmosphere is considered to have a thickness of 40-50 miles; however,
here we are primarily concerned with the troposphere, the part of the earth’s
atmosphere that extends from the surface to a height of about 27,000 feet above
the poles, about 36,000 feet in midlatitudes, and about 53,000 ft over the
equator (Figure 7.1). Above the troposphere is the stratosphere, a region that
increases in temperature with altitude (the warming is caused by absorption of
the sun’s radiation by ozone) until it reaches its upper limit of 260,000 feet.

____________________________ 80 km
Thermosphere
____________________________ 50 km
Stratosphere
———————————————————————————— 12km
Troposphere

Figure 7.1. Atmosphere.
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The Troposphere

Extending above earth approximately 27,000 feet, the troposphere is the focus
of this text because people, plants, animals, and insects live here and depend on
this thin layer of gases. Moreover, all of the Earth’s weather takes place within
the troposphere. The troposphere begins at ground level and extends 7.5 miles
up into the sky where it meets with the second layer called the stratosphere.

Did You Know?

It was pointed out earlier that the gases that are so important to life on
Earth are primarily contained in the troposphere. Also note that another
important substance is contained in the troposphere: water vapor.
Along with being the most remarkable of the trace gases contained in
the troposphere, water vapor is also the most variable. Unlike the other
frace gases in the atmosphere, water vapor alone exists in gas, solid,
and liquid forms. It also functions to add and remove heat from the air
when it changes form one form to another. Water vapor (in conjunction
with airborne particles) is essential for the stability of earth’s ecosystem.
This water vapor-particle combination interacts with the global circulo-
fion of the atmosphere and produces the world’s weather, including
clouds and precipitation.

The Stratosphere

The stratosphere begins at the 7.2-mile point and reaches 21.1 miles into the
sky. In the rarified air of the stratosphere, the significant gas is O, (life-protecting
ozone, not to be confused with pollutant ozone), which is produced by the in-
tense UV radiation from the Sun. In quantity, the total amount of ozone in the
atmosphere is so small that if it were compressed to a liquid layer over the globe
at sea level, it would have a thickness of less than 3/16 inch.

Did You Know?

The froposphere, stratosphere, mesosphere, and thermosphere act
together as a giant safety blanket. They keep the temperature on the
earth’s surface from dipping to exireme icy cold that would freeze ev-
erything solid, or from soaring to blazing heat that would burn up all life.
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Ozone contained in the stratosphere can also impact (add to) ozone in the
troposphere. Normally, the troposphere contains about 20 parts per billion
parts of ozone. On occasion, however, via the jet stream, this concentration can
increase to 5-10 times higher than average.

“Revolutionary” Science

Today, almost every elementary school child can explain in basic terms the
composition of air and water. Most young children understand that the air we
breathe contains oxygen, nitrogen, and other gases. There was a time just a few
hundred years ago, however, when the actual composition of air and water was
nothing more than speculation—a mystery.

The French aristocrat Antoine Lavoisier (1743—1794) is universally regarded
as the founder of modern chemistry. This lofty title was bestowed on Lavoisier
for his great experiments and discoveries related to the major components that
make up air (oxygen and nitrogen) and to a lesser degree for identifying the
components of water (hydrogen and oxygen).

Most of Lavoisier’s experiments and discoveries took place in the years just
preceding the French Revolution. And even though he ranks with the great sci-
entists of his time, Lavoisier was found guilty of crumped-up charges and guillo-
tined during the French Revolution in 1794. Joseph Lagrange (1736-1813), the
great French mathematician, said, “It required only a moment to sever his head,
and probably one hundred years will not suffice to produce another like it.”

Lagrange’s eulogy concerning Lavoisier and his scientific accomplishments
is quite fitting. You might ask why? What was so difficult about discovering the
basic components of air, water, and the oxygen theory of combustion? Note that
which seems so simple and elementary to us today was not so clear 200 years
ago. Indeed, at that time Lavoisier’s discoveries were quite difficult to arrive at.
We must remember that in Lavoisier’s time, so-called chemists had no clear idea
of what a chemical element was, nor any understanding of the nature of gases.

Lavoisier’s discoveries were built on the works of others who preceded him
or who were working on similar experiments during his lifetime. Lavoisier’s
work also provided a foundation for scientific discoveries that followed. For
example, Lavoisier experimented with the findings of the German chemist
Georg Stahl (1660-1743) and disproved them. Stahl proposed a theory that a
combustible material burned because it contained a substance called phlogiston
(charcoal is a prime example). Stahl knew that metallurgists obtained some met-
als from their ores by heating them with charcoal, which seemed to support the
phlogiston theory of combustion. However, in 1774, Lavoisier with the help
of Joseph Priestley (1773-1804) proved that the phlogiston theory was wrong.
Priestly heated a clax (in this particular case, the burned residue of oxide of mer-
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cury) in a closed apparatus and collected the gas liberated in the process. Priestley
discovered that this gas supported combustion better than air.

Lavoisier repeated Priestley’s experiments. He convinced himself of the
presence in air of a gas that combined with substances when they burn and that
it was the same gas given off when the oxide of mercury was heated. Thus, he
proved that when a substance burned it combined with the oxygen in the air. He
named this gas oxygine, or “acid former” (from the Greek), because he believed
all acids contained oxygen.

In the meantime, Lavoisier had identified the other main component of air,
nitrogen, which he named azore, from the Greek for “no life.” He also demon-
strated that when hydrogen, which chemists of the day called inflammable air,
was burned with oxygen, water was formed.

Lavoisier restructured chemistry and gave it its modern form. His work pro-
vided a firm foundation for the atomic theory proposed by British chemist and
physicist John Dalton, and his elements were later classified in the periodic table.
Lavoisier’s work set the stage for the discovery of the other gaseous constituents
in air made later by other scientists.

v Interesting Point: Justus von Liebig, in Lesters on Chemistry, No. 3, has this
to say about Lavoisier:

He discovered no new body, no new property, no natural
phenomenon previously unknown; but all the facts established
by him were the necessary consequences of the labors of those
who preceded him. His merit, his immortal glory, consists in
this—that he infused into the body of the science a new spirit;
but all the members of that body were already in existence, and
rightly joined together.

With nitrogen and oxygen already identified as the primary constituents in
air, and later carbon dioxide, water vapor, helium, ozone, and particulate macter,
it was some time before the other gaseous constituents were identified. Argon
was discovered in 1894 by British chemists John Rayleigh and William Ramsay
after all oxygen and nitrogen had been removed chemically from a sample of
air. Ramsay, along with Englishman Morris Travers, discovered neon. They also
discovered krypton and xenon in 1889.

Components of Atmospheric Air:
Characteristics and Properties
It was pointed out that air is a combination of component parts: gases (see Table

7.1) and other matter (suspended minute liquid or particulate matter). In this
section we discuss each of these components.
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v/ Note: Much of the information pertaining to atmospheric gases that follows
was adapted from the Compressed Gas Association’s Handbook of Com-
pressed Gases (1990) and Environmental Science and Technology: Concepts and
Applications (2006).

ATMOSPHERIC NITROGEN

Nitrogen (N,) makes up the major portion of the atmosphere (78.03% by
volume, 75.5% by weight). It is a colorless, odorless, tasteless, nontoxic, and
almost totally inert gas. Nitrogen is nonflammable, will not support combus-
tion, and cannot support life. The obvious question becomes, if gaseous ni-
trogen does not support life, what is it doing in our atmosphere? What good
is it? That is a logical question. In fact, nitrogen is indeed “good.” Without
nitrogen, we could not survive.

Nitrogen is part of earth’s atmosphere primarily because, over time, it
has simply accumulated in the atmosphere and remained in place and in bal-
ance. This nitrogen accumulation process has occurred because, chemically,
nitrogen is not very reactive. When released by any process, it tends not to
recombine with other elements and accumulates in the atmosphere. And this
is a good thing, because we need nitrogen for life-sustaining processes other
than breathing.

Lets take a look at a couple of reasons why gaseous nitrogen is so impor-
tant to us. Although nitrogen in its gaseous form is of little use to us, after
oxygen, carbon, and hydrogen, it is the most common element in living tis-
sues. As a chief constituent of chlorophyll, amino acids, and nucleic acids—the
“building blocks” of proteins, which are used as structural components in
cells—nitrogen is essential to life. Nitrogen is dissolved in and is carried by
the blood. Nitrogen does not appear to enter into any chemical combination
as it is carried throughout the body. Each time we breathe, the same amount
of nitrogen is exhaled as is inhaled. Animals cannot use nitrogen directly but
only when it is obtained by eating plant or animal tissues; plants obtain the
nitrogen they need when it is in the form of inorganic compounds, principally
nitrate and ammonium. Gaseous nitrogen is converted to a form usable by
plants (nitrate ions) chiefly through the process of nitrogen fixation via the
nitrogen cycle, shown in simplified form in Figure 7.2.

Via the nitrogen cycle, aerial nitrogen is converted into nitrates mainly by
microorganisms, bacteria, and blue-green algae. Lightning also converts some
aerial nitrogen gas into forms that return to the earth as nitrate ions in rainfall
and other types of precipitation. From Figure 7.2 it can be seen that ammonia
plays a major role in the nitrogen cycle. Excretion by animals and anaerobic de-
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composition of dead organic matter by bacteria produce ammonia. Ammonia, in
turn, is converted by nitrite bacteria (Nitrosococcus and Nitrosomonas), which are
aerobic, into nitrites and then into nitrates. This process is known as nitrifica-
tion. Although nitrite is toxic to many plants, it usually does not accumulate in
the soil. Instead, other bacteria (such as Nitrobacter) oxidize the nitrite to form
nitrate (NO,"), the most common biologically usable form of nitrogen.

Lightning

Denitrifying Bacteria

Organic Nitrogen
L as Amino Acids

Raock
Dissolution

N Decay
Fertilizers Organic w;
Animal ‘N’
Nitrites Excretion
Loss to Deep
Sediments '
NH;
Ammonia

Figure 7.2. Nitrogen cycle.

Nitrogen reenters the atmosphere through the action of denitrifying bac-
teria, which are found in nutrient-rich habitats such as marshes and swamps.
These bacteria break down nitrates into nitrogen gas and nitrous oxide (N,0),
which then reenter the atmosphere. Nitrogen also reenters the atmosphere from
exposed nitrate deposits, emissions from electric power plants and automobiles,
and from volcanoes.

Nitrogen: Physical Properties

The physical properties of nitrogen are noted in Table 7.1.

Nitrogen: Uses

In addition to being the preeminent (in regard to volume) component of Earth’s
atmosphere and providing an essential ingredient in sustaining life, nitrogen gas
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Table 7.1. Nitrogen: Physical Properties

Chemical Formula N,
Molecular weight 28.01
Density of gas at 70° F 0.072 Ib/f3
Specific gravity of gas at 70° F & 1 atm (air = 1) 0.967
Specific volume of gas at 70° F & 1 atm 13.89 ft3
Boiling point at 1 atm -320.4° F
Melting point at T atm -345.8° F
Critical temperature -232.4° F
Critical pressure 493 psia
Critical density 19.60 Ib/ft3
Latent heat of vaporization at boiling point 85.6 BTU/Ib
Latent heat of fusion at melting point 11.1 BTU/Ib

atm, Atmosphere; BTU, British thermal unit; psia, pounds per square inch absolute.

has many commercial and technical applications. As a gas, it is used in heat-
treating primary metals; the production of semiconductor electronic compo-
nents, as a blanketing atmosphere; blanketing of oxygen-sensitive liquids and of
volatile liquid chemicals; inhibition of aerobic bacteria growth; and the propul-
sion of liquids through canisters, cylinders, and pipelines.

Nitrogen Oxides

There are six oxides of nitrogen: nitrous oxide (N,O), nitric oxide (NO), dini-
trogen trioxide (N,O,), nitrogen dioxide (NO,), dinitrogen tetroxide (N,O,),
and dinitrogen pentoxide (N,O,). Nitric oxide, nitrogen dioxide, and nitrogen
tetroxide are fire gases. One or more is generated when certain nitrogenous
organic compounds (polyurethane) burn. Nitric oxide is the product of incom-
plete combustion, whereas a mixture of nitrogen dioxide and nitrogen tetroxide
is the product of complete combustion.

The nitrogen oxides are usually collectively symbolized by the formula NO .
The U.S. Environmental Protection Agency, under the Clean Air Act, regulates
the amount of nitrogen oxides that commercial and industrial facilities may emit
to the atmosphere. The primary and secondary standards are the same: The an-
nual concentration of nitrogen dioxide may not exceed 100 pg/m? (0.05 parts
per million [ppm]).

ATMOSPHERIC OXYGEN

Oxygen (O,; Greek oxys—“acid” and genes—“forming”) constitutes approxi-
mately one-fifth (21% by volume and 23.2% by weight) of the air in Earth’s
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atmosphere. Gaseous oxygen is vital to life as we know it. On Earth, oxygen
is the most abundant element. Most oxygen on Earth is not found in the free
state, but in combination with other elements as chemical compounds. Water
and carbon dioxide are common examples of compounds that contain oxygen,
but there are countless others.

At ordinary temperatures, oxygen is a colorless, odorless, tasteless gas that
not only supports life but also combustion. All the elements except the inert
gases combine directly with oxygen to form oxides. However, oxidation of dif-
ferent elements occurs over a wide range of temperatures.

Oxygen is nonflammable but it readily supports combustion. All materials
that are flammable in air burn more vigorously in oxygen. Some combustibles,
such as oil and grease, burn with nearly explosive violence in oxygen if ignited.

Oxygen: Physical Properties

The physical properties of oxygen are noted in Table 7.2.

Table 7.2. Oxygen: Physical Properties

Chemical Formula o,
Molecular weight 31.9988
Freezing point -361.12° F
Boiling point -297.33° F
Heat of fusion 5.95 BTU/Ib
Heat of vaporization 91.70 BTU/Ib
Density of gas at boiling point 0.268 Ib/ft®
Density of gas at room temperature 0.081 Ib/ft?
Vapor density (air = 1) 1.105
Liguid-to-gas expansion ratio 875

BTU, British thermal unit.

Oxygen: Uses

The major uses of oxygen stem from its life-sustaining and combustion-sup-
porting properties. It also has many industrial applications (when used with
other fuel gases such as acetylene), including metal cutting, welding, harden-
ing, and scarfing.

Ozone: Just Another Form of Oxygen

Ozone (O,) is a highly reactive pale-blue gas with a penetrating odor. Ozone is an
allotropic modification of oxygen. An allotrope is a variation of an element that
possesses a set of physical and chemical properties significantly different from
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the “normal” form of the element. Only a few elements have allotropic forms;
oxygen, phosphorous, and sulfur are some of them. Ozone is just another form
of oxygen. It is formed when the molecule of the stable form of oxygen is split by
UV radiation or electrical discharge; it has three atoms of oxygen per molecule
instead of two. Thus, its chemical formula is represented by O..

Ozone forms a thin layer in the upper atmosphere, which protects life on
Earth from UV rays, a cause of skin cancer. At lower atmospheric levels, it is an
air pollutant and contributes to the greenhouse effect. At ground level, ozone,
when inhaled, can cause asthma attacks, stunted growth in plants, and corrosion
of certain materials. It is produced by the action of sunlight on air pollutants,
including car exhaust fumes, and is a major air pollutant in hot summers. Ozone
and the greenhouse effect is discussed later in the text.

ATMOSPHERIC CARBON DIOXIDE

Carbon dioxide (CO,) is a colotless, odorless gas (although it is felt by some per-
sons to have a slight pungent odor and biting taste); is slightly soluble in water
and denser than air (one and a half times heavier than air); and is a slightly acid
gas. Carbon dioxide gas is relatively nonreactive and nontoxic. It will not burn,
and it will not support combustion or life.

Carbon dioxide is normally present in atmospheric air at about 0.035% by
volume and cycles through the biosphere (carbon cycle) as shown in Figure 7.3.
Carbon dioxide, along with water vapor, is primarily responsible for the absorp-
tion of infrared energy reemitted by the Earth and, in turn, some of this energy is
reradiated back to the Earth’s surface. It is also a normal end product of human
and animal metabolism. The exhaled breath contains up to 5.6% carbon diox-
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Figure 7.3. Carbon cycle.
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ide. In addition, the burning of carbon-laden fossil fuels releases carbon dioxide
into the atmosphere. Much of this carbon dioxide is absorbed by ocean water,
some of it is taken up by vegetation through photosynthesis in the carbon cycle
(see Figure 7.3), and some remains in the atmosphere. Today, it is estimated
that the concentration of carbon dioxide in the atmosphere is approximately
350 ppm and is rising at a rate of approximately 20 ppm every decade. The
increasing rate of combustion of coal and oil has been primarily responsible for
this occurrence, which (as we will see later in this text) may eventually have an
impact on global climate.

Carbon Dioxide: Physical Properties

The physical properties of carbon dioxide are noted in Table 7.3.

Table 7.3. Carbon Dioxide: Physical Properties

Chemical Formula CoO,
Molecular weight 44.01

Vapor pressure at 70° F 838 psig
Density of the gas at 70° F and 1 atm 0.1144 1b/ft3
Specific gravity of the gas at 70° F and 1 atm (air = 1) 1.522
Specific volume of the gas at 70° F and 1 atm 8.741 f¥/lb
Crifical temperature -109.3° F
Crifical pressure 1070.6 psia
Critical density 29.2 lb/ftd
Latent heat of vaporization at 32° F 100.8 BTU/Ib
Latent heat of fusion at -69.9° F 85.6 BTU/Ib

atm, Atmosphere; BTU, British thermal unit; psia, pounds per square inch absolute; psig,
pounds per square inch gauge.

Carbon Dioxide: Uses

Solid carbon dioxide is used quite extensively to refrigerate perishable foods while
in transit. It is also used as a cooling agent in many industrial processes, such as
grinding, rubber work, cold-treating metals, vacuum cold traps, and so on.

Gaseous carbon dioxide is used to carbonate soft drinks, for pH control in
water treatment, in chemical processing, as a food preservative, and in pneu-
matic devices.

ATMOSPHERIC ARGON

Discovered by Sir William Ramsey in 1894 Argon (Ar—Greek argos, “idle”) is
a colotless, odorless, tasteless, nontoxic, nonflammable gaseous element (noble
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gas). It constitutes almost 1% of the Earth’s atmosphere and is plentiful com-
pared with the other rare atmospheric gases. It is extremely inert and forms no
known chemical compounds. It is slightly soluble in water.

Argon: Physical Properties
The physical properties of argon are noted in Table 7.4.

Table 7.4. Argon: Physical Properties

Chemical Formula Ar
Molecular weight 39.95
Density of the gas at 70° F 0.103 Ib/ft®
Specific gravity of the gas at 70° F 1.38
Specific volume of the gas at 70° F 9.71 ft3/lb
Boiling point at 1 atm -302.6° F
Melting point af 1 atm -308.6° F
Critical temperature -188.1° F
Critical pressure 711.5 psia
Critical density 33.444 Ib/3
Latent heat of vaporization at boiling point and 1 atm 69.8 BTU/Ib
Latent heat of fusion 12.8 BTU/Ib

aftm, Atmosphere; BTU, British thermal unit; psia, pounds per square inch absolute.

Argon: Uses

Argon is used extensively in filling incandescent and fluorescent lamps and elec-
tronic tubes; to provide a protective shield for growing silicon and germanium
crystals; and as a blanket in the production of titanium, zirconium, and other
reactive metals.

ATMOSPHERIC NEON

Neon (Ne—Greek neon, “new”) is a colorless, odorless, gaseous, nontoxic,
chemically inert element. Air is about 2 parts per thousand neon by volume.

Neon: Physical Properties

The physical properties of neon are noted in Table 7.5.

Neon: Uses

Neon is used principally to fill lamp bulbs and tubes. The electronics industry
uses neon singly or in mixtures with other gases in many types of gas-filled
electron tubes.



THE ATMOSPHERE 115

Table 7.5. Neon: Physical Properties

Chemical Formula Ne
Molecular weight 20.183
Density of the gas at 70° F and 1 atm 0.05215 lb/f3
Specific gravity of the gas at 70° F and T atm 0.696
Specific volume of the gas at 70° F and 1 atm 19.18 f13/Ib
Boiling point at 1 atm -410.9° F
Melting point at 1 atm -415.6° F
Critical temperature -379.8° F
Critical pressure 384.9 psia
Critical density 30.15 lb/ft3
Latent heat of vaporization at boiling point 37.08 BTU/Ib
Latent heat of fusion 7.14 BTU/Ib

atm, Atmosphere; BTU, British thermal unit; psia, pounds per square inch absolute.

ATMOSPHERIC HELIUM

Helium (He—Greek helios, “Sun”) is inert (and as a result, does not appear to
have any major effect on or role in the atmosphere), nontoxic, odorless, tasteless,
nonreactive, and colorless; forms no compounds; and makes about 0.00005% (5
ppm) by volume of air in the Earth’s atmosphere. Helium, as with neon, kryp-
ton, hydrogen, and xenon, is a noble gas. Helium is the second lightest element;
only hydrogen is lighter. It is one-seventh as heavy as air. Helium is nonflam-
mable and is only slightly soluble in water.

Helium: Physical Properties

The physical properties of helium are noted in Table 7.6.

Table 7.6. Helium: Physical Properties

Chemical Formula He
Molecular weight 4.00

Density of the gas at 70° F and 1 atm 0.0103 Ib/ft
Specific gravity of the gas at 70° F and 1T atm 0.138
Specific volume of the gas at 70° F and 1 atm 97.09 ft3/lb
Boiling point at 1 atm -452.1° F
Critical temperature -450.3° F
Critical pressure 33.0 psia
Critical density 4.347 b/ft3

Latent heat of vaporization at boiling point and 1 atm 8.72 BTU/Ib

aftm, Atmosphere; BTU, British thermal unit; psia, pounds per square inch absolute.
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ATMOSPHERIC KRYPTON

Krypton (Kr—Greek krypros, “hidden”) is a colorless, odotless, inert gaseous
component of Earth’s atmosphere. It is present in very small quantities in the
air (about 114 ppm).

Krypton: Physical Properties
The physical properties of krypton are noted in Table 7.7.

Table 7.7. Krypton: Physical Properties

Chemical Formula Kr
Molecular weight 83.80
Density of the gas at 70° F and 1 atm 0.2172 Ib/ft®
Specific gravity of the gas at 70° F and 1T atm 2.899
Specific volume of the gas af 70° F and 1 atm 4.604 f13/Ib
Boiling point at 1 atm -244.0° F
Melting point af 1 atm -251°F
Critical temperature -82.8°F
Critical pressure 798.0 psia
Critical density 56.7 Ib/ff3
Latent heat of vaporization at boiling point 46.2 BTU/Ib
Latent heat of fusion 8.41 BTU/Ib

atm, Atmosphere; BTU, British thermal unit; psia, pounds per square inch absolute.

Krypton: Uses

Krypton is used principally to fill lamp bulbs and tubes. The electronics industry
uses it singly or in mixture in many types of gas-filled electron tubes.

ATMOSPHERIC XENON

Xenon (Xe—Greek xenon, “stranger”) is a colorless, odorless, nontoxic, inert, heavy
gas that is present in very small quantities in the air (about 1 part in 20 million).

Xenon: Physical Properties

The physical properties of xenon are noted in Table 7.8.

Xenon: Uses

Xenon is used principally to fill lamp bulbs and tubes. The electronics industry
uses it singly or in mixtures in many types of gas-filled electron tubes.
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Table 7.8. Xenon: Physical Properties

Chemical Formula Xe
Molecular weight 131.3
Density of the gas at 70° F and 1 atm 0.3416 Ib/ft
Specific gravity of the gas at 70° F and T atm 4.560
Specific volume of the gas at 70° F and 1 atm 2.927 ft3/lb
Boiling point at 1 atm -162.6° F
Melting point at 1 atm -168° F
Critical temperature 61.9°F
Critical pressure 847.0 psia
Critical density 68.67 Ib/ft3
Latent heat of vaporization at boiling point 41.4 BTU/Ib
Latent heat of fusion 7.57 BTU/Ib

atm, Atmosphere; BTU, British thermal unit; psia, pounds per square inch absolute.

ATMOSPHERIC HYDROGEN

Hydrogen (H,—Greek hydros + gen, “water generator”) is a colorless, odorless,
tasteless, nontoxic, flammable gas. It is the lightest of all the elements and oc-
curs on Earth chiefly in combination with oxygen as water. Hydrogen is the
most abundant element in the universe, where it accounts for 93% of the total
number of atoms and 76% of the total mass. It is the lightest gas known, with a
density approximately 0.07 that of air. Hydrogen is present in the atmosphere,
occurring in concentrations of only about 0.5 ppm by volume at lower altitudes.

Hydrogen: Physical Properties

The physical properties of hydrogen are noted in Table 7.9.

Table 7.9. Hydrogen: Physical Properties

Chemical Formula H,
Molecular weight 2.016
Density of the gas at 70° F and 1 atm 0.00521 Ib/fts
Specific gravity of the gas at 70° F and T atm 0.06960
Specific volume of the gas at 70° F and 1 atm 192.0 f13/Ib
Boiling point at 1 atm -423.0° F
Melting point at T atm -434.55° F
Critical temperature -399.93° F
Critical pressure 190.8 psia
Critical density 1.88 Ib/ff3
Latent heat of vaporization at boiling point 191.7 BTU/Ib
Latent heat of fusion 24.97 BTU/Ib

atm, Atmosphere; BTU, British thermal unit; psia, pounds per square inch.
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Hydrogen: Uses

Hydrogen is used by refineries and petrochemical and bulk chemical facilities for
hydro-treating, catalytic reforming, and hydro-cracking. Hydrogen is used in the
production of a wide variety of chemicals. Metallurgical companies use hydro-
gen in the production of their products. Glass manufacturers use hydrogen as a
protective atmosphere in a process whereby molten glass is floated on a surface
of molten tin. Food companies hydrogenate fats, oils, and fatty acids to control
various physical and chemical properties. Electronic manufacturers use hydrogen
at several steps in the complex processes for manufacturing semiconductors.

ATMOSPHERIC WATER

Leonardo da Vinci understood the importance of water when he said, “Water is
the driver of nature.” Da Vinci was actually acknowledging what most scientists
and many of the rest of us have come to realize: Water, propelled by the varying
temperatures and pressures in Earth’s atmosphere, allows life as we know it to
exist on our planet (Graedel & Crutzen, 1995).

The water vapor content of the lower atmosphere (troposphere) is normally
with a range of 1% to 3% by volume with a global average of about 1%. How-
ever, the percentage of water in the atmosphere can vary from as little as 0.1% or
as much as 5% water, depending on altitude; water in the atmosphere decreases
with increasing altitude. Water circulates in the atmosphere in the hydrologic
cycle (discussed in detail later).

Water vapor contained in Earth’s atmosphere plays several important
roles: (1) it absorbs infrared radiation; (2) it acts as a blanker at night, retain-
ing heat from the Earth’s surface; and (3) it affects the formation of clouds in
the atmosphere.

ATMOSPHERIC PARTICULATE MATTER

Significant numbers of particles (particulate matter) are suspended in the atmo-
sphere, particularly the troposphere. These particles originate in nature from
smokes, sea sprays, dusts, and the evaporation of organic materials from vegeta-
tion. There is also a wide variety of nature’s living or semiliving particles—spores
and pollen grains, mites and other tiny insects, spider webs, and diatoms. The
atmosphere also contains a bewildering variety of anthropogenic (artificial)
particles produced by automobiles, refineries, production mills, and many other
human activities.
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Atmospheric particulate matter varies greatly in size (colloidal-sized particles
in the atmosphere are called aerosols—usually less than 0.1 um in diameter). The
smallest are gaseous clusters and ions and submicroscopic liquids and solids;
somewhat larger ones produce the beautiful blue haze in distant vistas. Those
two to three times larger are highly effective in scattering light. The largest
consist of such things as rock fragments, salt crystals, and ashy residues from
volcanoes, forest fires, or incinerators.

The numbers of particulates concentrated in the atmosphere vary greatly,
ranging from more than 10,000,000/cc to less than 1/L (0.001/cc). Excluding
the particles in gases as well as vegetative material, sizes range from 0.005 to 500
microns, a variation in diameter of 100,000 times.

The largest number of airborne particulates is always in the invisible range.
These numbers vary from less than 1 L to more than a half million per cubic
centimeter in heavily polluted air, and to at least 10 times more than that when
a gas-to-particle reaction is occurring (Schaefer & Day, 1981).

Based on particulate level, there are two distinct regions in the atmosphere:
very clean and dirty. In the clean parts there are so few particulates that they are
almost invisible, making them hard to collect or measure. In the dirty parts of
the atmosphere—the air of a large metropolitan area —the concentration of par-
ticles includes an incredible variety of particulates from a wide variety of sources.

Atmospheric particulate matter performs a number of functions and un-
dergoes several processes, and is involved in many chemical reactions in the
atmosphere. Probably the most important function of particulate matter in the
atmosphere is their action as nuclei for the formation of water droplets and ice
crystals. Much of the work of Vincent J. Schaefer (inventor of cloud seeding)
involved using dry ice in early attempts, but later evolved around the addition
of condensing particles to atmospheres supersaturated with water vapor and the
use of silver iodide, which forms huge numbers of very small particles. Another
important function of atmospheric particulate matter is that it helps determine
the heat balance of the Earth’s atmosphere by reflecting light. Particulate matter
is also involved in many chemical reactions in the atmosphere such as neutral-
ization, catalytic effects, and oxidation reactions. These chemical reactions are
discussed in greater detail later.
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CHAPTER 8

Moisture in the Atmosphere

Hath the rain a father? or who hath begotten the drops
of dew? Out of whose womb came the ice? and the hoary
frost of heaven, who hath gendered it? . . . Can’t thou lift
up thy voice to the clouds, that abundance of water may
cover thee?

—Job 38:28-29, 34

I wandered lonely as a cloud

That floats on high o’er vales and hills,
When all at once I saw a crowd,

A host, of golden daffodils;

Beside the lake, beneath the trees,
Fluttering and dancing in the breeze.

—William Wordsworth, 1804

Clouds.

On a hot day when clouds build up signifying that a storm is imminent, we
do not always appreciate what is happening.

What is happening?

This cloud buildup actually signals one of the most vital processes in the
atmosphere: the condensation of water as it is raised to higher levels and cooled
within strong updrafts of air created either by convection currents, turbulence,
or physical obstacles like mountains. The water originated from the surface—
evaporated from the seas, from the soil, or transpired by vegetation. Once within
the atmosphere, however, a variety of events combine to convert the water vapor
(produced by evaporation) to water droplets. The air must rise and cool to its
dew point, of course. At dew point, water condenses around minute airborne

121
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particulate matter to make tiny cloud droplets, forming clouds from which pre-
cipitation occurs.

Whether created by the Sun heating up a hillside, by jet aircraft exhausts, or
factory chimneys, there are actually only 10 major cloud types. The deliverers of
countless millions of tons of moisture from the Earth’s atmosphere, they form
even from the driest desert air containing as little as 0.1% water vapor. They not
only provide a visible sign of motion but also indicate change in the atmosphere,
portending weather conditions that may be expected up to 48 hours ahead. In
this chapter we take a brief look at the nature and consequences of these cloud-
forming processes.

Cloud Formation

The atmosphere is a highly complex system, and the effects of changes in any
single property tend to be transmitted to many other properties. The most pro-
found effect on the atmosphere is the result of alternate heating and cooling of
the air, which causes adjustments in relative humidity (RH) and buoyancy; this
effect causes condensation, evaporation, and cloud formation.

The temperature structure of the atmosphere (along with other forces that
propel the moist air upward) is the main force behind the form and size of
clouds. Exactly how does temperature affect atmospheric conditions? For one
thing, temperature (that is, heating and cooling of the surface atmosphere)
causes vertical air movements. We next discuss what happens when air is heated.

Let’s start with a simple parcel of air in contact with the ground. As the
ground is heated, the air in contact with it warms also. This warm air increases
in temperature and expands. Remember, gases expand on heating much more
than liquids or solids, so this expansion is quite marked. In addition, as the air
expands, its density falls (meaning that the same mass of air now occupies a
larger volume). You've heard that warm air rises. Because of its lessened density,
this parcel of air is now lighter than the surrounding air and tends to rise. Con-
versely, if the air cools, the opposite occurs—it contracts, its density increases,
and it sinks. Alternate heating and cooling are intimately linked with the process
of evaporation, condensation, and precipitation. But how does a cloud actually
form? Let’s look at another example.

On a sunny day, some patches of ground warm up more quickly than oth-
ers because of differences in topography (soil, vegetation, etc.). As the surface
temperature increases, heat passes to the overlying air. Later, by mid-morning,
a bulbous mass of warm, moisture-laden air rises from the ground. This mass of
air cools as it meets lower atmospheric pressure at higher altitudes. If cooled to
its dew point temperature, condensation follows and a small cloud forms. This
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cloud breaks free from the heated patch of ground and drifts with the wind. If
it passes over other rising air masses, it may grow in height. The cloud may en-
counter a mountain and be forced still higher into the air. Condensation contin-
ues as the cloud cools; if the droplets it holds become too heavy, they fall as rain.

Major Cloud Types

Earlier, it was mentioned that there are 10 major cloud types. These include:

STRATIFORM GENERA SPECIES

Cirrus
Cirrostratus
Cirrocumulus
Altostratus
Altocumulus
Stratus
Stratocumulus
Nimbostratus

CUMULIFORM GENERA SPECIES

Cumulus
Cumulonimbus

This list makes clear that the cloud groups are classified into a system that uses
Latin words to describe the appearance of clouds as seen by an observer on the
ground. Table 8.1 summarizes the four principal components of this classifica-
tion system (Ahrens, 1994).

Table 8.1. Summary of Components of Cloud
Classification System

Latin Root  Translation Example

Cumulus Heaped, puffy Fairrweather cumulus
Stratus Layered Altostratus

Cirrus Curl of hair, wispy  Cirrus

Nimbus Ran Cumulonimbus
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Further classification identifies clouds by the height of the cloud base. For
example, cloud names containing the prefix cir-, as in cirrus clouds, are located
at high levels; cloud names with the prefix alto-, as in altostratus, are found
at middle levels. This module introduces several cloud groups. The first three
groups are identified based on their height above the ground. The fourth group
consists of vertically developed clouds, while the final group consists of a collec-
tion of miscellaneous cloud types.

A stratus cloud is a featureless, gray, low-level cloud. Its base may obscure
hilltops or occasionally extend right down to the ground, and, because of its low
altitude, it appears to move very rapidly on breezy days. Stratus can produce
drizzle or snow, particularly over hills, and may occur in huge sheets covering
several thousand miles.

Cumulus clouds also seem to scurry across the sky, reflecting their low altitude.
These small dense, white, fluffy, flac-based clouds are typically short lived, lasting
no more than 10-15 minutes before dispersing. They are typically formed on
sunny days, when localized convection currents are set up: These currents can form
over factories or even brush fires, which may produce their own clouds.

Cumulus may expand into low-lying, horizontally layered, massive strato-
cumulus, or into extremely dense, vertically developed, giant cumulonimbus with
a relatively hazy outline and a glaciated top up to 7 miles in diameter. These
clouds typically form on summer afternoons; their high, flattened tops contain
ice, which may fall to the ground in the form of heavy showers of rain or hail.

Rising to middle altitudes, the bluish-gray layered altostratus and rounded,
fleecy, whitish-gray altocumulus appear to move slowly because of their greater
distance from the observer.

Cirrus (meaning tuft of hair) clouds are made up of white, narrow bands of
thin, fleecy parts and are relatively common over northern Europe, and generally
ride the jet stream rapidly across the sky.

Cirrocumulus are high alticude clouds composed of a series of small, regularly
arranged cloudlets in the form of ripples or grains; they are often present with
cirrus clouds in small amounts. Cirrostratus are high-altitude, thin, hazy clouds,
usually covering the sky and giving a halo effect surrounding the Sun or Moon.

Did You Know?

Contrails are clouds formed around the small particles (aerosols), which
are in aircraft exhaust. When these persist after the passage of the plane
they are indeed clouds, and are of great interest fo researchers. Under
the right conditions, clouds initiated by passing aircraft can spread with
time to cover the whole sky.
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Precipitation and Evaporation

The principal actions brought on by weather systems that affect land and sea and
the humans, animals, and vegetation thereon are winds and precipitation. The
latter comes in a variety of forms, as discussed later in this chapter. Most weather
of consequence to people occurs in storms. These may be local in origin but
more commonly are carried to locations in wide areas along pathways followed
by active air masses consisting of highs and lows. The key ingredient in storms is
water, either as a liquid or as a vapor. The vapor acts like a gas and thus contrib-
utes to the total pressure of the atmosphere, making up a small but vital fraction
of the total (National Aeronautics and Space Administration [NASA], 2008).

Precipitation is found in a variety of forms. Which form actually reaches the
ground depends on many factors, for example, atmospheric moisture content,
surface temperature, intensity of updrafts, and method and rate of cooling.

Water vapor in the air varies in amount depending on sources, quantities,
processes involved, and air temperature. Heat, mainly as solar irradiation but
with some contributed by the earth and human activity and some from change
of state processes, causes some water molecules either in water bodies (oceans,
lakes, rivers) or in soils to be excited thermally and escape from their sources.
This is called evaporation; the process in which water is released from trees
and other vegetation is known as evapotranspiration. The evaporated water, or
moisture, that enters the air is responsible for a state called humidity. Absolute
humidity is the weight of water vapor contained in a given volume of air. The
mixing ratio refers to the mass of the water vapor within a given mass of dry air.
At any particular temperature, the maximum amount of water vapor that can
be contained is limited to some amount; when that amount is reached, the air
is said to be saturated for that temperature. If less than the maximum amount
is present, then the property of air that indicates this is its RH, defined as the
actual water vapor amount compared with the saturation amount at the given
temperature; this is usually expressed as a percentage. RH also indicates how
much moisture the air can hold above its stated level, which, after this point is
attained, could lead to rain.

When a parcel of air attains or exceeds an RH of 100%, condensation occurs
and water in some state begins to organize as some type of precipitation. One
familiar form is dew, which occurs when the saturation temperature or some
quantity of moisture reaches a temperature at the surface at which condensations
sets in, leaving the moisture to coat the ground (especially obvious on lawns).

The term dew point has a more general use, being that temperature at which
an air parcel must be cooled to become saturated. Dew frequently forms when
the current air mass contains excessive moisture after a period of rain but the air
is now clear; the dew precipitates out to coat the surface (noticeable on vegeta-
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tion). Ground fog is a variant in which lowered temperatures bring on condensa-
tion within the near surface air as well as the ground.

The other types of precipitation are listed in Table 8.2 along with descrip-
tive characteristics related to each type.

Evaporation and transpiration are complex processes that return moisture to
the atmosphere. The rate of evapotranspiration depends largely on two factors:
(1) how saturated (moist) the ground is and (2) the capacity of the atmosphere
to absorb the moisture. In this chapter we discuss the factors responsible for both
precipitation and evapotranspiration.

Precipitation

Earlier it was pointed out that if all the essentials are present, precipitation occurs
when the dew point is reached. It was also pointed out that it is quite possible for
an air mass or cloud containing water vapor to cool below the dew point without
precipitation occurring. In this state the air mass is said to be supercooled.

How, then, are droplets of water formed? Water droplets form around mi-
croscopic foreign particles already present in the air. These particles on which
the droplets form are called hygroscopic nuclei. They are present in the air primar-
ily in the form of dust, salt from sea water evaporation, and from combustion
residue. These foreign particles initiate the formation of droplets that eventually
fall as precipitation. To have precipitation, larger droplets or drops must form.
This may be brought about by two processes: (1) coalescence (collision) or (2)
the Bergeron process.

COALESCENCE

Simply put, coalescence is the fusing together of smaller droplets into larger ones.
The variation in the size of the droplets has a direct bearing on the efficiency of
this process. Raindrops come in different sizes and can reach diameters up to 7
mm. Having larger droplets greatly enhances the coalescence process.

But what actually goes on inside a cloud to cause rain to fall? To answer
this question, we must take a look inside a cloud to see exactly what processes
occur to make rain—rain that actually falls as rain. Rainmaking is based on the
essentials of the Bergeron process.

BERGERON PROCESS

Named after the Swedish meteorologist who suggested it, the Bergeron process is
probably the more important process for the initiation of precipitation. To gain
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Table 8.2. Types of precipitation

Type

Approximate Size

State of
Water

Description

Mist

Drizzle

Rain

Sleet

Glaze

Rime

Snow

Hail

Graupel

0.005 to 0.05 mm

Less than
0.5 mm
0.5t0 5 mm

0.5t0 5 mm

Layers T mm to
2 cm thick

Variable

accumulation

T mmto2cm

S5mmto1cm
or larger

2 mmto 5 mm

Liquid

Liquid

Liquid

Solid

Solid

Solid

Solid

Solid

Solid

Droplets large enough to be felt on face
when air is moving 1 m/s. Associated
with stratus clouds.

Small uniform drops that fall from stratus
clouds, generally for several hours.

Generally produced by nimbostratus or
cumulonimbus clouds. When heavy,
size can be highly variable from one
place to another.

Small, spherical to lumpy ice particles
that form when raindrops freeze while
falling through a layer of subfreezing
air. Because the ice particles are small,
any damage is generally minor. Sleet
can make travel hazardous.

Produced when supercooled raindrops
freeze on contact with solid objects.
Glaze can form a thick covering of ice
having sufficient weight fo seriously
damage trees and power lines.

Deposits usually consisting of ice
feathers that point info the wind. These
delicate, frostlike accumulations form
as supercooled cloud or fog droplets
that encounter objects and freeze on
contact.

The crystalline nature of snow allows it
fo assume many shapes, including
six-sided crystals, plates, and needles.
Produced in supercooled clouds
where water vapor is deposited as
crystals that remain frozen during their
descent.

Precipitation in the form of hard,
rounded pellets or irregular lumps of
ice. Produced in large, convective
cumulonimbus clouds, where frozen
ice particles and supercooled water
coexist.

Sometimes called “soft hail,” graupel
forms on rime and collects on snow
crystals to produce irregular masses of
"soft” ice. Because these particles are
softer than hailstones, they normally
flatten out on impact.

Source: NASA, 2008.
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understanding on how the Bergeron process works, let’s look at what actually
goes on inside a cloud to cause rain.

Within a cloud made up entirely of water droplets there are a variety of
droplet sizes. The air rises within the cloud anywhere from 10-20 cm per second
(depending on the type of cloud). As the air rises, the drops become larger through
collision and coalescence; many will reach drizzle size. Then the updraft intensifies
up to 50 cm per second (and more), which reduces the downward movement of
the drops, allowing them more time to become even larger. When the cloud be-
comes approximately 1 km deep, small raindrops of 700 pm diameter are formed.

The droplets, because of their small size, do not freeze immediately, even
when the temperatures fall below 0° C. Instead, the droplets remain unfrozen in
a supercooled state. However, when the temperature drops as low as —10° C, ice
crystals might start to develop among the water droplets. This mixture of water
and ice would not be particularly important but for a peculiar characteristic or
property of water. Therefore, at —10° C, air saturated with respect to liquid water
is supersaturated relative to ice by 10% and at —20° C by 21%. Thus, ice crystals
in the cloud tend to grow and become heavier at the expense of the water droplets.

Eventually, the ice crystals sink to the lower levels of the cloud where tem-
peratures are only just below freezing. When this occurs, they tend to combine
(the supercooled droplets of water act as an adhesive) and form snowflakes.
When the snowflakes melt, the resulting water drops may grow further by colli-
sion with cloud droplets before they reach the ground as rain. The actual rate at
which water vapor is converted to raindrops depends on three main factors: (1)
the rate of ice crystal growth, (2) supercooled vapor, and (3) the strength of the
updrafts (mixing) in the cloud.

Types of Precipitation

We stated that for precipitation to occur, water vapor must condense, which oc-
curs when water vapor ascends and cools. The three mechanisms by which air
rises, allowing for precipitation to occur, are convectional, orographic, and frontal.

CONVECTIONAL PRECIPITATION

Convectional precipitation is the spontaneous rising of moist air caused by instabil-
ity. This type of precipitation is usually associated with thunderstorms and occurs
in the summer because localized heating is required to initiate the convection cycle.
We have discussed that upward-growing clouds are associated with convection.
Because the updrafts (commonly called a thermal) are usually strong, cooling of the
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air is rapid and lots of water can be condensed quickly; this is usually confined to
a local area, and a sudden summer downpour might occur as a result.

Convectional thunderstorm clouds are also described as supercells. Convec-
tive thunderstorms are the most common type of atmospheric instability that
produces lightning followed by thunder. Lightning is one of the most spectacu-
lar phenomena witnessed in storms.

Did You Know?

A lightning bolt can attain an electric potential up to 30 million volts and
a current fo as much as 10,000 amps. It can cause air temperatures to
reach 10,000° C. But a bolt’'s duration is extremely short (fractions of a
second). Although a bolt can kill people it hits, most can survive.

OROGRAPHIC PRECIPITATION

Orographic precipitation is a straightforward process, characteristic of mountain-
ous regions; almost all mountain areas are wetter than the surrounding lowlands.
This type of precipitation arises when air is forced to rise over a mountain or
mountain range. The wind blowing along the surface of the Earth ascends along
topographic variations. Where air meets this extensive barrier, it is forced to rise.
This ascending wind usually gives rise to cooling and encourages condensation
and thus orographic precipitation on the windward side of the mounctain range.

FRONTAL PRECIPITATION

Frontal precipitation results when two different fronts (or the boundary between
two air masses characterized by varying degrees of precipitation), at different
temperatures, meet. Because the warm air mass is lighter, it moves up and over
the colder air mass. The cooling is usually less rapid than in the vertical con-
vection process because the warm air mass moves up at an angle, in more of a
horizontal motion.

Evapotranspiration

Another important part or process of the hydrological cycle (though it is often
neglected because it can rarely be seen) is evapotranspiration. More complex
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than precipitation, evaporation and transpiration is a land-atmosphere interface
process whereby a major flow of moisture is transferred from ground level to the
atmosphere. It returns moisture to the air, replenishing that lost by precipitation,
and it also takes part in the global transfer of energy. The rate of evapotranspira-
tion depends largely on two factors: (1) how moist the ground is and (2) the ca-
pacity of the atmosphere to absorb the moisture. Therefore, the greatest rates are
over the tropical oceans, where moisture is always available and the long hours of
sunshine and steady trade winds evaporate vast quantities of water.

Just how much moisture is returned to the atmosphere via transpiration?
Table 8.3 makes clear that in the United States mainland alone, for example, about
two-thirds of the average rainfall is returned via evaporation and transpiration.

Table 8.3. Water Balance in the United States

(in bgd)

Precipitation 4,200
Evaporation and transpiration 3.000
Runoff 1,250
Withdrawal 310
Irrigation 142
Industry (utility cooling water) 142
Municipal 26
Consumed (irrigation loss) 90
Returned to streams 220

bgd, Billion gallons per day.
Source: National Academy of Sciences, 1962.

EVAPORATION

Evaporation is the process by which a liquid is converted into a gaseous state.
Evaporation takes place (except when air reaches saturation at 100% humidity)
almost on a continuous basis. It involves the movement of individual water mol-
ecules from the surface of Earth into the atmosphere, a process occurring when-
ever a vapor pressure gradient exists from the surface to the air (i.e., whenever
the humidity of the atmosphere is less than that of the ground). Evaporation also
requires energy (derived from the sun or from sensible heat from the atmosphere
or ground): 2.48 X 10° Joules to evaporate each kilogram of water at 10° C.

TRANSPIRATION

A related process, transpiration is the loss of water from a plant by evaporation.
Most water is lost from the leaves through pores known as stomata, whose primary
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function is to allow gas exchange between the plant’s internal tissues and the at-
mosphere. Transpiration from the leaf surfaces causes a continuous upward flow
of water from the roots via the xylem, which is known as the transpiration stream.

Transpiration occurs mainly by day, when the stomata open up under the
influence of sunlight. Acting as evaporators, they expose the pure moisture (the
plant’s equivalent of perspiration) in the leaves to the atmosphere. If the vapor
pressure of the air is less than that in the leaf cells, the water is transpired.

As you might guess, because of transpiration, far more water passes through
a plant than is needed for growth. In fact, only about 1% or so is actually used
in plant growth. Nevertheless, the excess movement of moisture through the
plant is important to the plant because the water acts as a solvent, transporting
vital nutrients from the soil into the roots and carrying them through cells of the
plant. Obviously, without this vital process plants would die.

EVAPOTRANSPIRATION: THE PROCESS

Although evapotranspiration plays a vital role in cycling water over Earth’s
land masses, it is seldom appreciated. In the first place, distinguishing between
evaporation and transpiration is often difficult. Both processes tend to be op-
erating together, so the two are normally combined to give the composite term
evapotranspiration.

Governed primarily by atmospheric conditions, energy is needed to power
the process. Wind also plays an important role, which acts to mix the water
molecules with the air and transport them away from the surface. The primary
limiting factor in the process is lack of moisture at the surface (soil is dry). Evap-
oration can continue only so long as there is a vapor pressure gradient between
the ground and the air.
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CHAPTER 9

Atmosphere in Motion

There are scientists and engineers out there in the real world who will tell us that
perpetual motion in or for any machine is a pipedream—it’s wishful thinking.
It’s impossible. Have you ever pondered the most dynamic perpetual motion
machine of them all—Farth’s atmosphere? Probably not—but that is exactly
what Earth’s atmosphere is. It must be in a state of perpetual motion because it
constantly strives to eliminate the constant differences in temperature and pres-
sure between different parts of the globe. How are these differences eliminated or
compensated for? By its motion, winds and storms are produced. In this chapter,
the horizontal movements that transfer air around the globe are considered.

Global Air Movement

Basically, winds are the movement of the Earth’s atmosphere, which by its weight
exerts a pressure on the Earth that we can measure using a barometer. Winds are
often confused with air currents, but they are different. Wind is the horizontal
movement of air or motion along the Earth’s surface. Air currents, on the other
hand, are vertical air motions collectively referred to as updrafis and downdrafis.

Throughout history, people have been both fascinated by and frustrated by
winds. Humans have written about winds almost from the time of the first written
word. For example, Herodotus (and later Homer and many others) wrote about
winds in his 7he Histories. Wind has had such an effect on human existence that
we have given winds names that describe a particular wind, specific to a particular
geographical area. Table 9.1 lists some of these winds, their colorful names, and
the region where they occur. Some of these names are more than just colorful—the
winds are actually colored. For example, the barmattan blows across the Sahara
filled with red dust; mariners called this red wind the “sea of darkness.”
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Table 9.1.
of the World

Assorted Winds

Wind Name

Location

aagjej

alm

biz roz
haboob
imbat
datoo
nafhat
besharbar
Samiel
tsumuiji
brickfielder
chinook
williwaw

Morocco
Yugoslavia
Afghanistan
Sudan
North Africa
Gibraltar
Arabia
Caucasus
Turkey
Japan
Australia
America
Alaska

WIND INTENSITY

Winds are ranked by the intensity of the wind. In renewable energy practice
whereby wind turbines are used to produce electricity, wind power varies with
the intensity of the wind. This is usually measured by the Beaufort scale, which
takes into account the effects of wind speed on the surrounding environment,
trees, buildings, smoke, and so on. This scale ranges from 0 to 12, and the ranges
are shown in Table 9.2.

Table 9.2. Beaufort Wind Intensity Scale

Average Speed
Scale  Wind in Km/h Description of Effects
0 Calm 1 Smoke rises vertically.
1 Breeze 3 Smoke shows wind.
2 Light breeze 9 Feel the wind in the face; the
leaves move.
3 Gentle breeze 16 Leaves and twigs are in
constant agitation.
4 Moderate breeze 24 Raises dust and loose papers.
5 Fresh breeze 34 Stirs shrubs with leaves.
6 Strong breeze 44 Large branches are in motion.
7 Moderate wind 56 Stirs whole trees.
8 Fresh wind 68 Breaks small free branches.
9 Strong wind 81 Causes minor damage to
buildings.
10 Temporal 95 Trees uprooted.
11 Storm 110 Widespread damage occurs.
12 Hurricane Above 121 Devastation occurs.
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EARTH’S ATMOSPHERE IN MOTION

To state that Earth’s atmosphere is constantly in motion is to state the obvious.
Anyone observing the constant weather changes is well aware of this phenom-
enon. Although the fact that the atmosphere is in motion is obvious, the impor-
tance of the dynamic state of our atmosphere is much less obvious.

As mentioned, the constant motion of Earth’s atmosphere (air movement)
consists of both horizontal (wind) and vertical (air currents) dimensions. The
atmosphere’s motion is the result of thermal energy produced from the heating
of the Earth’s surface and the air molecules above. Because of differential heating
of the Earth’s surface, energy flows from the equator poleward.

Wind and air currents are fundamental to how nature functions, but even
though air movement plays the critical role in transporting the energy of the
lower atmosphere, bringing the warming influences of spring and summer and
the cold chill of winter, the effects of air movements on our environment are
often overlooked. All life on Earth has evolved with mechanisms dependent on
air movement: Pollen is carried by winds for plant reproduction; animals sniff
the wind for essential information; wind power was the motive force that began
the earliest stages of the industrial revolution. Now we see the effects of winds in
other ways, too: Wind causes weathering (erosion) of the Earth’s surface; wind
influences ocean currents; air pollutants and contaminants such as radioactive
particles transported by the wind affect our environment.

CAUSES OF AIR MOTION

In all dynamic situations, forces are necessary to produce motion and changes
in motion—winds and air currents. The air (made up of various gases) of the
atmosphere is subject to two primary forces: (1) gravity and (2) pressure differ-
ences from temperature variations.

Gravity (gravitational forces) holds the atmosphere close to the Earth’s sur-
face. Newton’s law of universal gravitation states that each body in the universe
attracts another body with a force equal to:

F-c ™ 9.1)
RZ
where:
F = Force
m, and m, = the masses of the two bodies

G = universal constant of 6.67 X 10" N x m*/kg’
distance between the two bodies

=
I
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v/ Important Point: The force of gravity decreases as an inverse square of the
distance between them.

Thermal conditions affect density, which in turn cause gravity to affect
vertical air motion and planetary air circulation. This affects how air pollution is
naturally removed from the atmosphere.

Although forces in other directions often overrule gravitational force, the
ever-present force of gravity is vertically downward and acts on each gas mol-
ecule, accounting for the greater density of air near the Earth.

Atmospheric air is a mixture of gases, so the gas laws and other physical
principles govern its behavior. The pressure of a gas is directly proportional to
its temperature. Pressure is force per unit area (P = F/A), so a temperature varia-
tion in air generally gives rise to a difference in pressure of force. This difference
in pressure resulting from temperature differences in the atmosphere creates air
movement—on both large and local scales. This pressure difference corresponds
to an unbalanced force, and when a pressure difference occurs, the air moves
from a high- to a low-pressure region.

In other words, horizontal air movements (called advective winds) result
from temperature gradients, which give rise to density gradients and, subse-
quently, pressure gradients. The force associated with these pressure variations
(pressure gradient force) is directed at right angles (perpendicular) to lines of
equal pressure and is directed from high to low pressure.

The pressures over a region are mapped by taking barometric readings at
different locations. Lines drawn through the points (locations) of equal pressure
are called Zsobars. All points on an isobar are of equal pressure, which means
there is no air movement along the isobar. The wind direction is at right angles
to the isobar in the direction of the lower pressure. Air moves down a pressure
gradient toward a lower isobar like a ball rolls down a hill. If the isobars are close
together, the pressure gradient force is large, and such areas are characterized by
high wind speeds. If isobars are widely spaced, the winds are light because the
pressure gradient is small.

Localized air circulation gives rise to thermal circulation (a result of the
relationship based on a law of physics whereby the pressure and volume of a gas
is directly related to its temperature). A change in temperature causes a change

Did You Know?

Air pressure at any location, whether it is on the Earth’s surface or up in
the atmosphere, depends on the weight of the air above. Imagine a col-
umn of air. At sea level, a column of air extending hundreds of kilometers
above sea level exerts a pressure of 1,013 millibars (mb) (or 1.013 ). But
if you fravel up the column fo an altitude of 4.4 km (18,000 feet), the air
pressure would be roughly half, or approximately 506 mb.
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in the pressure and volume of a gas. With a change in volume comes a change in
density, since P = m/V so regions of the atmosphere with different temperatures
may have different air pressures and densities. As a result, localized heating sets
up air motion and gives rise to thermal circulation.

Once the air has been set into motion, secondary forces (velocity-dependent
forces) begin to act or react. These secondary forces are (1) Earth’s rotation
(Coriolis force) and (2) contact with the rotating Earth (friction). The Co-
riolis force, named after its discoverer, French mathematician Gaspard Coriolis
(1772-1843), is the effect of rotation on the atmosphere and on all objects on
the Earth’s surface. In the northern hemisphere, it causes moving objects and
currents to be deflected to the right; in the southern hemisphere, it causes deflec-
tion to the left because of the Earth’s rotation. Air, in large-scale north or south
movements, appearts to be deflected from its expected path. That is, air moving
poleward in the northern hemisphere appears to be deflected toward the east; air
moving southward appears to be deflected toward the west.

Friction (drag) can also cause the deflection of air movements. This fric-
tion (resistance) is both internal and external. The friction of its molecules
generates internal friction. Friction is also generated when air molecules run
into each other. External friction is caused by contact with terrestrial surfaces.
The magnitude of the frictional force along a surface is dependent on the air’s
magnitude and speed, and the opposing frictional force is in the opposite di-
rection of the air motion.

Did You Know?

Friction, one of the maijor forces affecting the wind, comes into play near
the Earth’s surface and continues to be a factor up to altitudes of about
500 to 1,000 m. This section of the atmosphere is referred to as the plan-
etary or atmospheric boundary layer. Above this layer, friction no longer
influences the wind.

LOCAL AND WORLD AIR CIRCULATION

Air moves in all directions, and these movements are essential for those of us
on Earth: Vertical air motion is essential in cloud formation and precipitation.
Horizontal air movement near the Earth’s surface produces winds.

Wind is an important factor in human comfort, especially affecting how
cold we feel. A brisk wind at moderately low temperatures can quickly make us
uncomfortably cold. Wind promotes the loss of body heat, which aggravates the
chilling effect, expressed through wind chill factors in the winter (Table 9.3) and
the heat index in the summer (Table 9.4). These two scales describe the cooling
effects of wind on exposed flesh at various temperatures.



Table 9.3. Wind Chill Chart

Temperature (Degrees Fahrenheit)
Wind MPH 30 | 25 20 15 10 5 0] -5 -10 -15 -20 -25
5 25 | 19 13 7 1 -5 -N -16 | -22 | -28 | -34 | -40
10 21 |15 9 -4 -10 | -16 | -22 | -28 | -35 | -41 -47
15 19 | 13 3 0 -7 -13 -19 -26 -32 -39 -45 =51
20 17 | N 4 -2 -9 -15 | -22 | -29 | -35 | -42 | -48 | -55
25 16 | 9 3 -4 -11 =17 -24 =31 -37 -44 =51 -58
30 15 | 8 1 -5 -12 | -19 | -26 | -33 | -39 | -46 | -53 | -60
35 14 | 7 0 -7 -14 | -21 =27 | =34 | -4 -48 | -55 | -62
40 1316 -1 -8 -15 | -22 | -29 | -36 | -43 | -50 | -57 | -64
45 12 |5 -2 -9 -16 | -23 | -30 | -37 | -44 | -51 -58 | -65
50 12 | 4 -3 -19 | =17 | -24 | -31 -38 | -45 | -52 | -60 | -67
55 11 | 4 -3 -1 -18 | -25 | -32 | -39 | -46 | -54 | -61 -68
60 10 | 3 -4 -1 -19 | -26 | -33 | -40 | -48 | -55 | -62 | -69

Note: Grey cells indicate wind chill temperatures at which frostbite occurs in 15 minutes or less.

Source: USA Today: http://www.usatoday.com/weather/resources/basics/windchill/wind-chill-chart.ntm




Table 9.4. Heat Index Chart (Temperature and Relative Humidity)

Temperature (Degrees Fahrenheit)

RH
%) | 90 91 92 93 94 95 96 97 98 99 100 | 101 102 | 103 | 104 | 105

90 119 | 123 | 128 | 132 | 137 | 141 146 | 152 | 157 | 163 | 168 | 174 | 180 | 186 | 193 | 199

85 115 | 119 | 123 | 127 | 132 | 136 | 141 145 | 150 | 165 | 161 166 | 172 | 178 | 184 | 190

80 112 | 116 | 119 | 123 | 127 | 131 135 | 140 | 144 | 149 | 154 | 169 | 164 | 169 | 175 | 180

75 109 | 112 | 116 | 119 | 122 | 126 | 130 | 134 | 138 | 143 | 147 | 1562 | 166 | 161 166 | 171

70 106 | 109 | 112 | 115 | 118 | 122 | 125 | 129 | 133 | 137 | 141 145 | 149 | 154 | 158 | 163

65 103 | 106 | 108 | 111 114 | 117 | 121 124 | 127 | 131 135 | 139 | 143 | 147 | 151 155

60 100 | 103 | 105 | 108 | 111 114 | 116 [ 120 | 123 | 126 | 129 | 133 | 136 | 140 | 144 | 148

55 98 100 | 103 | 105 | 107 | 110 | 113 | 115 | 118 | 121 124 | 127 | 131 134 | 137 | 141

50 96 98 100 | 102 | 104 | 107 | 109 | 112 | 114 | 117 | 119 | 122 | 1256 | 128 | 131 135

45 94 96 98 100 | 102 | 104 | 106 | 108 | 110 | 113 | 1156 | 118 | 120 | 123 | 126 | 129

40 92 94 96 97 99 101 103 | 105 | 107 | 109 | 111 113 [ 116 | 118 | 121 123

35 91 92 94 95 97 98 100 | 102 | 104 | 106 | 107 | 109 | 112 | 114 | 116 | 118

30 89 90 92 93 95 96 98 99 101 102 | 104 | 106 | 108 | 110 | 112 | 114

RH, Relative humidity.
Note: Exposure to full sunshine can increase heat index values by up to 15° F.
Source: Weather Images. Heat Index Charts. Accessed from http://www.weatherimages.org/data/heatindex.html.
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Local winds are the result of atmospheric pressure differences involved with
thermal circulations because of geographic features. Land areas heat up more
quickly than do water areas, giving rise to a convection cycle. As a result, during
the day, when land is warmer than the water, we experience a lake or sea breeze.

At night, the cycle reverses. Land loses its heat more quickly than water, so
the air over the water is warmer. The convection cycle sets to work in the op-
posite direction and a land breeze blows.

In the upper troposphere (above 11 to 14 km, west to east flows) are very
narrow, fast-moving bands of air called jer streams. Jet streams have significant
effects on surface airflows. When jet streams accelerate, divergence of air occurs
at that altitude. This promotes convergence near the surface and the formation
of cyclonic motion. Deceleration causes convergency aloft and subsidence near
the surface, causing an intensification of high-pressure systems. Jet streams are
thought to result from the general circulation structure in the regions where
great high- and low-pressure areas meet.

Wind Farms

Though wind energy production (via wind turbines) is generally considered un-
usually environmentally clean, serious environmental issues do exist. For species
protection, wind farm placement should be carefully studied. Wind farms put
stresses on already fragmented and reduced wildlife habitats. Another serious
factor is the avian mortality rate. Just as high-rise buildings, power lines, towers,
antennas, and other artificial structures are passive killers of many birds, badly
positioned wind farms put a heavy toll on bird populations, especially on migra-
tory birds. The Altamont Pass wind farms near San Francisco are badly placed,
and since their construction in the 1980s have killed many golden eagles and
other species as well. Golden eagles lock on to a prey animal and dive for i,
totally blocking out the threat of the wind turbine. They can see the propellers
under normal circumstances, but their instinctive prey focus is so strong that
when they stoop over a kill, they see only their prey.

Six to ten different companies, including U.S. Wind Power, Kenetech
Wind power, and Green Mountain Energy, own the turbines at the Altamont
Pass wind farms—over 7,000 of them. Another wind facility in Tehachapi Pass
near Los Angeles poses little threat to bird populations.

In an interview with a reporter from the San Francisco Chronicle, conserva-
tionist Stan Moore states,

It is estimated that 40 to 60 golden eagles are killed annually, plus 200
red-tailed hawks and smaller numbers of American kestrels, crows,
burrowing owls and other birds. Those numbers are conservative. . . .
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I'm in favor of renewable energy when it is sited appropriately,
but Altamont Pass is one of the worst places to put a wind farm on
planet Earth, because it is adjacent to one of the densest breeding
populations of golden eagles in the world. It’s a unique place for
raptors because of the abundant food source in ground squirrels. . . .

Altamont Pass is not an appropriate place for wind turbines. What
we have there is world-class golden-eagle habitat.

The California Energy Commission financed a 5-year study conducted by
Dr. Grainger Hunt, a world authority on birds of prey who works with the Santa
Cruz Predatory Bird Research Group. The study detected no population-level
effects for golden eagles in Altamont Pass; however, the local eagles could pro-
vide source population for all of California if the wind farms deaths were halted.
Instead, the local eagles are an at-risk population: If other pressures disturbed the
Altamont Pass golden eagle population—an outbreak of West Nile virus, for ex-
ample—catastrophic population losses would occur, because the wind turbines
have removed much of the buffer population.

Because control guidelines are voluntary, not mandatory, the energy in-
dustry essentially polices itself on this issue. When the U.S. Fish and Wildlife
Service (practicing what Service officials themselves call “discretionary” enforce-
ment of Service laws) chooses not to enforce the Migratory Bird Treaty Act and
the Bald and Golden Eagle Protection Act, and when California officials fail
to enforce their own decrees (a state designation of the golden eagle as a “fully
protected species” and a “species of special concern”), the protections supposedly
provided by federal and state laws become a farce (Pellissier, 2003).
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CHAPTER 10

Meteorology: The Science
of Weather

The Pharisees also with the Sadducees came and tempting
desired him that he would show them a sign from heaven.
He answered and said unto them, When it is evening ye
say, It will be fair weather today for the sky is red and low-
ering. Oh ye hypocrites, ye can discern the face of the sky,
but can ye not discern the signs of the times?

—Matthew 16:1-4

Mean Weather

Intermittent rain, I've learned,
Which forecasts tell about,

Is rain that stops when I go in
And starts when I come out.

—Elizabeth Dolan
The Breeze 2(8):6, 1945.

An eminent meteorologist once said, “A butterfly flapping its wings in Brazil
can cause a tornado in Texas.” What the meteorologist was implying is true to
a point (and in line with what some critics might say): Because of tiny nuances
in Earth’s weather patterns, making accurate, long-range weather predictions is
extremely difficult.

What is the difference between weather and climate? Some people get these
two confused, believing they mean the same thing, but they do not. In this
chapter you will gain a clear understanding of the meaning of and difference
between the two and also gain basic understanding of the role weather plays in
air pollution.
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Meteorology is the science concerned with the atmosphere and its phenom-
ena. The atmosphere is the media into which all air pollution is emitted. The
meteorologist observes atmospheric processes such as temperature, density,
winds (air), clouds, precipitation, and other characteristics, and endeavors to
account for its observed structure and evaluation (weather, in part) in terms of
external influence and the basic laws of physics. Air pollution meteorology is the
study of how these atmospheric processes affect the fate of air pollutants.

Because the atmosphere serves as the medium into which air pollutants are
released, the transport and dispersion of these releases are influenced significantly
by meteorological parameters. Understanding air pollution meteorology and its
influence in pollutant dispersion is essential in air-quality planning activities.
Planners use this knowledge to help locate air pollution monitoring stations and
to develop implementation plans to bring ambient air quality into compliance
with standards. Meteorology is used in predicting the ambient effect of a new
source of air pollution and to determine the effect on air quality from modifica-
tions to existing sources (Environmental Protection Agency [EPA], 2005).

Weather is the state of the atmosphere, mainly with respect to its effect on
life and human activities; as distinguished from c/imate (the long-term mani-
festations of weather), weather consists of the short-term (minutes or months)
variations of the atmosphere. Weather is defined primarily in terms of heat,
pressure, wind, and moisture.

At high levels above the Earth, where the atmosphere thins to near vacuum,
there is no weather; instead, weather is a near-surface phenomenon. This is evi-
denced clearly on a day-by-day basis where you see the ever-changing, sometimes
dramatic, and often violent weather display.

In the study of air science and in particular of air quality, several determin-
ing factors are directly related to the dynamics of the atmosphere, resulting in
local weather. These factors include strength of winds, the direction they are
blowing, temperature, available sunlight (needed to trigger photochemical reac-
tions, which produce smog), and the length of time since the last weather event
(strong winds and heavy precipitation) cleared the air.

Weather events (such as strong winds and heavy precipitation) that work to
clean the air we breathe are beneficial. However, few people would categorize the
weather events such as tornadoes, hurricanes, and typhoons as beneficial.

The Sun: The Weather Generator

The Sun is the driving force behind weather. Without the distribution and re-
radiation to space of solar energy, we would experience no weather (as we know
it) on Earth. The Sun is the source of most of the Earth’s heat. Of the gigantic
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amount of solar energy generated by the Sun, only a small portion bombards
Earth. Most of the Sun’s solar energy is lost in space. A little over 40% of the
Sun’s radiation reaching Earth hits the surface and is changed to heat. The rest
stays in the atmosphere or is reflected back into space.

Like a greenhouse, the Earth’s atmosphere admits most of the solar radia-
tion. When solar radiation is absorbed by the Earth’s surface, it is reradiated
as heat waves, most of which is trapped by carbon dioxide and water vapor
in the atmosphere, which work to keep the Earth warm in the same way a
greenhouse traps heat.

By now you are aware of the many functions performed by the Earth’s
atmosphere. You should also know that the atmosphere plays an important
role in regulating the Earth’s heating supply. The atmosphere protects the
Earth from too much solar radiation during the day and prevents most of the
heat from escaping at night. Without the filtering and insulating properties
of the atmosphere, the Earth would experience severe temperatures similar to
other planets.

On bright, clear nights the Earth cools more rapidly than on cloudy nights
because cloud cover reflects a large amount of heat back to Earth, where it is
reabsorbed. The Earth’s air is heated primarily by contact with the warm Earth.
When air is warmed, it expands and becomes lighter. Air warmed by contact
with Earth rises and is replaced by cold air, which flows in and under it. When
this cold air is warmed, it too rises and is replaced by cold air. This cycle contin-
ues and generates a circulation of warm and cold air, which is called convection.

At the Earth’s equator, the air receives much more heat than the air at the
poles. This warm air at the equator is replaced by colder air flowing in from
north and south. The warm, light air rises and moves poleward high above
the Earth. As it cools, it sinks, replacing the cool surface air that has moved
toward the equator.

The circulating movement of warm and cold air (convection) and the differ-
ences in heating cause local winds and breezes. Different amounts of heat are ab-
sorbed by different land and water surfaces. Soil that is dark and freshly plowed
absorbs much more than grassy fields. Land warms faster than does water during
the day and cools faster at night. Consequently, the air above such surfaces is
warmed and cooled, resulting in production of local winds.

Winds should not be confused with air currents. Wind is primarily oriented
toward horizontal flow. Air currents, on the other hand, are created by air mov-
ing upward and downward. Wind and air currents have a direct effect on air
pollution. Air pollutants are carried and dispersed by wind. An important factor
in determining the areas most affected by an air pollution source is wind direc-
tion. Because air pollution is a global problem, wind direction on a global scale
is important.
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Along with wind, another constituent associated with Earth’s atmosphere is
water. Water is always present in the air. It evaporates from the Earth, two-thirds
of which is covered by water. In the air, water exists in three states: solid, liquid,
and invisible vapor.

The amount of water in the air is called humidity. The relative humidity is
the ratio of the actual amount of moisture in the air to the amount needed for
saturation at the same temperature. Warm air can hold more water than cold.
When air with a given amount of water vapor cools, its relative humidity in-
creases; when the air is warmed, its relative humidity decreases.

Air Masses

An air mass is a vast body of air (a macroscale phenomena that can have global
implications) in which the condition of temperature and moisture are much the
same at all points in a horizontal direction. An air mass takes on the tempera-
ture and moisture characteristics of the surface over which it forms and travels,
though its original characteristics tend to persist. The processes of radiation,
convection, condensation, and evaporation condition the air in an air mass as it
travels. Also, pollutants released into an air mass travel and disperse within the
air mass. Air masses develop more commonly in some regions than in others.
Table 10.1 summarizes air masses and their properties.

When two different air masses collide, a frons is formed. A front is not a
sharp wall but a zone of transition that is often several miles wide. Four frontal
patterns—warm, cold, occluded, and stationary—can be formed by air of differ-
ent temperatures. A cold front marks the line of advance of a cold air mass from
below, as it displaces a warm air mass. A warm front marks the advance of a warm
air mass as it rises up over a cold one.

When cold and warm fronts merge (the cold front overtaking the warm
front), occluded fronts form. Occluded fronts can be called cold front or warm
front occlusions. But in either case, a colder air mass takes over an air mass that
is not as cold.

The last type of front is the sttionary front. As the name implies, the air
masses around this front are not in motion. A stationary front can cause bad
weather conditions that persist for several days.

Thermal Inversions and Air Pollution

Earlier, it was pointed out that during the day the Sun warms the air near the
Earth’s surface. Normally, this heated air expands and rises during the day, di-
luting low-lying pollutants and carrying them higher into the atmosphere. Air
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Table 10.1. Classification of Air Masses

Name Origin Properties Symbol

Aortic Polar regions Low temperatures, low A
specific but high
summer relative
humidity, the coldest
of the winter air

masses
Polar Subpolar continental Low temperatures cP
continental* areas (increasing

with southward
movement), low
humidity, remaining

constant
Polar maritime  Subpolar area and Low temperatures mP
arctic region increasing with
movement, higher
humidity
Tropical Subtropical high- High temperatures, cT
continental pressure land areas low moisture content
Tropical Southern borders of Moderate high mT
maritime oceanic subtropical, tfemperatures, high
high-pressure areas relative and specific
humidity

*The name of an air mass, such as polar continental, can be reversed to continental polar, but
the symbol, cP, is the same for either name.

Source: EPA 2005.

from surrounding high-pressure areas then moves down into the low-pressure
area created when the hot air rises. This continual mixing of the air helps keep
pollutants from reaching dangerous levels in the air near the ground.

Sometimes, however, a layer of dense, cool air is trapped beneath a layer
of less dense, warm air in a valley or urban basin. This is called a #hermal
inversion. In effect, a warm-air lid covers the region and prevents pollutants
from escaping in upward-flowing air currents. Usually these inversions trap
air pollutants (i.e., plume dispersion is inhibited) at ground level for a short
period. However, sometimes they last for several days when a high-pressure
air mass stalls over an area, trapping air pollutants at ground level where they
accumulate to dangerous levels.

The best known location in the United States where thermal inversions oc-
cur almost on a daily basis is in the Los Angeles Basin. The Los Angeles Basin is
a valley with a warm climate and light winds, surrounded by mountains located
near the Pacific Coast. Los Angeles is a large city with a large population of
people and automobiles and possesses the ideal conditions for smog, which is
worsened by frequent thermal inversions.
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CHAPTER 11

Climate Change

Humanity is conducting an unintended, uncontrolled,
globally pervasive experiment whose ultimate consequences
could be second only to nuclear war. The Earth’s at-
mosphere is being changed at an unprecedented rate by
pollutants resulting from human activities, inefficient and
wasteful fossil fuel use and the effects of rapid population
growth in many regions. These changes are already having
harmful consequences over many parts of the globe.

—Toronto Conference statement, June 1988

Setting the Stage

Time: 10,312 BCE

He sat on the ground leaning against a deadfall, his leather-wrapped legs
pulled tight under him, and watched the swamp. He felt disoriented, detached
from the world around him. Even the air around him felt strange. It was dif-
ferent; this place was unusually warm. A possum waddled from a copse of vine-
maple below him, and Yurk watched the possum move off to the left—the pos-
sum, in a hurry, constantly jerking his head to the right, over his shoulder. The
possum darted toward the marshy bank, and stopped to sniff the ground. Some
noise or an odor carried on the wind seemed suddenly to startle the possum into
attention, and he looked back toward Yurk, then moved off into the tall marsh
grass, where he disappeared from view.

The rain was coming down in a fine drizzle. The wind sighed through the
fir boughs and the afternoon was redolent with the smell of tree-perfumed air.
Even with the light rain and wind, though, Yurk was warm—warmer than he
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ever remembered being before. He had never been so warm, his whole body at
the same time. By a fire, only what faces the fire is warm.

Yurk’s weathered face wore a mesmerized look as he chewed on a piece of
bark, resting against the decaying trunk of the fallen tree, almost as if he was
unaware of his surroundings. His eyes glazed over, as if he was there in shell
form only—an empty one at that. Maybe his blank state and hypnotized ap-
pearance was the result of the view in front of those blank eyes: Great truncated
tree trunks blackened by fire stood above the surface of the swamp water, stark
remnants of a very ancient past. A misty pall hung over the swamp as the black-
ness lowered over the forest and the swamp took on an eerie, forbidding, spectral
quality with the coming of night.

The cry of an owl drifted through the dark forest as Yurk stood (an effort
that required much exertion from his tired, ancient body). Carefully, he stretched
and yawned—careful not because of his frailty or from a sense of impending
danger, but because of instinct—not fear exactly, just instinct. A lifetime, gen-
erations of lifetimes of vigilance for survival (both conscious and unconscious)
had taught Yurk to be vigilant at all times. He was leg-weary and footsore, but
that really didn’t concern him. He knew his ending time was near—that was
why he had traveled better than 200 miles to this place. This place he had come
to had been familiar to him years before, but in a very different form. He wanted
to see the wonderment of the swampy terrain that lay before him now.

Yurk was viewing something he had heard about from other clan members
but something he had never witnessed before: a swamp.

Yes, a swamp with blackened, truncated tree remnants. In all his years (Yurk
was unusually old for his time and circumstances, well more than 60), Yurk
had never seen such a sight. Before—up until now—the landscape he had been
familiar with had been covered in snow and ice. He had visited this place many
times in the past—what seemed a bare plain of ice and snow. He had not been
on this journey in many years, but the last time he had come, he had simply
trudged through the open area (the swamp) over a bridge of thick ice and snow.
He (and no one else) had any idea that the swamp lay below the thick layers of
ice and snow. In his absence from this place, he had heard the tales from the
younger clan hunters, and had decided to take his last journey to see such a
place, such a site before he died.

It was so warm.

As he stood, wiping his wet brow and looking out upon the swamp, 30 feet
to Yurk’s left, working toward the top of the steep, craggy ledge on the sheer
cliff edge climbed the cat.

Like Yurk, the cat had come to this place many times in the past; although
she could not cognitively determine the exact difference between the past and
the present, she, too, knew this place had changed.
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It was so warm.

In the past 15 or so years, the cat, along with her running mates (these cats
almost always ventured into the wilderness accompanied—to hunt and to kill
required help, sometimes lots of help) had, like Yurk and his clan members,
crossed the swamp using the ice-bridge. But now things were different; the cat
knew this. She also knew that something else was different: It was so warm.

The cat (known today as Smilodon or saber-toothed tiger) continued slowly,
inexorably up the steep slope of the stony ridge. In the past, she had allowed for
the slipperiness of the ice sheet that covered the ledge, but at this time of year she
should have had very litde difficulty climbing the high terminal edge overlook-
ing the swamp. But now things were different—much different. She was on her
last legs, in all ways. But her difficulty was even more than that; even though the
going was easier now without the ice and snow, she still struggled her way up to
the terminal point. It was so hot. She labored even to breathe.

Yurk and the cat were aware of each other. Each knew the other was there—
have no doubt about that. Yurk was probably more fearful of the cat than she
was of him. But how could anyone tell? They had been bitter enemies through-
out their lives. The cat preferred feasting on mammoths and mastodons (Yurk
liked that kind of meat himself), but when confronted with her “only” threat,
her only true enemy, the cat knew she was wise to be ready. Life of any sort was
difficult enough; not being alert and wary at all times was certainly an invitation
to disaster—for both of them.

But now things were different. It was so warm. Neither the cat nor Yurk
was attentive to each other; they were not as alert, as wary of each other as they
had been in the past. Each knew, in their own way, that the days of hunting
and protecting themselves were behind them—food certainly wasn’t a consid-
eration with either. No, food was not a problem; they were not hungry. Afraid?
No, not really.

The cat continued her climb and finally reached the summit. She stood
looking out on the swamp, with one eye semifocused on Yurk. Yurk stood be-
low, looking out on the swamp, aware of her presence as well.

They both knew in their own way that things were different. Hell, they
could feel the difference; it was so warm.

Warm. Yes, it was warm. For their entire lives, they had never known
such warmth, had never seen the snow and ice melt, had never witnessed the
swampy landscape now before them. Their world was different, fearfully and
wonderfully changed.

The warming trend had actually begun about 2 or 3 years earlier, though
Yurk and the cat had barely been aware of it, because the increase in tempera-
tures had been subtle, just about a half a degree Fahrenheit every 3 months or
so. But now, now the difference was obvious. The temperature was a least 10
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degrees warmer than they had ever experienced; thus the melt, the freshly uncov-
ered swamp, the rock-strewn ledge—and the warmth, of course.

The cat and Yurk stood for a time, gazing out at the swamp. What this change
would mean to their clan and mates—those to follow—they were not capable of
determining. What this change would bring to their world, they were not capable
of speculating. So they stood, until Yurk sat back down on the ground, his back
against the deadfall, and the cat lay down on the heated rocks of the ledge; they
were both exhausted, tired, worn out—old, so old. And warm—too warm.

About an hour later, as darkness fell total upon the blackened, spectral
landscape before them, they both went to sleep, the sleep of the dead, and their
own warmth turned cold.

The ambient temperature continued to rise, even now that it was dark,
night. A night that when ended would bring the dawn of a new day and the
dawn of a new era.

It was so warm and getting warmer.

The question is, Can’t we do it with all the wastes we produce?

We think that goal is possible, especially if the scientific, political, social,
and monetary commitment that needs to be made is made—and it will be.

Why?

What other choice do we have? (Spellman, 1999)

Are we headed for warmer times or colder times? Is global climate change actu-
ally happening, and if so, do we really need to worry about it? Are the tides ris-
ing? Does the ozone hole portend disaster right around the corner?

These days, many people are beginning to ask a variety of questions related
to climate change. Such questions seem reasonable when you consider the
constant barrage of newspaper headlines, magazine articles, and television news
reports we have been exposed to in recent years. Recently, for example, El Nifio
(and its devastation of the west coast of the United States, Peru, and Ecuador)
has received a lot of attention in the media as well as scientific attention. On
the other side of the coin, it has helped reduce the usual number, magnitude,
and devastation of hurricanes that annually blast the east coast of the United
States—though the people affected by the ice storms in upstate New York and
in Canada and the tornado victims in Florida in the winter of 1998 probably
didn’t consider themselves very lucky.

What’s going on? What does all this mean? We have plenty of theories
and doomsayers out there, but are they correct? Does anyone really know the
answers? Is there anything we can do?

Not really.

Should we be concerned?

Yes.

Should we panic?
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No.

Should we take decisive action? Should we practice feel-good science instead
of good science?

Not exactly.

Is there anything we can do?

Yes. We can study the facts, the issues, the possible consequences—we can
do all this, but we need to let scientific fact, common sense, and cool-headedness
prevail. Shooting from the hip is not called for here, makes little sense, and could
have Titanic consequences for us all.

One thing is certain: We cannot abandon ship. The SS Earth is the only
ship around and whether we like it or appreciate it doesn’t really matter; we are
all passengers headed in the same direction. We hope our journey will continue
in such a manner that we and SS Earth can continue to make headway with fair
winds and following seas.

Will we be able to accomplish this?

Maybe a better question is whether there is anything we can do about it.

The answer, of course, is yes. We can do something—and we will because
what other choice do we have?

The only question that really has any merit here is whether we will take the
correct action before it is too late. The key words are “correct action.”

In this chapter, global climate change related to our atmosphere and its
problems, actual and potential, are discussed. Consider this: Any damage we
do to our atmosphere affects the other three mediums—water, soil, and biota.
Thus, the endangered atmosphere (if it is endangered) is a major concern to
all of us.

The Past

Before we begin our discussion of the past, we need to define the era we refer to
when we say “the past.” Table 11.1 gives the entire expanse of time from Earth’s
beginning to present. Table 11.2 provides the sequence of geological epochs over
the past 65 million years, as dated by modern methods. The Paleocene through
Pliocene together make up the Tertiary Period; the Pleistocene and the Holo-
cene compose the Quaternary Period.

When most people think about climatic conditions in the ancient past,
they generally think of two eras: the Ice Age and the period of the dinosaurs. Of
course, those two ages take up only a tiny fraction of the time Earth has been
spinning around the Sun. Let’s look at what we know about the past. In the first
place, geological history has shown periods when the normal climate of the Earth
was so warm that subtropical weather reached to 60° north and south latitude,
and there was a total absence of polar ice.
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Table 11.1. Geologic Eras and Periods

Era Period Millions of Years before Present
Cenozoic Quaternary 2.5-present
Tertiary 65-2.5
Mesozoic Cretaceous 135-65
Jurassic 190-135
Triassic 225-190
Paleozoic Permian 280-225
Pennsylvanian 320-280
Mississippian 345-320
Devonian 400-345
Silurian 440-400
Ordovician 500-440
Cambrian 570-500
Precamlbrian 4600-570

Most people are unaware that glaciers have advanced and reached as far
south as what is now the temperate zone of the northern hemisphere during less
than about 1% of Earth’s history. The latest such advance (which started about
1,000,000 years ago) was marked by geological upheaval and, arguably, the be-
ginning of man. During this time, vast ice sheets advanced and retreated over the
continents. The following takes a closer look at these Ice Ages.

A TIME OF ICE

The oldest known glacial epoch occurred nearly 2 billion years ago. In southern
Canada, extending east to west about 1,000 miles is a series of deposits of glacial
origin. Within the last billion years or so, the earth has experienced at least six
major phases of massive, significant climatic cooling and subsequent glaciation,
which apparently occurred at intervals of about 150 million years. Each may
have lasted as long as 50 million years.

Table 11.2. Geological Epochs

Epochs Million Years Ago
Holocene 0.01-0
Pleistocene 1.6-0.01
Pliocene 5-1.6
Miocene 24-5
Oligocene 35-24
Eocene 58-35

Paleocene 65-58
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In more recent times (Pleistocene epoch to present), examination of land
and oceanic sediment core samples clearly indicate that numerous alterations
between warmer and colder conditions have occurred over the last 2 million
years (during the middle and early Pleistocene epoch). At least eight such cycles
have occurred in the last million years, with the warm part of the cycle lasting
only a relatively short time.

During the Pleistocene Epoch (what we commonly call the Great Ice Age),
a series of ice advances began, at times covering over one-fourth of the earth’s
land surface with great sheets of ice thousands of feet thick. Glaciers moved
across North America many times, reaching as far south as the Great Lakes, and
an ice sheet thousands of feet thick spread over northern Europe, sculpting the
land and leaving behind its giant footprints in the form of numerous lakes and
swamps and its toe prints in the form of terminal moraines as far south as Swit-
zetland. Evidence appears to indicate that each succeeding glacial advance was
more severe than the previous one. The most severe began about 50,000 years
ago and ended about 10,000 years ago. Several glacial advances were separated
by interglacial stages, during which the ice melted and temperatures were on
average higher than today.

“Temperatures were higher than today?” Yes. Keep this important point in
mind as we proceed.

Although scientists consider the Earth still to be in a glacial stage (because
one-tenth of the globe’s surface is still covered by glacial ice), ever since the cli-
max of the last glacial advance, the ice sheet has been in a stage of retreating and
world climates, although fluctuating, are slowing warming.

How do we know the ice sheet is in a retreating stage? We know from our
observations and well-kept records that clearly show that the last 100 years have
seen marked worldwide retreat of ice. Swiss resorts built during the early 1900s
to offer scenic views of glaciers now have no ice in sight. Glacier National Park
in Montana, world famous for its 50 glaciers and 200 lakes, is not quite the same
place it was a hundred years ago. In 1937, a 10-foot pole was driven into the
ground at the terminal edge of one of the main glaciers. Today this pole is still
in place, but the glacier has retreated several hundred feet back up the slope of
the mountain. If this glacial retreat continues and all the ice melts, sea levels will
rise more than 200 feet, flooding many of the world’s major cities. New York
and Boston would then become aquariums.

What causes an Ice Age? The cause of these periodic ice ages is a deep
enigma of Earth history. Scientists have advanced many theories ranging from
changing ocean currents to sunspot cycles. One fact that is absolutely certain,
however, is that an Ice Age event occurs because of a change in Earth’s climate.
But what brings about such a drastic change? To answer this question we need
to take a closer look at some factors related to climate and climate change.
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Climate results from the uneven distribution of heating over the surface
of the Earth caused by the Earth’s tilt. This tilt is the angle between the earth’s
rotational axis and its orbital plane around the sun. Currently this angle is 23.5
degrees, but it has not always been at that angle. The angle has changed; we will
discuss this in greater detail shortly.

Long-term climate is also affected by the heat balance of the earth, which is
driven mostly by the concentration of carbon dioxide (CO,) in the atmosphere.
Climate change can result if the pattern of solar radiation is changed or if the
amount of carbon dioxide changes. Abundant evidence that the earth does un-
dergo climatic change exists. Climatic change can be a limiting factor for the
evolution of many species.

As stated previously, there is abundant evidence (primarily from soil core
samples and topographical formations) that the earth undergoes climatic change.
Climate change includes events such as periodic Ice Ages, characterized by glacial
and interglacial periods. Major glacial periods lasted up to 100,000 years, with a
temperature decrease of about 9° F, and most of the planet was covered with ice.
Minor periods lasted up to 12,000 years with about a 5° F decrease in tempera-
ture, and ice covered 40° latitude and above. Smaller periods such as the “Little
Ice Age” occurred from about 1000-1850 BCE, when there was about a 3.8°
F drop in temperature. Despite its name, “Little Ice Age” was not a true glacial
period, but rather a time of severe winters and violent storms.

We are presently in an interglacial stage that may be reaching its apogee.
The Earth has gone through a series of glacial periods, and from the best infor-
mation available to us, these periods are cyclical. What does that mean in the
long run? No one knows for sure, but let’s look at the effects of Ice Ages.

Ice Ages bring about changes in sea levels. A full-blown Ice Age can change
sea level by about 100 meters, which would expose the continental shelves.
The exposed continental shelves’ composition would be changed because of
increased deposition during melt. The hydrological cycle would change be-
cause less evaporation would occur. Significant changes in landscape would
occur, such as the creation of huge formations on the scale of the Great Lakes.
Drainage patterns throughout most of the world would change, with possible
massive flooding episodes. Topsoil characteristics would change—glaciers de-
posit rock and grind away soil.

Are these changes significant? Many areas would be devastatingly affected
by the changes that an Ice Age could bring. In particular, northern Europe,
Canada, Seattle, Washington, around the Great Lakes, and coastal regions
would be affected.

Let’s go back to the main question: What causes Ice Ages? The answer is
that we are not sure, but there are some theories. Scientists point out, for ex-
ample, in order to generate a full-blown Ice Age (a massive ice sheet covering
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most of the globe), certain periodic or cyclic events or happenings would have
to take place. The periodic fluctuations referred to would have to affect the solar
cycle, for instance. However, we have no definitive evidence that this has ever
occurred. Another theory speculates that periods of widespread volcanic activity
generating masses of volcanic dust block or filter heat from the sun, thus cooling
down the Earth.

Some speculate that the carbon dioxide cycle would have to be periodic or
cyclic to bring about periods of climate change. References have been made to a
so-called factor 2 reduction, causing a 7° F temperature drop worldwide.

Others speculate that another global Ice Age could be brought about by
increased precipitation at the poles, caused by changing orientation of conti-
nental land masses. And still others theorize that a global Ice Age would result
if changes in mean temperatures of ocean currents occurred. But the question is
how? By what mechanism?

So what are the most probable causes of Ice Ages on Earth? According to
the Milankovitch hypothesis, the occurrence of an Ice Age is governed by a com-
bination of factors: (1) the Earth’s change of altitude in relation to the sun: the
way it tilts in a 41,000-year cycle and at the same time wobbles on its axis in a
22,000-year cycle, making the time of its closest approach to the sun come at
different seasons; and (2) the 92,000-year cycle of eccentricity in its orbit round
the sun, changing it from an elliptical to a near-circular orbit, with the severest
period of an Ice Age coinciding with the approach to circularity.

What this means is that we have a lot of speculation about Ice Ages and their
causes and their effects. We do not have any speculation about the fact that they
actually occurred and that they caused things to occur (formation of the Great
Lakes, etc.), but there is a lot we do not know—the old “we don’t know what
we don’t know” paradox.

Many possibilities exist. At this point, no single theory is sound, and, doubt-
less, many factors are involved. But we should keep in mind that we are pos-
sibly still in the Pleistocene Ice Age. It may reach another maximum in another
60,000 years or so. This issue will be revisited again in the next section.

WARM WINTER

Maybe you’ve seen the headlines: “1997 Was the Warmest Year on Record,”
“Scientists Discover Ozone Hole Is Larger Than Ever,” “Record Quantities of
Carbon Dioxide Detected in Atmosphere,” or “January 1998 Was the Third
Warmest January on Record.” Have you seen other reports about research that
indicates that we are undergoing a cooling trend?



158 THE HANDBOOK OF GEOSCIENCE

In the previous section, we discussed several possible causes of glaciation
and subsequent climatic cooling. In most scenarios discussed, we were left with
the old paradox: We do not know what we don’t know. Now it’s time to discuss
how we know what we think we know about climatic change.

WHAT WE THINK WE KNOW ABOUT
GLOBAL CLIMATE CHANGE

Two large-scale environmentally significant events took place in 1997: the
return of El Nifo and the Kyoto Conference: Summit on Global Warm-
ing and Climate Change. As to El Nifio, 1997 and 1998 news reports have
blamed this phenomenon for just about everything and anything that has to
do with weather conditions throughout the world. Some of these occurrences
are indeed El Nifio—related or El Nifio—generated: the out-of-control fires,
droughts, floods; the stretches of dead coral; the lack of fish in the water; and
the reduction in the number of birds around certain Pacific atolls are examples.
Few would argue that the devastating storms that struck the west coasts of
South America, Mexico, and California were not related to El Nifio. Addition-
ally, few argue against El Nino’s affect on the 1997 hurricane season, one of
the mildest on record. However, other anomalies or occurrences blamed on
El Nifio, such as lower or higher plant growth in certain regions of the globe
and other absurdities like the appearance of a double rainbow in certain areas,
certainly are suspect if not totally ridiculous.

On December 7, 1997, the Associated Press reported that, while delegates
at the global climate conference in Kyoto haggled over greenhouse gases and
emission limits, a compelling—and so far unanswered—question has emerged:
“Is global warming fueling El Nifio?”

Nobody is really sure because we need more data than we have today. One
thing seems certain (based on our paltry amount of recorded data): El Nifio is
getting stronger and more frequent.

Some scientists fear that the increasing frequency and intensity of El Nifo
(based on records showing that two of this century’s three worst El Nifios have
come recently, in 1982 and 1997) may be linked to global warming. Experts
at the Kyoto Conference say the hotter atmosphere is heating up the world’s
oceans, which could set the stage for more frequent and extreme El Nifios.

We have little doubt that weather-related phenomena seems to be intensify-
ing throughout the globe. Can we be sure that this is related to global warming
yet? No. The jury is still out. We need more data, more science, more time.

Is there cause for concern? Yes, there is. According to the Associated Press
coverage of the Kyoto Conference, scientist Richard Fairbanks reported that he
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found some startling evidence of our need for concern. During two months of
scientific experiments on Christmas Island (the world’s largest atoll in the Pa-
cific Ocean) conducted in autumn 1997, he discovered a frightening scene. The
water surrounding the atoll was 7° F higher than average for that time of year,
throwing the environmental system out of balance. According to Fairbanks,
40% of the coral was dead, the warmer water had killed off or driven away fish,
and the atoll’s normally plentiful bird population was almost completely gone.

Few would argue with the affect that El Nifio is having on the globe. How-
ever, we are not certain that it is caused or intensified because of global warming.
The natural question now shifts to what we know about global warming and
climate change.

USA Today (December 1997) reported on the results of a report issued by
the Intergovernmental Panel on Climate Change and an interview with Jerry
Mahlman of the National Oceanic and Atmospheric Administration and Prince-
ton University in which the following information about what most scientists
agree on was obtained (p. A-2):

* There is a natural “greenhouse effect” (first discovered by Joseph Fourier in
1824). Scientists know how it works, and without it, Earth would freeze.

* The Earth undergoes normal cycles or warming and cooling on grand scales.
Ice ages occur every 20,000 to 100,000 years.

* Globally, average temperatures have risen 1 degree in the past 100 years,
within the range that might occur normally.

* The level of artificial carbon dioxide in the atmosphere has risen 30% since the
beginning of the Industrial Revolution in the 19th century, and is still rising.

* Levels of artificial carbon dioxide will double in the atmosphere over the next
100 years and generate a rise in global average temperatures of about 3.5° F
(larger than the natural swings in temperature that have occurred over the past
10,000 years).

* By 2050, temperatures will rise much higher in northern latitudes than the
increase in global average temperatures. Substantial amounts of northern sea
ice will melt, and snow and rain in the northern hemisphere will increase.

* As the climate warms, the rate of evaporation will rise, further increasing
warming. Water vapor also reflects heat back to Earth.

WHAT WE THINK WE KNOW ABOUT GLOBAL WARMING

What is global warming? To answer this question we need to discuss the green-
house effect. We know that water vapor, carbon dioxide, and other atmospheric
gases (greenhouse gases; Table 11.3) help to warm the Earth. Without this
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Table 11.3. Greenhouse Gases

Percent of Total Sources and Percent of
Greenhouse Gas Greenhouse Gases Total Greenhouse Gases

Carbon dioxide 50 Energy from fossil fuels (35)
Deforestation (10)
Agriculture (3)
Industry (2)

Methane 16 Energy from fossil fuels (4)
Deforestation (4)
Agriculture (8)

Nitrous oxide 6 Energy from fossil fuels (4)
Agriculture (2)

Chlorofluorocarbons (CFCs) 20 Industry (20)

Ozone 8 Energy from fossil fuels (6)

Industry (2)

EPA (2005).

greenhouse effect, the Earth’s average temperature would be closer to zero than
its actual 60°. As gases are added to the atmosphere, the average temperature
could increase, changing orbital climate.

Greenhouse Effect

Here is an explanation of Earth’s greenhouse effect most people, especially gar-
deners, are familiar with. In a garden greenhouse, the glass walls and ceilings
are largely transparent to shortwave radiation from the sun, which is absorbed
by the surfaces and objects inside the greenhouse. Once absorbed, the radiation
is transformed into longwave (infrared) radiation (heat), which is radiated back
from the interior of the greenhouse. But the glass does not allow the longwave
radiation to escape, instead absorbing the warm rays. With the heat trapped in-
side, the interior of the greenhouse becomes much warmer than the air outside.

The earth’s atmosphere allows much the same greenhouse effect to take
place. The shortwave and visible radiation that reaches Earth is absorbed by the
surface as heat. The long heat waves are then radiated back out toward space,
but the atmosphere instead absorbs many of them. This is a natural and balanced
process and, indeed, is essential to life as we know it on Earth. The problem
comes when changes in the atmosphere radically change the amount of absorp-
tion, and, therefore, the amount of heat retained. Scientists speculate that this
may have been happening in recent decades as various air pollutants have caused
the atmosphere to absorb more heat. This phenomenon takes place at the local
level with air pollution, causing heat islands in and around urban centers.

As pointed out earlier, the main contributors to this effect are the green-
house gases: water vapor, carbon dioxide, carbon monoxide, methane, volatile
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organic compounds, nitrogen oxides, chlorofluorocarbons, and surface ozone.
These gases delay the escape of infrared radiation from the Earth into space,
causing a general climatic warming. Note that scientists stress that this is a natu-
ral process. Indeed, the Earth would be 33° C cooler than it is presently if the
“normal” greenhouse effect did not exist (Hansen et al., 1986).

The problem with Earth’s greenhouse effect is that human activities are
now rapidly intensifying this natural phenomenon, which may lead to global
warming. Debate, confusion, and speculation about this potential consequence
is rampant. Scientists are not entirely sure whether the recently perceived
wotldwide warming trend is because of greenhouse gases or some other cause or
whether it is simply a wider variation in the normal heating and cooling trends
they have been studying. If it continues unchecked, however, the process may
lead to significant global warming, with profound effects. Human influence
on the greenhouse effect is real; it has been measured and detected. The rate at
which the greenhouse effect is intensifying is now more than five times what it
was during the last century (Hansen & Lebedeft, 1989).

Greenhouse Effect and Global Warming

Those who support the theory of global warming base their assumptions on hu-
man altering of the Earth’s normal greenhouse effect, which provides necessary
warmth for life. They blame human activities (burning of fossil fuels, deforesta-
tion, and use of certain aerosols and refrigerants) for the increased amounts of
greenhouses gases. These gases have increased the amounts of heat trapped in
the Earth’s atmosphere, gradually increasing the temperature of the whole globe.

Many scientists note that recent, short-term observation indicates that the
last decade has been the warmest since temperature recordings began in the late
19th century, and that the more general rise in temperature in the last century
has coincided with the Industrial Revolution, with its accompanying increase in
the use of fossil fuels. Other evidence supports the global warming theory. For
example, in the Arctic and Antarctica, places that are synonymous with ice and
snow, we see evidence of receding ice and snow cover.

Taking a long-term view, scientists look at temperature variations over
thousands or even millions of years. Having done this, they cannot definitively
show that global warming is anything more than a short-term variation in
Earth’s climate. They base this assumption on historical records that show that
the Earth’s temperature does vary widely, growing colder with ice ages and then
warming again. On another side of the argument, some people point out that
the 1980s saw 9 of the 12 warmest temperatures ever recorded, and the Earth’s
average surface temperature has risen approximately 0.6° C (1° F) in the last
century (Environmental Protection Agency [EPA], 1995). At the same time, still
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others offer as evidence that the same decade also saw three of the coldest years:
1984, 1985, and 1986.

So what is really going on? We are not certain, but let’s assume that we are
indeed seeing long-term global warming. If this is the case, we must determine
what is causing it. But here we face a problem. Scientists cannot be sure of the
greenhouse effect’s causes. Global warming may simply be part of a much longer
trend of warming since the last Ice Age. Though much has been learned in the
past two centuries of science, little is actually known about the causes of the
wotldwide global cooling and warming that have sent the Earth through a suc-
cession of major and lesser ice ages. We simply don’t have the long-term data to
support our theories.

Factors Involved with Global Warming and Cooling

Right now, scientists are able to point to six factors that could be involved in
long-term global warming and cooling:

1. Long-term global warming and cooling could result if changes in the Earth’s
position relative to the Sun occur (i.e., the Earth’s orbit around the Sun
changes), with higher temperatures when the two are closer together and
lower when farther apart.

2. Long-term global warming and cooling could result if major catastrophes
(meteor impacts or massive volcanic eruptions) occur that throw solar-radia-
tion blocking pollutants into the atmosphere.

3. Long-term global warming and cooling could result if changes in albedo (re-
flectivity of the Earth’s surface) occur. If the Earth’s surface were more reflec-
tive, for example, the amount of solar radiation radiated back toward space
instead of being absorbed would increase, lowering temperatures on Earth.

4. Long-term global warming and cooling could result if the amount of radia-
tion emitted by the sun changes.

5. Long-term global warming and cooling could result if the shape and relation-
ship of the land and oceans change.

6. Long-term global warming and cooling could result if the composition of the
atmosphere changes.

This last possibility, the potential change in the composition of the atmo-
sphere, of course, relates directly to our present concern: Have human activities
had a cumulative effect large enough to affect the total temperature and climate
of Earth? We are not certain right now, but we are somewhat concerned and
alert to the problem.
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So what does all this mean? If global warming is occurring, we can expect
winters to be shorter, summers to be longer and warmer, and the sea level to rise
on the order of a foot or so in the next 100 years and to continue to do so for
many hundreds of years.

We have routine global temperature measurements for only about 100
years, and these are not too reliable because of changes in instrumentation and
methods of observation. The only conclusion to be drawn about our climate is
that we do not know whether it is changing drastically. The key word is drasti-
cally. Geologically, we may be at the end of an Ice Age. Evidence indicates that,
during interglacial cycles, there is a period when temperatures increase before
they plunge. Are we ascending the peak temperature range? How about human
effects on climate? Have they become so marked that we cannot be sure that the
natural cycle of Ice Ages (which has lasted for the last 5 million years or so) will
continue? Or are we just having a breathing spell of a few centuries before the
next glacial advance? No one knows for sure. What do you think?

v/ Interesting Point: Views on the effects of global climate change and sub-
sequently on global warming are many and varied. It is interesting to note
that in my undergraduate and graduate-level air pollution courses at Old
Dominion University, we spend a lot of time discussing and researching
global climate change. I have found (surprisingly, to me, at least) that many
students do not believe that global warming is a problem. Instead, they ar-
gue that global warming is better than global cooling—no argument there.
Enduring warm winters is better than enduring cold winters—in my old
age, this seems sensible. Because energy supplies are limited, it is better that
the globe is warming than cooling simply because it will be difficult to keep
us all warm with a limited, dwindling amount of available energy. Some
might say that these are simple statements that have some semblance to that
rare substance that is not so common: common sense.
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CHAPTER 12

Earth’s Structure

Nobody hurries geology.
—Mark Twain

Earth, Planet Earth, the World, and Terra, the third planet
from the sun, the place we live—what could be more im-
portant to us? Yet, how little most of us really know about
the composition and history of the planet that is our home.

—Jennifer Blue

These statements set the stage for what is to follow in this and subsequent
chapters in this part of the text. As Mark Twain points out, Earth’s structure,
or geology, is all about time—Ilots of time, eons of time; time that is endless
(we hope). The fact is that because of the passage of time, we do not know
what we do not know about our own planet, Earth. How could we? None of
us has lived the 4.54 billion years from the time the scientific evidence suggests
that Earth was formed to the present. Well, we might think, to find out about
Earth—its beginning and its subsequent history—couldn’t we just refer back
to the written record? That depends on the written record being referred to. In
regard to the human written record, keep in mind that prior to 5,000-5,500
years ago there is no written record (that we are aware of) that has preserved
all the knowledge of facts or events that occurred in the past. There simply is
not a continuous narrative and systematic analysis of past events of importance
to the human race because on the scale of longevity, the time humankind has
spent on Earth is measured as a small drop in an enormous ocean; likewise,
on a comparative scale, the period during which humankind has been able
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to write is so small it cannot be perceptively measured. Events that occurred
before the advent of written communication are dubbed prebistory. In writ-
ing—the written historical record of Earth—there is little that is known or
written about prehistorical times.

The existing written historical record is defined as a written document
preserving knowledge of facts and events. As discussed previously, the written
historical record as recorded by humankind is extremely limited. This is not
to say, however, that there is no record of the history of the Earth available
for our perusal. No one has “written” more about the history of past events
of importance to Earth and the human race than Mother Nature. All we need
do is to look at Earth (rocks) and its formations to see its past. It is true, how-
ever, that all Mother Nature has written in Earth’s past is not that clear to us;
again, the heavy hand of time has molded, shaped, reshaped, retooled, and
reshaped again and again Earth’s physical features in so many different ways
and in so many directions that it is literally impossible for anyone to decipher
exactly what has occurred to any given region on Earth at any given time in
the ancient past. Compounding the problem brought about by the effects of
time is that not many of us are able or qualified to decipher what it is we are
looking at in regard to Earth and its history. To do this to any extent, we must
know geology.

Some geology facts are common knowledge; we know them despite not hav-
ing any detailed geological knowledge. We know about the products of soils that
have been formed by weathered rock, oil formed from the remains of prehistoric
plants and animals, and the beauty and value of precious stones. These are the
basics; they constitute only a small fraction of the useful materials with which
the Earth provides us.

Think about how impossible it would be for modern industry to have devel-
oped as we know it today without other Earth products. Mineral resources such
as coal, iron, lead, and petroleum derived from the Earth have been made readily
available through the application of basic geology, geological engineering, global
positioning systems, and generic mapping tools.

Earth also provides us with areas of exceptional beauty. One need not be
a geologist to marvel at the breathtaking vastness of the Grand Canyon; the
enriching warmth of the sandstone formations and the very color of the Earth
at Zion, Bryce Canyon, Arches National Parks, and Monument Valley Navajo
Tribal Park all in Utah; the mystery of Luray Caverns; or the natural wonders
of Yosemite or Yellowstone. All of these and many more are the results of
geologic processes that are dynamic and are still at work today. They are the
same geologic processes that began to shape the Earth more than 4.54 billion
years ago!
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What Is Geology?

It is important to point out that geology is not only the study of the structure of
Earth as we see it today, but the history of the Earth as it has evolved to its present
condition. In attempting to pin down a definition of geology (to explain what it is
and what it is about), consider the definition provided by Press and Siever (2001):

Earth is a unique place, home to more than a million life forms,
including ourselves. No other planet yet discovered has the same
delicate balance necessary to sustain life. Geology is the science that
studies the Earth—how it was born, how it evolved, how it works,
and how we can help it.

Did You Know?

+ The Earth has evolved (changed) throughout its history, and will con-
finue to evolve.

* The Earth is about 4.6 billion years old; human beings have been
around for only the past 2 million years.

The term geology is derived from the Greek geo, “Earth,” plus /logos,
“discourse or study of.” Paraphrasing Press and Siever’s (2001) definition of
geology in simplistic terms, we can define it as the science that deals with the
origin, structure, and history of the Earth and its inhabitants as recorded in
the rocks.

Geology consists of the sciences of mathematics, physics (geophysics and
seismology), and chemistry (petrology and geochemistry); these are the sciences
that set the general principles for all the other sciences. Additionally, geology is
composed of or interrelated to the sciences that describe the great systems that
make up the universe: astronomy (planetary geology) and biology (paleontol-
ogy). Some geologists are specialists who deal with very narrow parts of geology
including mineralogy, meteorology, botany, zoology, and others. Geological
science also includes exposure to the principles of sociology and psychology. In
a nutshell and based on personal experience, it can be said with some certainty
that the practicing geologist, whether a specialist or not, should and must be a
generalist. That is, to be effective in practice, the geologist must have a well-
rounded exposure to and some knowledge of just about everything related to the
other scientific disciplines.
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Professional geologists work to locate geologic resources. They also perform
geological and mining engineering, site studies, and land-use planning. In regard
to environmental protection, they conduct environmental impact studies and
perform groundwater and waste management functions. Geologists also conduct
basic research to maintain the science on the cutting edge of fundamental knowl-
edge for current and future applications.

Scientific Principles and Geology

As with the other sciences, the science of geology is based on scientific principles.
In the following, the geological principles of parsimony, superposition, and uni-
formitarianism are defined.

* Parsimony is a principle that states that, in arriving at a hypothesis or course
of action, less is better (i.c., the least complex explanation for an observation
is better). The meaning of this approach is best summed up by the acronym
KISS (“Keep it simple, stupid”). The KISS principle states that simplicity is
the key to understanding complex issues.

* Superposition, the basic principle to understand geologic history, states that in
undisturbed sedimentary layers, rocks are deposited in a time sequence, with
the oldest on the bottom and youngest on top. Note that in areas where the
rocks have been greatly disturbed, it is necessary to determine the tops and
bottoms of beds before the normal sequence can be established.

* Uniformitarianism is one of the most basic principles of modern geology, the
observation that fundamentally the same geological processes that operate
today also operated in the distant past. Or, more simply stated, #he present is
the key to the past.

Geology: Major Divisions

Because the scope of geology is so broad, it has been divided into two major
divisions: physical geology and historical geology. Each of these divisions has been
subdivided into a number of more specialized branches.

PHYSICAL GEOLOGY

Physical geology deals with the study of Earth materials as well Earth’s structure,
composition, the movements within and on the Earth’s surface, and the geologic
processes by which the Earth’s surface is (or has been) changed.
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To perform detailed studies and gain knowledge in all phases of geology
(Earth science), the broad division of physical geology includes such basic sub-
branches as geochemistry, the use of chemical principles to study and understand
the composition of rocks and environmental quality. The study of the physical
properties to infer internal structures is called geophysics. The sub-branches of
mineralogy, the study and identification of minerals, and petrology, the study of
rocks, provide much-needed information about the composition of the Earth.
In addition, sedimentology studies sedimentary deposits. Another important
branch of physical geology is structural geology, the study of the deformation
of rocks. Economic geology, the exploration and exploitation of geological re-
sources, is also an important branch.

HISTORICAL GEOLOGY

Historical geology is the study of the origin and evolution of Earth, its environ-
ments, and its life (inhabitants) through time. It examines geologic history as a
pattern and as process. Like physical geology, historical geology covers such a
variety of fields that it has been subdivided into several branches. For example,
the geologist utilizes stratigraphy, which is concerned with the origin, composi-
tion, proper sequence, and correlation of the rock strata. Paleontology, the study
of ancient organisms as revealed by their fossils, provides a background of the
development of life on Earth, and paleogeography affords a means of studying
geographic conditions of past times. Each of these branches, and others, is a sci-
ence within itself that makes it possible to reconstruct the relations of ancient
lands and seas and the organisms that inhabited them.

Did You Know?

Because the physical and historical geologist studies the same rocks, the
unification of these two important divisions leads ultimately to a better
understanding of the composition and history of Earth.

Earth’s Geological Processes

Earlier it was pointed out that geology is about patterns and processes. We can
also say that geology is about the materials that make up the Earth. The materials
that make up the Earth, of course, are mainly rocks (including dust, silt, sand, and
soil). Rocks in turn are composed of minerals and minerals are composed of atoms.
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Earth materials and patterns are important and are discussed in detail later
in the book, but for now it is Earth processes that are of interest to us. Earth
processes are constantly acting upon and within the Earth to change it. Examples
of these on-going processes include formation of rocks; chemical cementation
of sand grains together to form rock; construction of mountain ranges; and ero-
sion of mountain ranges. These are internal processes that get their energy from
the interior of the Earth—most from radioactive decay (nuclear energy). Other
examples of ongoing Earth processes include those that are more apparent to us
(external processes) because they occur relatively quickly and are visible. These
include volcanic eruptions, dust storms, mudflows, and beach erosion. The en-
ergy source for these processes is solar and gravitational.

It is important to point out that many of these processes are cyclical in
nature. The two most important cyclical processes are the hydrological (water)
cycle and the rock cycle.

HYDROLOGICAL CYCLE

Simply, the water cycle describes how water moves through the environment
and identifies the links between groundwater, surface water, and the atmosphere
(Figure 12.1). As illustrated, water is taken from the Earth’s surface to the atmo-
sphere by evaporation from the surface of lakes, rivers, streams, and oceans. This
evaporation process occurs when the sun heats water. The sun’s heat energizes
surface molecules, allowing them to break free of the attractive force binding
them together, and then evaporate and rise as invisible vapor in the atmosphere.

Water vapor is also emitted from plant leaves by a process called rranspira-
tion. Every day, a growing plant transpires 5 to 10 times as much water as it
can hold at once. As water vapor rises, it cools and eventually condenses, usu-
ally on tiny particles of dust in the air. When it condenses, it becomes a liquid
again or turns directly into a solid (ice, hail, or snow). These water particles
then collect and form clouds. The atmospheric water formed in clouds eventu-
ally falls to Earth as precipitation. The precipitation can contain contaminants
from air pollution. The precipitation may fall directly onto surface waters, be
intercepted by plants or structures, or fall onto the ground. Most precipitation
falls in coastal areas or in high elevations. Some of the water that falls in high
elevations becomes runoff water, the water that runs over the ground picking up
the sand, silt, and clay from the soil, and carries particles to lower elevations to
form streams, lakes, and alluvial fertile valleys.

The water we see is known as surface water. Surface water can be broken down
into five categories: oceans, lakes, rivers and streams, estuaries, and wetlands.
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The health of rivers and streams is directly linked to the integrity of habitat
(and geology) along the river corridor and in adjacent wetlands. Stream quality
will deteriorate if activities damage vegetation along riverbanks and in nearby
wetlands. Trees, shrubs, and grasses filter pollutants from runoff and reduce soil
erosion. Removal of vegetation also eliminates shade that moderates stream tem-
perature. Stream temperature, in turn, affects the availability of dissolved oxygen
in the water column for fish and other aquatic organisms.

ROCK CYCLE

With time and changing conditions, the igneous, sedimentary, and metamorphic
rocks of Earth are subject to alteration by the processes of weathering (erosion),
volcanism, and tectonism. Known as the rock cycle (Figure 12.2), this series of

Solar Energy

4

Erosion & Transport
Weathering

Burial & Cementation

Sedimentary Metamorphic

Internal (Geothermal) Energy

Figure 12.2. Rock cycle—if uninterrupted, will continue completely
around the outer margin of the diagram. However, as shown by the ar-
rows, the cycle may be interrupted or “shori-circuited” at various points
in its course.
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events (or group of changes) represents a response of Earth materials to various
forms of energy. As shown in Figure 12.2, most surface rocks started out as igne-
ous rocks (rocks produced by crystallization from a liquid). When igneous rocks
are exposed at the surface they are subject to weathering. Erosion moves particles
into rivers and oceans where they are deposited to become sedimentary rocks.
Sedimentary rocks can be buried or pushed to deeper levels in the Earth,
when changes in pressure and temperature cause them to become metamorphic
rocks. At high temperatures, metamorphic rocks might melt to become mag-
mas. Magmas rise to the surface, crystallize to become igneous rocks, and the
processes starts over. Keep in mind that the cycles are not always completed,
for there can be many short circuits along the way, as indicated in Figure 12.2.

Did You Know?

All rock on Earth (except for meteorites) today is made of the same
stuff as the rocks that dinosaurs and other ancient life forms walked,
crawled, or swam over. While the stuff that rocks are made from stays
the same, the rocks do not. Over millions of years, rocks are recycled
into other rocks. Moving tectonic plates help to destroy and form many
types of rocks.

Planet Earth

The Earth has a radius of about 6,370 km, although it is about 22 km larger at
the equator than at the poles. The circumference of the Earth is about 24,874
miles, and the surface area comprises roughly 197 million square miles (about
29%). The remaining 71% of the Earth’s surface is covered by water.

The Earth, like the other planets in our solar system, revolves around the
Sun within its own orbit and period of revolution. The Earth also rotates on its
own axis. The Earth rotates from west to east and makes one complete rotation
each day. It is this rotating motion that gives us the alternating periods of day-
light and darkness that we know as day and night.

The Earth also precesses (or wobbles) as it rotates on its axis, much as a top
wobbles as it spins. This single wobble has to do with the fact that the Earth’s
axis is tilted at an angle of 23%4 degrees. The tilting of the axis is also responsible
for the seasons. Over the years, various hypotheses have been put forward in at-
tempts to identify the force, or excitation mechanism, that propels the wobble,
such as atmospheric phenomena, continental water storage (changes in snow
cover, river runoff, lake levels, or reservoir capacity), interaction at the boundary
of Earth’s core and its surrounding mantle, and earthquakes. In an explanation
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by the National Aeronautics and Space Administration (2000), the principal
cause of the wobble is fluctuating pressure on the bottom of the ocean caused
by temperature and salinity changes and wind-driven changes in the circulation
of the oceans.

The Earth revolves around the sun in a slightly elliptical orbit approximately
once every 365% days. During this solar year, the Earth travels at a speed of
more than 60,000 miles per hour, and on the average it remains about 93 mil-
lion miles from the sun.

Principal Divisions of the Earth

The Earth consists of four interconnected geospheres: the atmosphere, a gaseous
envelope surrounding the Earth; the hydrosphere, the waters filling the depres-
sions and covering almost 71% of the Earth; and the lithosphere, the solid part
of the Earth that underlies the atmosphere and hydrosphere; and the biosphere,
composed of all living organisms.

THE ATMOSPHERE

As mentioned, the atmosphere is the body of air that surrounds our planet. But
what is air? Air is a mixture of gases that constitutes the Earth’s atmosphere. The
atmosphere is a thin shell or veil, an envelope of gases that surrounds Earth like
the skin of an apple—it is thin but vital. The approximate composition of dry
air is, by volume at sea level, nitrogen 78%, oxygen 21% (necessary for life as
we know it), argon 0.93%, and carbon dioxide 0.03%, together with very small
amounts of numerous other constituents (Table 12.1). The water vapor content

Table 12.1. Composition of Earth’s Aimosphere (Air)

Gas Chemical Symbol Volume (%)
Nitrogen N, 78.08
Oxygen o, 20.94
Carbon dioxide CO, 0.03
Argon Ar 0.093
Neon Ne 0.0018
Helium He 0.0005
Krypton Kr frace
Xenon Xe frace
Ozone @) 0.00006

3

Hydrogen H 0.00005

2
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is highly variable and depends on atmospheric conditions. Air is said to be pure
when none of the minor constituents is present in sufficient concentration to be
injurious to the health of human beings or animals, to damage vegetation, or to
cause loss of amenity (e.g., through the presence of dirt, dust, or odors, or by
diminution of sunshine).

Where does air come from? Genesis 1:2 states that God separated the water
environment into the atmosphere and surface waters on the second day of cre-
ation. Many scientists state that 4.6 billion years ago a cloud of dust and gases
forged the Earth and also created a dense molten core enveloped in cosmic gases.
This was the proto-atmosphere or proto-air, composed mainly of carbon diox-
ide, hydrogen, ammonia, and carbon monoxide, but it did not last long before it
was stripped away by a tremendous outburst of charged particles from the Sun.
As the outer crust of Earth began to solidify, a new atmosphere began to form
from the gases outpouring from gigantic hot springs and volcanoes. This created
an atmosphere of air composed of carbon dioxide, nitrogen oxides, hydrogen,
sulfur dioxide, and water vapor. As the Earth cooled, water vapor condensed into
highly acidic rainfall, which collected to form oceans and lakes.

For much of Earth’s early existence (the first half), only trace amounts of
free oxygen were present. But then green plants evolved in the oceans and they
began to add oxygen to the atmosphere as a waste gas and later oxygen increased
to about 1% of the atmosphere and with time to its present 21%.

How do we know for sure about the evolution of air on Earth? Are we
guessing or using “voodoo” science? There is no guessing or voodoo involved
with the historical geological record. Consider, for example, geological forma-
tions that are dated to 2 billion years ago. In these early sediments there is a clear
and extensive band of red sediment (“red bed” sediments)—sands colored with
oxidized (ferric) iron. Earlier ferrous formations show no oxidation. But there is
more evidence. We can look at the time frame of 4.5 billion years ago, when car-
bon dioxide in the atmosphere was beginning to be lost in sediments. The vast
amount of carbon deposited in limestone, oil, and coal indicate that carbon di-
oxide concentrations must once have been many times greater than today, which
currently stands at only 0.03%. The first carbonated deposits appeared about 1.7
billion years ago, the first sulfate deposits about 1 billion years ago. The decreas-
ing carbon dioxide was balanced by an increase in the nitrogen content of the air.
The forms of respiration practiced advanced from fermentation 4 billion years
ago to anaerobic photosynthesis 3 billion years ago to aerobic photosynthesis 1.5
billion years ago. The aerobic respiration that is so familiar today only began to
appear about 500 million years ago. The atmosphere itself continues to evolve,
but human activities—with their highly polluting effects—have now overtaken
nature in determining the changes. In fact, human beings and their effect on
planet Earth is one of the overriding themes of this text.
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The atmosphere is an important geological agent and is responsible for the
processes of weathering that are continually at work on the Earth’s surface.

THE HYDROSPHERE

The hydrosphere includes all the waters of the oceans, lakes, and rivers, as well
as groundwater that exists within the lithosphere. Approximately 40 million cu-
bic miles of water covers or resides within the Earth. The oceans contain about
97% of all water on Earth. The other 3% is freshwater: (1) snow and ice on the
surface of Earth contains about 2.25% of the water; (2) usable groundwater is
approximately 0.3%; and (3) surface freshwater is less than 0.5%.

In the United States, for example, average rainfall is approximately 2.6
feet (a volume of 5,900 cubic kilometers). Of this amount, approximately
71% evaporates (about 4,200 cubic cm), and 29% goes to stream flow (about
1,700 cubic km).

Beneficial freshwater uses include manufacturing, food production, domes-
tic and public needs, recreation, hydroelectric power production, and flood con-
trol. Stream flow withdrawn annually is about 7.5% (440 cubic km). Irrigation
and industry use almost half of this amount (3.4% or 200 cubic km per year).
Municipalities use only about 0.6% (35 cubic km per year) of this amount.

Historically, in the United States, water usage is increasing (as might be
expected). For example, in 1990, 40 billion gallons of freshwater were used. In
1975, the total increased to 455 billion gallons. The use was about 780 billion
gallons in 2008.

The primary sources of freshwater include the following;

Captured and stored rainfall in cisterns and water jars
Groundwater from springs, artesian wells, and drilled or dug wells
Surface water from lakes, rivers, and streams

Desalinized seawater or brackish groundwater

Reclaimed wastewater

U RN =

In the United States, current federal drinking water regulations actually
define three distinct and separate sources of freshwater. They are surface wa-
ter, groundwater, and groundwater under the direct influence of surface water
(GUDISW). This last classification is the result of the surface water treatment
rule. The definition of the conditions that constitute GUDISW, while specific,
is not obvious. This classification is discussed in detail later.
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THE LITHOSPHERE

The lithosphere is of prime importance to the geologist. This, the solid, inor-
ganic, rocky crust portion of the Earth, is composed of rocks and minerals that,
in turn, comprise the continental masses and ocean basins. The rocks of the
lithosphere are of three basic types: igneous, sedimentary, and metamorphic.

THE BIOSPHERE

Geologist Eduard Suess (1875) coined the term biosphere and defined it as:
“The place on earth’s surface where life dwells.” In the broadest sense; biosphere
is the sum total of all ecosystems; that is, it is the global ecological system inte-
grating all living beings and their relations, including their interaction with the
elements of the lithosphere, hydrosphere, and atmosphere. Postulated to have
evolved, the biosphere evolved via biogenesis (i.e., the production of new living
organisms) or biopoesis (i.e., formation of life from self-replicating molecules),
at least some 3.5 billion years ago (Campbell et al., 2006). Others have defined
biosphere as that zone of life on Earth; a closed and self-regulating system.

Key Terms

After reviewing the characteristics of life listed previously, it should be obvious
that we need to accede to Voltaire’s request: “If you wish to converse with me,
please define your terms.” The following list defines many of the terms used to
describe the characteristics of life or that are related to the characteristics:

* Aerobic—occurring or living only in the presence of oxygen

* Anabolism—the utilization of energy and materials to build and maintain
complex structures from simple components

* Anaerobic—active, living, occurring, or existing in the absence of free oxygen

* Amino acids—building blocks of proteins

* Asexual reproduction—requires one parent cell

* Autotrophic—using light energy (photosynthesis) or chemical energy (che-
mosynthesis)

* Catabolism—the breaking down of complex materials into simpler ones us-
ing enzymes and releasing energy

* Carbohydrates—main source of energy for living things such as sugar and starch

¢ Cellular basis of life—two types of cells: prokaryotes and eukaryotes
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* Cold-blooded animals—body temperatures change with the environment

* Compound—two or more elements chemically combined

* Digestion—process by which food is broken down into simpler substances

* DNA—the double helix of DNA is the unifying chemical of life; its linear
sequence defines the diversity of living things

* Elements—pure substance that cannot be broken down into simpler substances

* Enzymes—special types of proteins that regulate chemical activities

* Excretion—process of getting rid of waste materials

* Eukaryotes—cells with a nucleus; they are found in human and other multi-
cellular organisms (plants and animals) also algae, protozoa

* Evolution—the modification of species; the core theme of biology

* Food—needed by living things to grow, develop, and repair body parts

* Heterotrophic—obtaining materials and energy by the breaking down of
other biological material using digestive enzymes and then assimilating the
usable byproducts

* Ingestion—taking in food or producing food

* Inorganic compounds—may or may not contain carbon

* Life span—maximum length of time an organism can be expected to live

* Lipids—energy-rich compounds made of C, O, and H

* Metabolism—chemical reactions that occur in living things

* Movement—nonliving material moves only as a result of external forces,
whereas living material moves as a result of internal processes at cellular level
or at organism level (locomotion in animals and growth in plants)

* Nucleic acids—store information that helps the body make proteins it needs

* Organic compounds—found in living things and contain carbon

* Organism—any living thing

* Prokaryotes—cells without a nucleus, including bacteria and cyanophytes
(blue-green algae); genetic material is a single circular DNA and is contained
in the cytoplasm, since there is no nucleus

* Proteins—used to build and repair cells; made of amino acids

* Respiration—taking in oxygen and using it to produce energy

* Response—action, movement, or change in behavior caused by a stimulus

* Sexual reproduction—requires two parent cells

* Stimulus—signal that causes an organism to react

* Structure and function—at all levels of organization, biological structures
are shaped by natural selection to maximize their ability to perform their
functions

* Unity in diversity—explained by evolution: all organisms linked to their an-
cestors through evolution; scientists classify life on Earth into groups related
by ancestry; related organisms descended from common ancestor and have
certain similar characteristics

* Warm-blooded animals—maintain a constant body temperature
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Did You Know?

All four divisions of Earth can be and often are present in a single location.
For example, a piece of soil of course has mineral material from the litho-
sphere. Additionally, elements of the hydrosphere are present as moisture
within the soil, the biosphere is present as insects and plants, and even the
atmosphere is present as pockets of air between soil pieces.

Earth’s Skeleton

Earth is made up of three main compositional layers: crust, mantle, and core
(Figure 12.3). The crust has variable thickness and composition: Continental
crust is 10-50 km thick whereas the oceanic crust is 8-10 km thick. The ele-
ments silicon, oxygen, aluminum, and ion make up the Earth’s crust. Like the

Outer Core

Figure 12.3. Earth’s layers.
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shell of an egg, the Earth’s crust is brittle and can break. Earth’s continental crust
is 35 kilometers thick. The oceanic crust is 7 kilometers thick.

Based on seismic (earthquake) waves that pass through the Earth, we know
that below the crust is the mantle, a dense, hot layer of semisolid (plastic-like
liquid) rock approximately 2,900 km thick. The mantle, which contains silicon,
oxygen, aluminum, and more iron, magnesium, and calcium than the crust, is
hotter and denser because temperature and pressure inside the Earth increase
with depth. According to the U.S. Geological Survey (1999), as a comparison,
the mantle might be thought of as the white of a boiled egg. The 30-km thick
transitional layer between the mantle and crust is called the Moho layer. The
temperature at the top of the mantle is 870° C. The temperature at the bottom
of the mantle is 2,200° C.

At the center of the Earth lies the core, which is nearly twice as dense as the
mantle because its composition is metallic (iron—nickel alloy) rather than stony.
Unlike the yolk of an egg, however, the Earth’s core is actually made up of two
distinct parts: a 2,200-km thick liquid outer core and a 1,250-km thick solid
inner core. As the Earth rotates, the liquid outer core spins, creating the Earth’s
magnetic field.
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CHAPTER 13

Minerals

The Earth is just too small and fragile a basket for the hu-
man race to keep all its eggs in.

—Robert Heinlein

The geologist is primarily interested in the Earth’s rocky crust. Because rocks
are aggregates of minerals, in order to study and understand the rocks that make
up Earth’s crust, it is necessary to know something about minerals. Minerals are
solid chemical elements or compounds that occur naturally within the crust of
the Earth. They are inorganic, have a definite chemical composition or range
of composition, a specified orderly internal arrangement of atoms (crystalline
structure), and certain other distinct physical properties.

Again, the Earth is composed of rocks. Rocks are aggregates of minerals.
Minerals are composed of atoms. To understand rocks, we must first have an
understanding of minerals. To understand minerals, we must have some basic
understanding of atoms—what they are and how they interact with one another
to form minerals.

Matter

Although a detailed discussion of chemistry is not within the scope of this book,*
an introduction to chemical terminology and atoms is necessary if we are to
understand the chemical composition of minerals.

* For an easy-to-understand introduction to general chemistry, read Spellman, F. R. 2006. Chemistry
for Non-Chemists, Lanham, MD: Government Institutes Press.
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Just as we use several adjectives to describe an object (color of object, how
tall or short, how bulky or thin, how light or heavy, etc.), several properties,
or characteristics, must be used in combination to adequately describe a kind
of matter. We also distinguish one form of matter from another by its proper-
ties. However, simply saying that something is a colorless solid isn’t enough
to identify it as diamond. A lot of solids are colorless as, for example, some
quartz and feldspar, as well as many rock aggregates. More details are needed
before we can zero in on the identity of a substance. Chemists, therefore,
determine several properties, both chemical and physical, to characterize a
particular sample of matter—to distinguish one form of matter from another.
The following discussion describes the differences between the two kinds of
properties, chemical and physical.

DEFINING MATTER

A thorough understanding of matter—how it consists of elements that are built
from atoms—is critical for grasping chemistry. Matter is anything that occupies
space and has weight (mass). Matter (or mass—energy) is neither created nor
destroyed during chemical change.

As mentioned, along with the properties of having weight and taking space,
matter has two other distinct properties, chemical and physical. These proper-
ties are actually used to describe substances, which are definite varieties of mat-
ter. Copper, gold, salt, sugar, and rust are all examples of substances. All of these
substances are uniform in their makeup. However, if we pick up a common rock
from our garden, we cannot call the rock a substance because it is a mixture of
several different substances.

v' Key Point: Matter is measured by making use of its two properties. Any-
thing that has the properties of having weight and taking up space must be
matter. A substance is a definite variety of matter, all specimens of which
have the same properties.

Physical Properties

Substances have two kinds of physical properties: intensive and extensive. In-
tensive physical properties include those features that definitely distinguish
one substance from another. Intensive physical properties do not depend on the
amount of the substance (matter present). Some of the important intensive phys-
ical properties are color, taste, melting point, boiling point, density, luster, and
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hardness. It is important to note that it takes a combination of several intensive
properties to identify a given substance. For example, a certain substance may
have a particular color that is common to it but not necessarily unique to it. A
white diamond is, as its name implies, white. However, is another gemstone that
is white and faceted to look like a diamond really a diamond? Remember that
a diamond is one of the hardest known substances. To determine if the white
faceted gemstone is really a diamond we would also have to test its hardness and
not rely on its appearance alone.
Some of the important intensive physical properties are defined as follows:

DENSITY

Density is the mass per unit volume of a substance (mass of a substance divided
by its volume). Suppose we had a cube of lard and a large box of crackers, each
having a mass of 400 gm. The density of the crackers would be much less than
the density of the lard because the crackers occupy a much larger volume than
the lard occupies. The density of an object or substance can be calculated by
using the formula:

mass

Density = (13.1)

volume

Starting with water as one example, consider that perhaps the most common
measures of density are pounds per cubic foot (Ib/ft®) and pounds per gallon
(Ib/gal). However, the density of a dry substance, such as sand, lime, or soda
ash, is usually expressed in pounds per cubic foot. The density of a gas, such as
methane or carbon dioxide, is usually expressed in pounds per cubic foot. As
shown in Table 13.1, the density of a substance like water changes slightly as the
temperature of the substance changes. This happens because substances usually
increase in volume (size), as they become warmer. Because of this expansion with
warming, the same weight is spread over a larger volume, so the density is lower
when a substance is warm than when it is cold.

SPECIFIC GRAVITY

Specific gravity (SG) is a unitless measure of the weight of a substance com-
pared with the weight of an equal volume of water—a substance having an SG
of 2.5 weighs two and a half times more than water. This relationship is easily
seen when a cubic foot of water, which weighs 62.4 pounds, is compared with
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Table 13.1. Temperature and Density Relationship

Temperature (° F) Specific Weight (Ib/ft3) Density (slugs/ft3)
32 62.4 1.94
40 62.4 1.94
50 62.4 1.94
60 62.4 1.94
70 62.3 1.94
80 62.2 1.93
90 62.1 1.93

100 62.0 1.93
110 61.9 1.92
120 61.7 1.92
130 61.5 1.91
140 61.4 1.91
150 61.2 1.90
160 61.0 1.90
170 60.8 1.89
180 60.6 1.88
190 60.4 1.88
200 60.1 1.87
210 59.8 1.86

a cubic foot of aluminum, which weighs 178 pounds. Aluminum is 2.7 times
as heavy as water.

Gold can easily be distinguished from “fool’s gold” by SG alone because it
is not that difficult to find the SG of a piece of metal. All we need do is to weigh
the metal in air, then weigh it under water. Its loss of weight is the weight of an
equal volume of water. To find the SG, divide the weight of the metal by its loss
of weight in water.

Weight of a substance

SG = (13.2)

Weight of equal volume of water

Example 13.1

Problem:
Suppose a piece of tin weighs 110 pounds in air and 74 pounds under water.
What is the SG?

Solution:

Step 1: 110 Ib subtract 74 Ib = 36 Ib loss of weight in water
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Step 2:

110 Ib
SG = =3.1

36 Ib

v Key Point: In a calculation of SG, it is essential that the densities be ex-
pressed in the same units.

The SG of water is 1, which is the standard, the reference for which all other
substances (i.e., liquids and solids) are compared. Any object that has an SG
greater than 1 will sink in water. Considering the total weight and volume of a
ship, its SG is less than 1; therefore, it can float.

In geology, SG has application. For example, it has application in regard to
the Earth’s crust, which is composed mostly of the minerals calcite, feldspar, and
quartz. These minerals have SGs around 2.75 and that is close to the average
SG of the rocks on the outer surface of the Earth’s crust. Thus, the SG of most
rocks that are initially picked up and later sorted out is familiar to the geologist;
they have an SG of approximately 2.75.

HARDNESS

Hardness is commonly defined as a substance’s relative ability to resist scratching
or indentation. Hardness is one of the easiest ways to distinguish one mineral
from another. Actual hardness testing involves measuring how far an “indenter”
can be pressed into a given material under a known force. A substance will
scratch or indent any other substance that is softer. Table 13.2 is used for com-
paring the hardness of mineral substances.

Table 13.2. Moh's Hardness Scale
Hardness (H) Mineral

Talc

Gypsum (fingernail: H = 2.5)
Calcite (penny: H = 3)
Fluorite

Apatite

Feldspar (glass plate: H = 5.5)
Quartz

Topaz

Corundum

Diamond (hardest)

—_
O VoONOCOdWN—
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Do not confuse mineral hardness for water hardness. In water treatment,
hardness is a characteristic of water, caused primarily by calcium and magnesium
ions. Water hardness can cause many maintenance problems, especially with
piping and process components where scale buildup can occur.

STREAK

Streak is the color of a crushed mineral’s powder that is left when the mineral
is rubbed across a piece of unglazed tile, leaving a line similar to a pencil or
crayon mark. This line is composed of the powdered minerals. The color of
this powdered material is known as the streak of the mineral, and the unglazed
tile used in such a test called a streak plate. Most light-colored, nonmetallic
minerals have a white or colorless streak, as do most silicates, carbonates, and
most transparent minerals. The streak test is most useful for identifying dark-
colored minerals, especially metals.

COLOR

Unless we are color-blind, probably one of the first things we notice about a
mineral is its color. Most of us are familiar with the colors of various substances.
Pure water is usually described as colorless. Water takes on color when foreign
substances such as organic matter from soils, vegetation, minerals, and aquatic
organism are present. Like water, the same mineral may vary greatly in color
from one specimen to another, and with certain exceptions, color is of limited
use in mineral identification. When using color in mineral identification, we
must consider whether the specimen is being examined in natural or artificial
light, whether the surface being examined is weathered or fresh, and whether the
mineral is wet or dry.

LUSTER

The appearance of the surface of a mineral as seen in reflected light is called
luster. Terms such as shining (bright), glistening (sparkling brightness), splendent
(glossy brilliance), and dul/ (lacking luster) are commonly used to indicate the
degree of luster present. Some minerals shine like the metals gold and silver.
These are said to have metallic luster. A mineral does not have to be a metal to
have luster. Other lusters are called nonmetallic. Some common examples are
shown in the following list:
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* Adamantine—brilliant glossy luster (diamonds)

* Vitreous—glassy, looks like glass (topaz or quartz)
* Resinous—the luster of resin (sphalerite)

* Greasy—like an oily surface (nepheline)

¢ Pearly—like mother-of-pear] (talc)

* Silky—Tluster of silk or rayon (asbestos)

* Dull—as the name implies (chalk or clay)

MALLEABILITY

When a mineral, such as gold or copper, can be hammered into thin sheets it is
said to be malleable.

DUCTILITY

When a substance (e.g., copper, gold, or silver) can be drawn into thin wires, it
is said to be ductile.

CONDUCTIVITY

The ability of a substance (copper, aluminum, gold, silver, etc.) to conduct elec-
tricity is called conductivity.

BOILING POINT

The temperature at which the vapor pressure of a liquid is equal to the pressure
on the liquid (e.g., atmospheric pressure) is known as the boiling point.

MELTING/FREEZING POINT

The temperature at which the solid and liquid phases of a substance are in equi-
librium at atmospheric pressure is know as the melting/freezing point.

Extensive physical properties are such features as mass, weight, volume,
length, and shape. Extensive physical properties are dependent upon the amount
of the substance (matter present).
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Chemical Properties

The nonchemist often has difficulty in distinguishing the physical versus the
chemical properties of a substance. One test that can help is to ask the question,
“Are the properties of a substance determined without changing the identity of
the substance?” If we answer yes, then the substance is distinguished by its physi-
cal properties. If we answer 70, then we can assume the substance is defined by
its chemical properties. Simply, the chemical properties of a substance describe
its ability to form new substances under given conditions.

To determine the chemical properties of certain substances we can observe
how the substance reacts in the presence of air, acid, water, a base, and other
chemicals. We can also observe what happens when the substance is heated. If
we observe a change from one substance to another, we know that a chemical
change, or a chemical reaction, has taken place.

v Key Point: The chemical properties of a substance may be considered to be
a listing of all the chemical reactions of a substance and the conditions under
which the reactions occur.

Another example can be used to demonstrate the difference between physi-
cal and chemical change. When a carpenter cuts pieces of wood from a larger
piece of wood to build a wooden cabinet, the wood takes on a new appearance.
The value of the crafted wood is increased as a result of its new look. This kind
of change, in which the substance remains the same, but only the appearance is
different, is called a physical change. When this same wood is consumed in a
fire, however, ashes result. This change of wood into ashes is called a chemical
change. I a chemical change a new substance is produced. Wood has the property
of being able to burn. Ashes cannot burn.

KINETIC THEORY OF MATTER

There are three states of matter—solids, liquids, and gases. All matter is made
of molecules. Matter is held together by attractive forces that prevent substances
from coming apart. The molecules of a solid are packed more closely together
and have little freedom of motion. In liquids, molecules move with more free-
dom and are able to flow. The molecules of gases have the greatest degree of
freedom and their attractive forces are unable to hold them together.

The Kinetic Theory of Matter (German: kinetic = motion; theory = idea)
is a statement of how we believe atoms and molecules behave and how that
behavior relates to the ways we have to look at the things around us. Essen-



MINERALS 193

tially, the theory states that all molecules are always moving. More specifically,
the theory says:

¢ All matter is made of atoms, the smallest bit of each element. A particle of a
gas could be an atom or a group of atoms.

* Atoms have energy of motion that we feel as temperature. At higher tempera-
tures, the molecules move faster.

Matter changes its state from one form to another. Examples of how matter
changes its state include the following:

* Melting is the change of a solid into its liquid state.

* Freezing is the change of a liquid into its solid state.

* Condensation is the change of a gas into its liquid form.

* Evaporation is the change of a liquid into its gaseous state.

* Sublimation is the change of a gas into its solid state and vice versa (without
becoming liquid).

Crystal Structure

Smooth, angular shapes known as crystals normally form when crystalline miner-
als solidify and grow without interference. Packing of atoms in a crystal structure
requires an orderly and repeated atomic arrangement. The planes that form the
outside of the crystals are known as faces. The shape of crystals and the angles
between related sets of crystal faces are important in mineral identification.
Each mineral has been assigned to one of six crystal systems. The classes
have been established on the basis of the number, position, and relative length
of the crystal axes—imaginary lines extending through the center of the crystal.
Geologists recognize the following crystal systems:

Isometric: Crystals belonging to the isometric system have three axes of equal
length at right angles to one another. Examples of minerals that crystallize
in the isometric system are halite, magnetite, and garnet.

Tetragonal: Tetragonal crystals are characterized by having all three axes at right
angles. The horizontal axes are of equal length but are longer or shorter than
the vertical axis. Mineral species that crystallize in the tetragonal crystal sys-
tem are zircon and cassiterite.

Hexagonal: The hexagonal system has crystals marked by three horizontal axes
of equal length that interest at angles of 120 degrees, and a vertical axis at
right angles to these. Example species that crystallize in the rhombohedral
division are calcite, dolomite, low quartz, and tourmaline.
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Orthorhombic: Crystals assigned to the orthorhombic system have all three axes
all at right angles and each of different length. Species that belong to this
system are olivine and barite.

Monoclinic: Crystals from the monoclinic system have three unequal axes, two
of which intersect at right angles. Mineral species that adhere to the mono-
clinic crystal system include pyroxene, amphibole, orthoclase, azurite, and
malachite, among others.

Triclinic: Crystals of the triclinic system are characterized by three axes of
unequal length that are all oblique to one another. Mineral species of this
system include plagioclase and axinite.

Rock-Forming Minerals

Rocks consist of aggregates of minerals. Minerals are made up of one or a num-
ber of chemical elements with definite chemical compositions. Of the 3,000 or
so minerals that are known to be present in the Earth’s crust, only about 20 are
very common and relatively few (only 9) are major constituents of the more
common rocks. These 9 minerals are all silicates. Those minerals that do make
up a large part of the more common types of rocks are called the rock-forming
minerals. Some of the more important rock-forming minerals are briefly dis-
cussed in the following list:

Quartz: Quartz is the most common mineral on the face of the Earth and is
one of the most widely distributed. It is a glassy-looking, transparent or
translucent mineral that forms an important part of many igneous rocks
and is common in many sedimentary and metamorphic rocks. Found in
nearly every geological environment, it is at least a component of almost
every rock type.

Feldspars: Minerals belonging to the feldspar group constitute the most im-
portant group of rock-forming minerals. Feldspar, like quartz, is a very
common, light-colored rock-forming mineral. Unlike quartz, feldspar is
not glassy, but instead is generally dull to opaque with a porcelain-like ap-
pearance. Feldspars are found in almost all igneous rocks as well as in many
sedimentary and metamorphic rocks. Feldspar is hard but can be scratched
by quartz. Feldspars are split into two principal groups: orthoclase (potash
feldspar) and plagioclase (soda-lime feldspar).

Mica: Minerals of the mica group are easily distinguished by characteristic
peeling into many flat, paper-thin, smooth sheets or flakes. These sheets
are chemically inert, dielectric, elastic, flexible, hydrophilic, insulating,
ligheweight, platy, reflective, refractive, resilient, and transparent to opaque



MINERALS 195

(US Geological Survey, 2008). Mica may be white and pearly (muscovite)
or dark and shiny (biotite).

Pyroxenes: The pyroxene group is composed of complex silicates, and is among
the most common of all rock-forming minerals. The most common pyrox-
ene mineral is augite, which is generally dark green to black in color. Augite
is a common constituent of many of the dark-colored igneous rocks. Augite
forms short, stubby crystals that have square or rectangular cross-sections.
Pyroxenes are also commonly found in certain metamorphic rocks.

Amphiboles: The amphiboles are closely related to the pyroxenes. The most
common amphibole is hornblende, a common constituent of igneous and
metamorphic rocks. Hornblende is not a mineral and the name is used as
a general field term. Hornblende is quite similar to augite in that both are
dark minerals; however, hornblende crystals are generally longer, thinner,
and shinier than augite and the mineral cross-sections are diamond shaped.

Calcite: Calcite (calcium carbonate) is a very common mineral in sedimentary
rocks. It is commonly white to grey in color. Individual crystals are gener-
ally clear and transparent. It occurs in many sedimentary and metamorphic
rocks, and is the primary constituent of most limestone.

Dolomite: Dolomite is a common sedimentary rock-forming mineral that
can be found in massive beds several hundred feet thick. It may occur in
association with many ore deposits and in cavities in some igneous rocks
and is also found in metamorphic marbles, hydrothermal veins, and re-
placement deposits.

Aragonite: Like calcite, aragonite is composed of calcium carbonate, but it dif-
fers from calcite it that it is a polymorph of calcite, which means that that it
has the same chemistry of calcite but it has a different structure. Aragonite
is also less stable than calcite and crystallizes in the orthorhombic system.

Gypsum: Gypsum, calcium sulfate, is one of the more common minerals in
sedimentary environments. It is a major rock forming mineral that produces
massive beds, usually from precipitation out of highly saline waters. Gyp-
sum is a mineral of great economic importance; it is commonly used in the
manufacture of sheet rock and plaster of paris.

Anhydrite: Although chemically similar to gypsum, anhydrite does not contain
water and is harder and heavier than gypsum. Anhydrite is a relatively com-
mon sedimentary mineral that forms massive rock layers.

Halite: Composed of sodium chloride, halite is commonly called rock salz. Large
occurrences of halite have been formed as a result of the evaporation of
prehistoric seas, and in some areas (e.g., Michigan and New York) the salt
occurs in thick beds.

Kaolinite: Kaolinite occurs in soft, compact, earthy masses with a dull luster
and greasy feel, and is typical of the other minerals commonly found in clay.
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Kaolinite is important to the production of ceramics and porcelain. The
greatest demand for Kaolinite is in the paper industry to produce a glossy
paper such as is used by most magazines.

Serpentine: Serpentine, a complex group of hydrous magnesium silicates, is a
major rock-forming mineral and is found as a constituent in many meta-
morphic and weathered igneous rocks. It often colors many of these rocks
to a green color and most rocks that have a green color probably have ser-
pentine in some amount.

Chlorite: Chlorite, a complex silicate of aluminum, magnesium, an iron in
combination with water, is the general name for several minerals that are

difficult to distinguish by ordinary methods.

Metallic Minerals

The metallic minerals have always been of interest to geologists because of their
intrinsic value. These minerals are found in ore deposits—rock masses from
which metals may be obtained commercially. Using U.S. Geological Survey
(2008) descriptions, some of the more important metals and their ores are briefly
discussed in the following list.

Aluminum: Aluminum, the second most abundant metallic element in the
Earth’s crust after silicon, is one of the most important metals of industry
and is primarily derived from bauxite. It weighs about one-third as much as
steel or copper; is malleable, ductile, and easily machined and cast; and has
excellent corrosion resistance and durability.

Copper: Copper, one of the most useful of all metals, is usually found in nature
in association with sulfur. Copper is one of the oldest metals ever used and
has been one of the important materials in the development of civilization.
Because of its properties of high ductility, malleability, and thermal and
electrical conductivity, and its resistance to corrosion, copper has become a
major industrial metal, ranking third after iron and aluminum in terms of
quantities consumed.

Gold: Gold has been prized since the dawn of history for its great beauty and
the fact that it is soft enough to be easily fashioned into coins, jewelry, and
other valuable objects. Gold occurs as native gold and is typically found in
quartz veins and in association with the mineral pyrite.

Lead: Galena, the most important source of lead, occurs in a wide variety of
rocks, including igneous, sedimentary, and metamorphic. Lead is a very
corrosion-resistant, dense, ductile, and malleable blue-tray metal that has
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been used for at least 5,000 years. Lead is used in the manufacture of paints,
as a type of metal, pipe, solder, metal alloys, shot, and as shielding materials
to protect against radioactivity and X rays.

Mercury: The most abundant ore of mercury is cinnabar (also known as guick-
silver), or mercuric sulfide. Mercury is the only common metal that is liquid
at room temperature. Mercury has uniform volumetric thermal expansion,
good electrical conductivity, and easily forms amalgams with almost all
common metals except iron. Most mercury is used for the manufacture of
industrial chemicals and for electrical and electronic applications.

Silver: Silver, a metal used for thousands of years as ornaments and utensils,
for trade, and as the basis of many monetary systems, may occur as native
silver or in one of several silver ore minerals. Silver also has many industrial
applications such as in mirrors, electrical and electronic products, and pho-
tography, which is the largest single end use of silver.

Tin: Although widely distributed in small amounts, tin occurs in commercial
quantities in igneous rocks, where it is commonly associated with quartz,
topaz, galena, and tourmaline. Tin is one of the earliest metals known and
used. Most tin is used as a protective coating or as an alloy with other metals
such as lead or zinc.

Iron: Iron ore is a mineral substance that, when heated in the presence of a
reductant (coke or charcoal), will yield metallic iron. Iron ore is the source
of primary iron for the world’s iron and steel industries. It is therefore es-
sential for the production of steel, which in turn is essential to maintain a
strong industrial base.

Zinc: Zinc, a rather common mineral, is a metal of considerable economic
importance. It is found in veins in igneous, sedimentary, and metamorphic
rocks, and as replacement deposits in limestone. Zinc is used in galvanizing
steel, and in the manufacture of paint, cosmetics, types metal, dry cell bat-
teries, and for a multitude of other purposes.

Radioactive Minerals

Radioactive minerals have come to play an ever-increasing part in modern tech-
nology. Certain of these minerals are widely used as sources of energy for nuclear
power plants, in nuclear medicine, and in modern weapon systems. Examples of
common radioactive minerals include autunite, brannerite, carnotite, monazite,
thorianite, and uraninite. The vast majority of the radioactive content in miner-
als or ores is either unranium-238 or thorium-232.
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Nonmetallic Minerals

Nonmetallic minerals refer to a vast category that includes coal, petroleum, sul-
fur, fertilizer, building stones, and gemstones. Industrial minerals include, for
example, flake graphite, silicon carbide, garnet, talc, marble, slate, granite, salt,
sulfur, asbestos, and others.
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CHAPTER 14

Igneous Rocks and
Magma Eruption

I wanted the gold, and I sought it,

I scrabbled and mucked like a slave.

Was it famine or scurvy—I fought it;

I hurled my youth into a grave.

I wanted the gold, and I got it—

Came out with a fortune last fall,—

Yet somehow life’s not what I thoughr it,
And somehow the gold isn’t all.

—Robert W. Service, The Spell of the Yukon

Igneous (Latin for fire) rocks are those rocks that have solidified from an
original molten silicate state. The occurrence and distribution of igneous
rocks and igneous rock types (Figure 14.1) can be related to the operation of
plate tectonics. The molten rock material from which igneous rocks form is
called magma. Magma, characterized by a wide range of chemical composi-
tions and with high temperature, is a mixture of liquid rock, crystals, and
gas. Magmas are large bodies of molten rock deeply buried within the earth.
These magmas are less dense than surrounding rocks, and will therefore move
upward. In the upward movement, sometimes magmatic materials are poured
out on the surface of the Earth as, for example, when lava flows from a vol-
cano. These igneous rocks are volcanic or extrusive rocks; they form when
the magma cools and crystallizes on the surface of the earth. Under certain
other conditions, magma does not make it to the Earth’s surface and cools
and crystallizes within Earth’s crust. These intruding rock materials harden
and form intrusive or plutonic rocks.
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Figure 14.1. Igneous rock chart.

Magma

Magma is molten silicate material and may include already formed crystals and
dissolved gases. The term magma applies to silicate melts within the Earth’s
crust. When magma reaches the surface it is referred to as /ava. The chemical
composition of magma is controlled by the abundance of elements in the Earth.
These include oxygen, silicon, aluminum, hydrogen, sodium, calcium, iron,
potassium, and manganese, which make up 99% of magma. Because oxygen
is so abundant, chemical analyses are usually given in terms of oxides. Silicon
dioxide (SiO, also known as silica) is the most abundant oxide. Because magma
gas expands as pressure is reduced, magmas have an explosive character. The
flow (or viscosity) of magma depends on temperature, composition, and gas
content. Higher silicon dioxide content and lower temperature magmas have
higher viscosity.

Magma consists of three types: basaltic, andesitic, and rhyolitic. Table 14.1
summarizes the characteristics of each type.

Table 14.1. Characteristics of Magma Types

Magma Solidified  Solidified
Type Volcanic  Plutonic Chemical Composition  Temperature

Basaltic Basalt Gabbro 45%-55% silicon dioxide  1,000-1,200° C
Andesitic  Andesite  Diorite 55%-65% silicon dioxide  800-1,000° C
Rhyolitic Rhyolite Granite 65%-75% silicon dioxide  650-800° C
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Intrusive Rocks

Intrusive (or plutonic) rocks are rocks that have solidified from molten mineral mix-
tures beneath the surface of the Earth. Intrusive rocks that are deeply buried tend to
cool slowly and develop a coarse texture. On the other hand, those intrusive rocks
near the surface that cool more quickly are more finely textured. The shape, size,
and arrangement of the grains composing it determine the texture of igneous rocks.
Because of crowded conditions under which mineral particles are formed, they are
usually angular and irregular in outline. Typical intrusive rocks include:

* Gabbro—a heavy, dark-colored igneous rock consisting of coarse grains of
feldspar and augite

* Peridotite—a rock in which the dark minerals are predominant

* Granite—the most common and best-known of the coarse-textured intrusive
rocks

* Syenite—resembles granite, but is less common in its occurrence and contains
litcle or no quartz

Extrusive Rocks

Extrusive (or volcanic) rocks are those that pour out of craters of volcanoes or from
great fissures or cracks in the Earth’s crust and make it to the surface of the Farth in
a molten state (liquid lava). Extrusive rocks tend to cool quickly, and typically have
small crystals (because fast cooling does not allow large crystals to grow). Some
cool so rapidly that no crystallization occurs and volcanic glass is produced instead.

Some of the more common extrusive rocks are felsite, pumice, basalt, and
obsidian.

¢ Felsite—very fine-textured igneous rocks

* Pumice—frothy lava that solidifies while steam and other gases bubble out
of it

* Basalt—world’s most abundant fine-grained extrusive rock

* Obsidian—volcanic glass; cools so fast that there is no formation of separate
mineral crystals

Bowen’s Reaction Series

The geologist, Norman L. Bowen, back in the early 1900s was able to explain
why certain types of minerals tend to be found together while others are almost
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never associated with one another. Bowen found that minerals tend to form in
specific sequences in igneous rocks, and these sequences could be assembled
into a composite sequence. The idealized progression that he determined is still
accepted as the general model (see Figure 14.2) for the evolution of magmas
during the cooling process.

BOWEN’S REACTION SERIES

1400°C Olivine \¥ Discontinuous Branch Calcium-rich

Continuous Branch =P, Mafic

Pyroxene Plagioclase

Amphibole
Sodium-rich Intermediate

Temperature

Orthoclase

Muscovite Felsic

Ouartz

800°C

Figure 14.2. Bowen'’s reaction series.

To better understand Bowen’s reaction series, it is important to define key
terms:

* Magma—molten igneous rock

* Felsic—white pumice

* Pumice—textured form of volcanic rock; a solidified frothy lava

* Extrusion—magma intruded or emplaced beneath the surface of the earth

* Feldspar—the family of minerals including microcline, orthoclase, and
plagioclase

* Mafic—a mineral containing iron and magnesium

* Aphanitic—mineral grains too small to be seen without a magnifying glass

* Phaneritic—mineral grains large enough to be seen without a magnifying glass
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* Reaction series—a series of minerals in which a mineral reacts to change to
another

* Rock-forming mineral—the minerals commonly found in rocks; Bowen’s
reaction series lists all of the common minerals found in igneous rocks

* Specific gravity—the relative mass or weight of a material compared with the
mass or weight of an equal volume of water

Some igneous rocks are named according to textural criteria:

* Scoria—porous

* Pumice

* Obsidian—glass

¢ Tuff—cemented ash

* Breccia—cemented fragments

* Permatite—extremely large crystals

¢ Aplite—sugary texture, quartz & feldspar
* Porphyry—fine matrix, large crystals

THE DISCONTINUOUS REACTION SERIES

The left side of Figure 14.2 shows a group of mafic or iron-magnesium-bear-
ing minerals—olivine, pyroxene, amphibole, and biotite. If the chemistry of the
melt is just right, these minerals react discontinuously to form the next mineral
in the series. If there is enough silica in the igneous magma melt, each mineral
will change to the next mineral lower in the series as the temperature drops. De-
scending down Bowen’s reaction series, the minerals increase in the proportions
of silica in their composition. In basaltic melt, as shown in Figure 14.2, olivine
will be the first mafic mineral (silicate mineral rich in magnesium and iron) to
form. When the temperature is low enough to form pyroxene, all of the olivine
will react with the melt to form pyroxene, and pyroxene will crystallize out of the
melt. At the crystallization temperature of amphibole, all the pyroxene will react
with the melt to form amphibole, and amphibole will crystallize. At the crystalli-
zation temperature of biotite, all of the amphibole will react to form biotite, and
biotite will crystallize. Thus all igneous rocks should only have biotite; however,
this is not the case. In crystallizing olivine, if there is not enough silica to form
pyroxene, then the reaction does not occur and olivine remains. Additionally,
if the temperature drops too fast for the reaction to take place (volcanic magma
eruption), then the reaction does not have time to occur, the rock solidifies
quickly, and the mineral remains olivine.



204 THE HANDBOOK OF GEOSCIENCE

THE CONTINUOUS REACTION SERIES

The right side of Figure 14.2 shows the plagioclases. Plagioclase minerals have
the formula (Ca, Na)(Al, Si),0,. The highest temperature plagioclase has only
calcium (Ca). The lowest temperature plagioclase has only sodium (Na). In
between, these ions mix in a continuous series from 100% Ca and 0% Na at
the highest temperature to 50% Ca and 50% Na at the middle temperature to
0% Ca and 100% Na at the lowest temperature. In a basaltic melt, for example,
the first plagioclase to form could be 100% Ca and 0% Na plagioclase. As the
temperature drops, the crystal reacts with the melt to form 99% Ca and 1% Na
plagioclase and 99% Ca and 1% Na plagioclase crystallizes. Then those react to
form 98% Ca and 2% Na and the same composition crystallizes and so forth.
All of this happens continuously, provided there is enough time for the reactions
to take place and enough sodium, aluminum, and silica in the melt to form each
new mineral. The end result is a rock with plagioclases with the same ratio of Ca
to Na as the starting magma.

v' Key Point: In regard to the Bowen reaction series, on both sides of the reac-
tion series shown in Figure 14.2, the silica content of the minerals increases
as the crystallization trend heads downward. Biotite has more silica than
olivine. Sodium plagioclase has more silica than calcium plagioclase.

v/ Important Point: The magma temperature and the chemical composition
of the magma determine what minerals crystallize and thus what kind of
igneous rock we get.

Eruption of Magma

The volcanic processes that lead to the deposition of extrusive igneous rocks can
be studied in action today, and help us to explain the textures of ancient rocks
with respect to depositional processes. Some of the major features of volcanic
processes and landforms are discussed in this section. The following information
is from the U.S. Geological Survey (2008) Principal Types of Volcanoes.

TYPES OF VOLCANOES

Geologists generally group volcanoes into four main kinds: cinder cones, com-
posite volcanoes, shield volcanoes, and lava domes.
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* Cinder cones are the simplest type of volcano. They are built from particles
and blobs of congealed lava ejected from a single vent. As the gas-charged
lava is blown violently into the air, it breaks into small fragments that so-
lidify and fall as cinders around the vent to form a circular or oval cone.
Most cinder cones have a bowl-shaped crater at the summit and rarely rise
more than a thousand feet or so above their surroundings. Cinder cones are
numerous in western North America as well as throughout other volcanic
terrains of the world.

* Composite volcanoes, sometimes called stratovolcanoes, have created some
of Earth’s grandest mountains. They are typically steep-sided, symmetrical
cones of large dimension built of alternating layers of lava flows, volcanic ash,
cinders, blocks, and bombs, and might rise as much as 8,000 feet above their
bases. Most composite volcanoes have a crater at the summit that contains a
central vent or a clustered group of vents. Lava cither flows through breaks in
the crater wall or issue from fissures on the flanks of the cone. Lava, solidi-
fied within the fissures, forms dikes that act as ribs that greatly strengthen the
cone. The essential feature of a composite volcano is a conduit system through
which magma from a reservoir deep in the Earth’s crust rises to the surface.
The volcano is built up by the accumulation of material erupted through the
conduit and increases in size as lava, cinders, ash, and other materials, are
added to its slopes.

Probably the best-known active composite volcano at the present time is
Mount Saint Helens (Figure 14.3a, b, and ¢) in Washington State. Mount Saint
Helens is most notorious for its catastrophic eruption on May 18, 1980, which
was the deadliest and most economically destructive volcanic event in the history
of the United States. Fifty-seven people were killed; 250 homes, 47 bridges, 15
miles of railways, and 185 miles of highway were destroyed.

* Shield volcanoes are built almost entirely of fluid lava flows. Flow after flow
pours out in all directions from a central summit vent, or group of vents,
building a broad, gently sloping cone of flat, domical shape, with a profile
much like that of a warrior’s shield. They are built up slowly by the accretion
of thousands of highly fluid lava flows called basalt lava that spread widely
over great distances, and then cool as thin, gently dipping sheets. Lava also
commonly erupts from vents along fractures (rift zones) that develop on the
flanks of the cone. Some of the largest volcanoes in the world are shield vol-
canoes (Figure 14.4).

* Lava Domes are formed by relatively small bulbous masses of lava too viscous
to flow any great distance; consequently, on extrusion, the lava piles over and



Figure 14.3a. Mi. St. Helens north face (blast face) taken from start of
Truman Ridge.

Figure 14.3b. M. St. Helens north face Lehar (mudslide) runoff area Toutle
River basin.



Figure 14.3c. Mt. Si. Helens inside the crater. Notice lava dome building
with steam rising off upper side.
Photo by Frank R. Spellman

Figure 14.4. Cross-Section of a Shield Volcano.
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around its vent. A dome grows largely by expansion from within. As it grows,
its outer surface cools and hardens, then shatters, spilling loose fragments
down its sides. Some domes form craggy knobs or spines over the volcanic
vent, whereas others form short, steep-sided lava flows known as coulees
(French “to flow”). Volcanic domes commonly occur within the craters or on
the flanks of large composite volcanoes.

TYPES OF VOLCANIC ERUPTIONS

The type of volcanic eruption is often labeled with the name of a well-known
volcano where characteristic behavior is similar; hence, the use of such terms as
Strombolian, Vulcanian, Vesuvian, Pelean, Hawaiian, and others.

* A strombolian-type eruption is in constant action with huge clots of molten
lava bursting from the summit crater to form luminous arcs through the sky.
Collecting on the flanks of the cone, lava clots combine to steam down the
slopes in fiery rivulets.

* A Vulcanian-type eruption is characterized by very viscous lavas; a dense
cloud of ash-laden gas explodes from the crater and rises high above the peak.
Steaming ash forms a whitish cloud near the upper level of the cone.

* A Pelean-type eruption (or nuee ardente—“glowing cloud”) is character-
ized by its explosiveness. It erupts from a central crater with violent explosions
that eject great quantities of gas, volcanic ash, dust, incandescent lava frag-
ments, and large rock fragments.

* An Hawaiian-type (or quiet) eruption is characterized by less viscous lava
that permits the escape of gas with a minimum of explosive violence. In
fissure-type eruptions, a fountain of fiery lava erupts to a height of several
hundred feet or more. Such lava might collect in old pit craters to form lava
lakes, to form cones, or to feed radiating flows.

* A Vesuvian eruption is characterized by great quantities of ash-laden gas that
violently discharge to form a cauliflower-shaped cloud high above the volcano.

Types of Lava

The two Hawaiian words, pahoehoe and aa, are used to describe how
lava flows. Pahoehoe (Pa-hoy-hoy) is the name for smooth or ropy lava.
Cooler lava hardens on the surface; hotter, more fluid lava flows under
it, offen leaving caves or tubes behind. Aa (ah-ah) is the name of rough,
jogged lava. The molten lava is much less fluid and usually moves more
slowly. A crust never hardens on the surface, but chunks of cooler rock
tumble along the top and sides instead. Aa can be impassable.




IGNEOUS ROCKS AND MAGMA ERUPTION 209

A phreatic (or steam-blast) eruption is driven by explosive expanding steam
resulting from cold ground or surface water coming into contact with hot
rock or magma. The distinguishing feature of phreatic explosions is that they
only blast out fragments of preexisting solid rock from the volcanic conduit;
no new magma is created.

A Plinian eruption is a large explosive event that forms enormous dark col-
umns of tephra (solid material ejected) and gas high into the stratosphere.
Such eruptions are named for Pliny the Younger, who carefully described the
disastrous eruption of Vesuvius in 79 CE. This eruption generated a huge
column of tephra into the fall. Many thousands of people evacuated areas
around the volcano, but about 2,000 were killed, including Pliny the Older.

Lava Flow Terminology

(U.S. Geological Survey, 2000)

Some lava flows are associated with volcanoes and others are the result of fis-
sure flow. These masses of molten rock pour onto the Earth’s surface during
an effusive eruption. Both moving lava and the resulting solidified deposit
are referred to as lava flows. Because of the wide range in (1) viscosity of the
different lava types (basalt, andesite, dacite, and rhyolite), (2) lava discharge
during eruptions, and (3) characteristics of the erupting vent and topography
over which lava travels, lava flows come in a great variety of shapes and sizes.
A lava cascade is similar to a cascade of water that creates a small waterfall as
water descends over rocks. In similar fashion, a lava cascade refers to the rush
or descent of lava over a cliff. In Hawaii, lava cascades typically occur when
lava spills over the edge of a crater, a fault scarp, or a sea cliff into the ocean.
Lava drapery is the cooled, congealed rock on the face of a cliff, crater, or
fissure formed by lava pouring or cascading over their edges.

Lava channels are narrow, curved or straight open pathways through which
lava moves on the surface of a volcano. The volume of lava moving down a
channel fluctuates so that the channel may be full or overflowing at times and
nearly empty at other times. During overflow, some of the lava congeals and
cools along the banks to form natural levees that may eventually enable the
lava channel to build a few meters above the surround ground.

Standing waves in a fast-moving lava flow appear to be stationary relative to
the lava that moves over the land through them, similar to the standing waves
in a water stream. In Hawaii, standing waves as high as 3 m have been observed.
Lava spillways are confined lava channels on the sides of a volcanic cone or
shield that form when lava overflows the rim of the vent.

Lava surges are intermittent surges or accelerations in the forward advance
of lava that can occur when the supply of lava to a flow suddenly increases
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or a flow front gives way. The supply of lava might increase as consequence
of a higher discharge of lava from the vent, a sudden change in the vent
geometry so that a great volume of lava escapes (e.g., the collapse of a vent
wall), or by the escape of ponded lava from along a channel. Lava surges may
be accompanied by thin, short-lived breakouts of fluid lava form the main
channel and flow front.

* Methane explosions are sudden explosions of methane gas that occur fre-
quently near the edges of active lava flows. Methane gas is generated when veg-
etation is covered and heated by molten lava. The explosive gas travels beneath
the ground through cracks and fills abandoned lava tubes for long distances
around the margins of the flow. Methane gas explosions have occurred at least
100 m from the leading edge of a flow, blasting rocks and debris in all directs.

* Volcanic domes are rounded, steep-sided mounds built by very viscous
magma, usually either dacite or rhyolite. Such magmas are typically too vis-
cous (resistant to flow) to move far from the vent before cooling and crystalliz-
ing. Domes may consist of one or more individual lava flows. Volcanic domes
are also referred to as lava domes.

Did You Know?

The longest historical dome-building eruption is sfill occurring at San-
fiaguito Dome, which is erupting on the southeast flank of Santa Maria
volcano in Guatemala. The dome began erupting in 1922.

Intrusions

Intrusive (or plutonic igneous) rocks have been intruded or injected into the sur-
rounding rocks. Some of these intrusions are invisible because they are imbedded
at great depth; consequently igneous intrusive bodies may be seen only after the
underlying rocks have been removed by erosion.

Intrusions are of two types: Concordant intrusions, which are parallel to
layers of rocks, and discordant intrusions, which cut across layers. Some of the
more common intrusive bodies (plutons) are discussed in the following sections.

CONCORDANT INTRUSIONS

* Sills are tabular bodies of igneous rocks that spread out as essentially thin,
horizontal sheets between beds or layers of rocks.
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* Laccoliths are lens-like, mushroom-shaped, or blister-like intrusive bodies,
usually near the surface, that have relatively flat under surfaces and arched or
domed upper surfaces. They differ from sills in that they are thicker in the
center and become thinner near their margins.

* Lopoliths are mega-sills, usually of gabbro or diorite that might cover hun-
dreds of square kilometers and be kilometers thick. They often have a concave
structure and are differentiated. That is, they take so long to harden that heavy
minerals have a chance to sink and light minerals can rise.

DISCORDANT INTRUSIONS

* Dikes are thin, wall-like sheets of magma intruded into fractures in the crust.

* Stocks or plutons are small, irregular intrusions.

* Batholiths are the largest of igneous intrusions and are usually granitic and
cover hundreds or thousands of square kilometers.

Did You Know?

Most obsidian is black, but red, green, and brown obsidian is known.
Obsidian forms when magma is cooled so quickly that individual miner-
als cannot crystallize.

Volcanic Landforms

Volcanic landforms (or volcanic edifices) are controlled by the geological pro-
cesses that form them and act on them after they have formed. Four principal
types of volcanic landforms are plateau basalts or lava plains, volcanic moun-
tains, craters, and calderas.

Plateau basalts and lava plains are formed when great floods of lava are released
by fissure eruptions instead of central vents and spread in sheet-like layers
over the Earth’s surface, forming broad plateaus. Some of these plateaus
are quite extensive. For example, the Columbia River Plateau of Oregon,
Washington, Nevada, and Idaho is covered by 200,000 square miles of
basaltic lava.

Volcanic mountains are mountains composed of the volcanic products of cen-
tral eruptions, and are classified as cinder cones (conical hills), composite
cones (stratovolcanoes), and lava domes (shield volcanoes).
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Volcanic craters are circular, funnel-shaped depressions, usually less than 1 km
in diameter, that form as a result of explosions that emit gases and tephra.

Calderas are much larger depressions, circular to elliptical in shape, with diam-
eters ranging from 1 km to 50 km. Calderas form as a result of collapse of
a volcanic structure. The collapse results from evacuation of the underlying
magma chamber.

Thermal Areas

Thermal areas are locations where volcanic or other igneous activity takes place
as is evidenced by the presence or action of volcanic gases, steam, or hot water
escaping from the earth.

Fumaroles are vents where gases, either from a magma body at depth, or steam
from heated groundwater, emerge at the surface of the earth.

Hot springs or thermal springs are areas where hot water comes to the surface
of the Earth. Cool groundwater moves downward and is heated by a body
of magma or hot rock. A hot spring results if this hot water can find its way
back to the surface, usually along fault zones.

Geysers result if the hot spring has a plumbing system that allows for the accu-
mulation of steam from the boiling water. When the steam pressure builds
so that it is higher than the pressure of the overlying water in the system,
the steam will move rapidly toward the surface, causing the eruption of the
overlying water. Some geysers, like Old Faithful in Yellowstone Park, erupt
at regular intervals, but most geysers are quite erratic in their performance.
The time between eruptions is controlled by the time it takes for the steam
pressure to build in the underlying plumbing system.
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CHAPTER 15

Sedimentary Rocks

A sedimentary rock is like a history book.
—U.S. Geological Survey (2006)

The rocks where the exposure to storms is greatest, and
where only ruin seems to be the object, are all the more
lavishly clothed upon with beauty. . . . In like manner do
men find themselves enriched by storms that seem only big
with ruin.

—TJohn Muir, 1881

When rocks are exposed on the Earth’s surface, they are especially vulnerable to
the surface agents of erosion (weathering, erosion, rain, streamflow, wind, wave
action, ocean circulation). When eroded, these rock fragments (called detritus)
are commonly picked up and transported by wind, water, and ice, and when
the transporting agent has dropped them because the transporting energy is not
strong enough to carry them, they are generally referred to as sediments. Sedi-
ments are composed of components including small fragments (gravel, sand, or
silt size), new minerals (mainly clays), and dissolved portions the source rock
(dissolved salts in river and ocean water). Sediments on the Earth’s surface may
form by mere mechanical accumulation (wind or water) such as gravel and sand
deposits in a river or sand dunes in a desert; by chemical precipitation, such as
salt and calcite precipitation in shallow seas and lakes; and by activity of organ-
isms, such as carbonate accumulation in coral reefs, or accumulation of organic
matter in swamps (coal precursor). Sediments are typically deposited in layers or
beds called strata. When sediments become compacted and cemented together
(a process known as lithification), they form sedimentary rocks.
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This compaction or lithification of sedimentary materials into stratified
layers is probably the most significant feature of sedimentary rocks. These
stratified layers are like pages in the ultimate history book—Earth’s history—
with each page dedicated to a specific or particular timeframe, earliest to pres-
ent. Sediments of any particular period form a distinct layer that is underlain
and overlain by equally distinct layers of respectively older and younger times.
These layers, composed of such common rock types as sandstone, shale, and
limestone, make up about 75% of the rocks exposed on the Earth’s surface.
Geologists can study sedimentary rocks in the making; therefore, they prob-
ably know more details about the origin of these rocks than that of igneous
and metamorphic rocks combined.

Types of Sedimentary Rocks

Several different types of sedimentary rocks can be distinguished according to
the source of rock materials that form them. The main groupings are:

¢ Clastic (or detrital) sedimentary rocks, subdivided into:
o Conglomerates
o Sandstones
o Mudstones and shales
* Chemical and biochemical sedimentary rocks, subdivided into:
o Limestone and dolostone
o Evaporites
o Carbonaceous rocks

CLASTIC SEDIMENTARY ROCKS

Clastic sedimentary rocks are the group of rocks most people think of when they
think of sedimentary rocks. Clasts are fragmented material from other rocks and
clastic sedimentary rocks are made up of pieces of preexisting rocks. Pieces of
rock are loosened by weathering, and then transported by water, wind, gravity,
or glacial action to some basin or depression where sediment is trapped. If the
sediment is buried deeply, it becomes compacted and cemented, forming sedi-
mentary rock. Depending on grain size, they are subdivided into conglomerate,
sandstone, siltstone, and shale (see Table 15.1).

The formation of a clastic sedimentary rock involves the following processes:

* Transportation: Sediments move to their final destination by sliding down
slopes; being picked up by the wind; or by being carried by running water
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Table 15.1. Classification of Clastic Sedimentary

Name of Loose

Particle Size Range Sediment Consolidated Rock

Boulder >256 mm Gravel Conglomerate

Cobble 64-256 mm Gravel Conglomerate

Pebble 2-64 mm Gravel Conglomerate

Sand 1/16-2 mm Sand Sandstone

Silt 1/256-1/16 mm  Silt Siltstone

Clay <1/256 mm Clay Claystone, mudstone, and shale

Source: Adapted from James Madison University, 2000.

in streams, rivers, or ocean currents. During transport the sediment particles
will be sorted according to size and density and will be rounded by abrasion.
The distance the sediment is transported and the energy of the transporting
medium all leave clues in the final sediment that tell us something about the
mode of transportation.

* Deposition: Sediment is deposited when the energy of the transporting me-
dium becomes too low to continue the transport process. In the deposition
process, when the velocity of the transporting medium becomes too low to
transport sediment, the sediment will fall out and become deposited.

* Diagenesis: Diagenesis is the process of chemical and physical change that
turns sediment into rock. The first step in the process is compaction, which
occurs when the weight of the overlying material increases. As the grains of
the material are compacted together, pore space is reduced and water is elimi-
nated from the substance. The free water usually carries mineral components
in solution, and these constituents may later precipitate as new minerals in the
pore spaces. This causes cementation, which then starts to bind the individual
particles together and can be seen in quartz, calcite, iron oxide, clay, glauco-
nite, and feldspar. The next stage of diagenesis involves alteration. Consider
limestone and plagioclase; for example, both of these primary rocks can be
converted or altered, respectively, to dolomite and to albite. This alteration
occurs through pressure solution, which occurs when carbonate rock begins
to dissolve under pressure, either of deep burial or tectonic squeezing. Finally,
limestone is precipitated and formed in the recrystallization process. In addi-
tion, an absence of oxygen during the compaction process may cause other
alterations to the original sediment.

Some of the more common types of clastic sedimentary rocks are described
in the following list.

* Sandstone: Sandstones, composed essentially of cemented sand, comprise
about 30% of all sedimentary rocks. The most abundant mineral in sandstone
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is quartz, along with lesser amounts of calcite, gypsum, and various iron com-
pounds. Sandstone is used as an abrasive (for sandpaper) and as a building stone.

* Conglomerate: These are consolidated gravel deposits with variable amounts
of sand and mud between the pebbles, and are the least abundant sediment
type. Conglomerates accumulate in stream channels, along the margins of
mountain ranges, and may also accumulate on beaches. Conglomerates com-
posed largely of angular pebbles are called breccias; those formed in glacial
deposits are called z/lites.

* Shale: Shale consists of consolidated clay and other fine particles (mud) that
have hardened into rock. It is the most abundant of all sedimentary rocks, com-
prising about 60% to 70% of the sedimentary rocks on Earth. Characteristically
fine-grained and thinly bedded, shale is split easily along dividing (bedding)
planes. Shale is classified or typed by composition. For example, shale contain-
ing large amounts of clay is called argillaceous shale. Shale containing appreciable
amounts of sand is called arenaceous shale. Shale high in organic matter is typi-
cally black in color and known as carbonaceous shale. Shale that contains large
amounts of lime is known as calcareous shale, and is used in the manufacture of
Portland cement. Another type of shale, 0i/ shale, is currently of great interest
worldwide because of (at the time of this writing) the increasing cost of crude oil.
Oil shale contains a fossilized insoluble organic materials called 4erogen, which
is converted into petroleum products and may be a short-term solution to crude
oil shortage problems, as discussed in the following section.

United States: Coal-Shale Deposits

J. R. Dyni (2005) of the Unites States Giological Survey (USGS) points out that
Numerous deposits of oil shale, ranging from the Precambrian to the Tertiary
age, are present in the United States. The two most important deposits are in the
Eocene Green River Formation in Colorado, Wyoming, and Utah, and in the
Devonian—Mississippian black shales in the eastern United States. Oil shale as-
sociated with coal deposits of Pennsylvanian age also appears in the eastern United
States. Other deposits are known to be in Nevada, Montana, Alaska, Kansas, and
elsewhere, but these are either too small, too low grade, or have not yet been well
enough explored (Russell, 1990). Because of their size and grade, most investiga-
tions have focused on the Green River and the Devonian Mississippian deposits.

GREEN RIVER FORMATION

Geology

Lacustrine sediments of the Green River Formation were deposited in two
large lakes that occupied 65,000 km? in several sedimentary-structural basins
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in Colorado, Wyoming, and Utah during the early Eocene period through the
middle Eocene period. The Uinta Mountain uplift and its eastward extension,
the Axial Basin anticline, separate these basins. The Green River lake system was
in existence for more than 10 million years during a time of a warm temperate
to subtropic climate. During parts of their history, the lake basins were closed,
and the waters became highly saline.

Fluctuations in the amount of inflowing stream waters caused large expan-
sions and contractions of the lakes as evidenced by widespread intertonguing of
marly lacustrine strata with beds of land-derived sandstone and siltstone. Dur-
ing arid times, the lakes contracted, and the waters became increasingly saline
and alkaline. The lake-water content of soluble sodium carbonates and chloride
increased, whereas the less soluble divalent Ca + Mg + Fe carbonates were pre-
cipitated with organic-rich sediments. During the driest periods, the lake waters
reached salinities sufficient to precipitate beds of nahcolite, halite, and trona. The
sediment pore waters were sufficiently saline to precipitate disseminated crystals of
nahcolite, shorite, and dawsonite along with a host of other authigenic (generated
where it was found or observed) carbonate and silicate minerals (Milton, 1977).

A noteworthy aspect of the mineralogy is the complete lack of authigenic
sulfate minerals. Although sulfate was probably a major anion in the stream
waters entering the lakes, the sulfate ion was presumably totally consumed by
sulfate-reducing bacteria in the lake and sediment waters according to the fol-
lowing generalized oxidation-reduction reaction:

2CH,O + SO,? — 2HCO," + H,S (hydrogen sulfide)

Note that two moles of bicarbonate are formed for each mole of sulfate that
is reduced. The resulting hydrogen sulfide could either react with available Fe**
to precipitate as ion sulfide minerals or escape from ht sediments as a gas (Dyni,
1998). Other major sources of carbonate include calcium carbonate—secreting
algae, hydrolysis of silicate minerals, and direct input from inflowing streams.

The warm alkaline lake waters of the Eocene Green River lakes provided
excellent conditions for the abundant growth of blue-green algae (cyanobacteria)
that are thought to be the major precursor of the organic matter in the oil shale.
During times of freshening waters, the lakes hosted a variety of fishes, rays, bi-
valves, gastropods, ostracodes, and other aquatic fauna. Areas peripheral to the
lakes supported a large and varied assemblage of land plants, insects, amphibians,
turtles, lizards, snakes, crocodiles, birds, and numerous mammalian animals

(McKenna, 1960; MacGinitie, 1969; Grande, 1984).

Historical Developments

The occurrence of oil shale in the Green River Formation in Colorado, Utah, and
Wyoming has been known for many years. During the early 1900s, it was clearly
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established that the Green River deposits were a major resource of shale oil (Wood-
ruff and Day, 1914; Winchester, 1916; Gavin, 1924). During this early period,
the Green River and other deposits were investigated, including oil shale of the
marine Phosphoria Formation of Permian age in Montana (Bowen, 1917; Condit,
1919) and oil shale in Tertiary lake beds near Elko, Nevada (Winchester, 1923).

In 1967, the U.S. Department of Interior began an extensive program to
investigate the commercialization of the Green River oil-shale deposits. The
dramatic increases in petroleum prices resulting from the OPEC oil embargo of
1973-1974 triggered another resurgence of oil-shale activities during the 1970s
and into the early 1980s. In 1974, several parcels of public oil-shale lands in
Colorado, Utah, and Wyoming were put up for competitive bid under the Fed-
eral Prototype Oil Shale Leasing Program. Two tracts were leased in Colorado
(C-a and C-b) and two in Utah (U-a and U-b) to oil companies.

Large underground mining facilities, including vertical shafts, room-and-
pillar entries, and modified in-situ retorts, were constructed on Tracts C-a
and C-b, but little or no shale oil was produced. During this time, Unocal Oil
Company was developing its oil-shale facilities on privately owned land on the
south side of the Piceance Creek Basin. The facilities included a room-and-pillar
mine with a surface entry, a 10,000 barrel/day (1,460 ton/day) retort, and an
upgrading plant. A few miles north of the Unocal property, Exxon Corporation
opened a room-and-pillar mine with a surface entry, haulage roads, waste-rock
dumpsite, and a water-storage reservoir and dam.

In 1977-1978, the U.S. Bureau of Mines opened an experimental mine
that included a 723-meter-deep shaft with several room-and-pillar entries in the
northern part of the Piceance Creek Basin to conduct research on the deeper
deposits of oil shale, which are commingled with nahcolite and dawsonite. The
site was closed in the later 1980s.

About $80 million were spent on the U-a/U-b tracts in Utah by three en-
ergy companies to sink a 313-m-deep vertical shaft and inclined haulage way to
a high-grade zone of oil shale and to open several small entries. Other facilities
included a mine services building, water and sewage-treatment plants, and a
water-retention dam.

The Seep Ridge project sited south of the U-a/U-b tracts, funded by Geoki-
netics, Inc. and the U.S. Department of Energy, produced shale oil by a shallow
in-situ retorting method. Several thousand barrels of shale oil were produced.

The Unocal oil-shale plant was the last major project to produce shale oil
from the Green River Formation. Plant construction began in 1980, and capital
investment for constructing the mine, retort, upgrading plant, and other facili-
ties was $650 million. Unocal produced 657,000 tons (about 4.4 million bbls)
of shale oil, which were shipped to Chicago for refining into transportation fuels
and other products under a program partly subsidized by the U.S. Government.
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The average rate of production in the last months of operation was about 875
tons (about 5,900 barrels) of shale oil per day; the facility was closed in 1991.

In the past few years, Shell Oil Company began an experimental field proj-
ect to recover shale oil by a proprietary in-situ technique. Some details about the
project have been publicly announced, and the results to date (2006) appear to
favor continued research.

Shale-Oil Resources

As the Green River oil-shale deposits in Colorado became better known, esti-
mates of the resource increased from about 20 billion barrels in 1916 to 900
billion barrels in 1961 and to 1 trillion barrels (approximately 147 billion tons)
in 1989 (Winchester, 1916; Donnell, 1961; Pitman et al., 1989).

The Green River oil-shale resources in Utah and Wyoming are not as well
known as those in Colorado. Trudell et al. (1983) calculated the measured and
estimated resources of shale oil in an area of about 5,200 km? in eastern Uinta
Basin, Utah, to be 214 billion barrels (31 billion tons) of which about one-third
is in the rich Mahogany oil-shale zone. Culbertson et al. (1980) estimated the
oil-shale resources in the Green River Formation in the Green River Basin in
southwest Wyoming to be 244 billion barrels (35 billon tons) of shale oil.

Additional resources are also in the Washakie Basin east of the Green
River Basin in southwest Wyoming. Trudell et al. (1973) reported that several
members of the Green River Formation on Kinney Rim on the west side of the
Washakie Bain contain sequences of low to moderate grades of oil shale in three
core holes. Two sequences of oil shale in the Laney Member, 11- and 42-meters
thick, average 63 I/t and represent as much as 8.7 million tons of in-situ shale
oil per square kilometer.

Other Mineral Resources

In addition to fossil energy, the Green River oil-shale deposits in Colorado
contain valuable resources of sodium carbonate minerals including nahcolite
(NaHCO,) and dawsonite [NaAI(OH),CO,]. Both minerals are commingled
with high-grade oil shale in the deep northern part of the basin. Dyni (1974)
estimated the total nahcolite resource at 29 billion tons. Beard et al. (1974) es-
timated nearly the same amount of nahcolite and 17 billion tons of dawsonite.
Both minerals have value for soda as (Na,CO,) and dawsonite also has potential
value for its alumina (AL,O,) content. The latter mineral is most likely to be
recovered as a byproduct of an oil-shale operation. One company is solution
mining nahcolite for the manufacture of sodium bicarbonate in the northern
part of the Piceance Creek Basin at depths of about 600 m (Day, 1998). Another
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company stopped solution mining nahcolite in 2004, but now processes soda
ash obtained from the Wyoming trona (hydrated sodium bicarbonate carbonate)
deposits to manufacture sodium bicarbonate.

The Wilkins Peak Member of the Green River Formation in the Green River
Basin in southwestern Wyoming contains not only oils but also the world’s largest
known source of natural sodium carbonate as trona (Na,CO,*NaHCO,*2H,0).
The trona resource is estimated at more than 115 billion tons in 22 beds ranging
from 1.2 t0 9.8 m in thickness (Wiig et al., 1995). In 1997, trona production
from five mines was 16.5 million tons (Harris, 1997). Trona is refined into soda
ash (Na,CO)) used in the manufacture of bottle and flat glass, baking soda, soap
and detergents, waste treatment chemicals, and many other industrial chemicals.
One ton of soda ash is obtained from about two tons of trona ore. Wyoming
trona supplies about 90% of U.S. soda ash needs; in addition, about one-third
of the total Wyoming soda ash produced is exported.

In the deeper part of the Piceance Creek Basin, the Green River oil shale
contains a potential resource of natural gas, but its economic recovery is ques-
tionable (Cole and Daub, 1991). Natural gas is also present in the Green River
oil-shale deposits in southwest Wyoming, and probably in the oil shale in Utah,
but in unknown quantities.

EASTERN DEVONIAN-MISSISSIPPIAN OIL SHALE

Depositional Environment

Black organic-rich marine shale and associated sediments of Late Devonian and
Early Mississippian age underlie about 725,000 km? in the eastern United States.
These shales have been exploited for many years as a resource of natural gas,
but have also been considered as a potential low-grade resource of shale oil and
uranium (Roen & Kepferle, 1993; Conant & Swanson, 1961).

Over the years, geologists have applied many local names to these shales
and associated rocks, including the Chattanooga, New Albany, Ohio, Sunbury,
Antrim, and others. A group of papers detailing the stratigraphy, structure, and
gas potential of these rocks in eastern United States have been published by the
U.S. Geological Survey (Roen and Kepferle, 1993).

The black shales were deposited during Late Devonian and Early Mississip-
pian time in a large epeiric sea that covered much of middle and eastern United
States east of the Mississippi River. The area includes the broad, shallow, Interior
Platform on the west that grade eastward into the Appalachian Basin. The depth
to the base of the Devonian—Mississippian black shales ranges from surface expo-
sures on the Interior Platform to more than 2,700 meters along the depositional
axis of the Appalachian Basin (De Witt et al., 1993).
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The Late Devonian sea (Paleozoic era; ~416 to 359.2 million years ago) was
relatively shallow with minimal current and wave action much like the environ-
ment in which the Alum Shale of Sweden was deposited in Europe. A large part
of the organic matter in the black shale is amorphous bituminite, although a few
structured fossil organisms such as Tasmanites, Botryococcus, Foerstia, and oth-
ers have been recognized. Conodonts (extinct primitive fishlike chordates with
cone-like teeth) and linguloid (small, oval, and inarticulate) brachiopods are
sparingly distributed through some beds. Although much of the organic matter
is amorphous and of uncertain origin, it is generally believed that much of it was
derived from planktonic algae.

In the distal (farthest away) parts of the Devonian sea, the organic matter
accumulated very slowly along with very fine-grained clayey sediments in poorly
oxygenated waters free of burrowing organisms. Conant and Swanson (1961)
estimated that 30 cm of the upper part of the Chattanooga Shale deposited on
the Interior Platform in Tennessee could represent as much as 150,000 years of
sedimentation.

The black shales thicken eastward into the Appalachian Basin owning to in-
creasing amounts of clastic sediments that were shed into the Devonian sea from
the Appalachian highland lying to the east of the basin. Pyrite and marcasite are
abundant authigenic materials, but carbonate minerals are only a minor fraction
of the mineral matter.

Resources

The oil-shale resource is in that part of the Interior Platform where the black
shales are the richest and closest to the surface. Although long known to produce
oil upon retorting, the organic matter in the Devonian—Mississippian black shale
yields only about half as much as the organic matter of the Green River oil shale,
which is thought to be attributable to differences in the type of organic matter
(or type of organic carbon) in each of the oil shales. The Devonian—Mississip-
pian oils shale has a higher ratio of aromatic to aliphatic organic carbon than
Green River oil shale, and is shown by material balance Fischer assays to yield
much less shale oil and a higher percentage of carbon residue (Miknis, 1990).

Hydroretorting Devonian—Mississippian oil shale can increase the oil yield
by more than 200 percent of the value determined by Fischer assay. In contrast,
the conversion of organic matter to oil by hydroretorting is much less for Green
River oils shale, about 130 to 140% of the Fischer assay value. Other marine oil
shales also respond favorably to hydroretorting, with yields as much as, or more
than, 300% of the Fischer assay (Dyni et al. 1990).

Mathews et al. (1980) evaluated the Devonian—Mississippian oils shales in ar-
eas of the Interior Platform where the shales are rich enough in organic matter and
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close enough to the surface to be mineable by open pit. Results or investigations in
Alabama, Illinois, Indiana, Kentucky, Ohio, Michigan, eastern Missouri, Tennes-
see, and West Virginia indicated that 98% of the near-surface mineable resources
are in Kentucky, Ohio, Indiana, and Tennessee (Matthews, 1983).

The criteria for the evaluation of the Devonian—Mississippian oil-shale re-
source used by Matthews et al. (1980) were:

Organic carbon content: 210 weight percent
Overburden: <200 m

Stripping ratio: <2.5:1

Thickness of shale bed: 23 m

Open-pit mining and hydroretorting

b

On the basis of these criteria, the total Devonian—Mississippian shale oil
resources were estimated to be 423 billion barrels (61 billion tons) (Dyni, 2005).

Chemical Sedimentary Rocks

Chemical and organic sedimentary rocks are the other main group of sediments
besides clastic (lithified) sediments. They are formed by weathered material in
solution precipitating from water or as biochemical rocks made of dead marine
organisms. Usually special conditions are required for these rocks to form, such
as high temperature, high evaporation, and high organic activity. Some chemical
sediment is deposited directly from the water in which the material is dissolved;
for example, solution upon evaporation of seawater. Such deposits are generally
referred to as inorganic chemical sediments. Chemical sediments that have been
deposited by or with the assistance of plants or animals are said to be organic or
biochemical sediments. Accumulated carbon-rich plant material may form coal.
Deposits made mostly of animal shells may form limestone, chert, or coquina.

CHEMICAL SEDIMENTARY ROCKS

Sedimentary rocks formed from sediments created by inorganic processes are
discussed in the following list.

Limestone: Calcite (CaCO,) is precipitated by organisms usually to form a shell
or other skeletal structure. Accumulation of these skeletal remains results in
the most common type of chemical sediment, limestone. Limestone might
form by inorganic precipitation as well as by organic activity.
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Dolomite: Dolomite consists of carbonate mineral (known as magnesium
limestone) [CaMg(CO,),], and occurs in more or less the same settings as
limestone. Dolomite is formed when some of the calcium in limestone is
replaced by magnesium.

Evaporites: Evaporites are sedimentary rocks (true chemical sediments) that are
derived from minerals precipitated from seawater. Thus they consist mostly
of halite (salt [NaCl]) and gypsum (CaSO,) by chemical precipitation—
high evaporation rates cause concentration of solids to increase as the result
of water loss by evaporation.

CHEMICAL SEDIMENTARY ROCKS: INORGANIC PROCESSES

These rocks consist of sediments formed from the remains or secretions of organ-
isms including fossiliferous limestone, coquina (type of limestone composed of shells
and coarse shell fragments), chalk (a porous, fine-textured variety of limestone
composed of calcareous shells), lignite (brown coal), and bituminous (soft) coal.

Physical Characteristics of Sedimentary Rocks

Sedimentary rocks possess definite physical characteristics and display certain
features that make them readily distinguishable from igneous or metamorphic
rocks. Some of the most important sedimentary characteristics are:

* Stratification: Probably the most characteristic feature of sedimentary rocks is
their tendency to occur in strata or beds. These strata are formed as geological
agents such as wind, water, or ice gradually deposit sediment.

* Cross-bedding: Sets of beds that are inclined relative to one another. The
beds are inclined in the direction that the wind or water was moving at the
time of deposition. Boundaries between sets of cross beds usually represent an
erosional surface. They are very common in beach deposits, sand dunes, and
river deposited sediment.

* Texture: The size, shape, and arrangements of materials derived by processes
of weathering, transportation, deposition, and diagenesis determine the
texture of sedimentary rocks. Again, the textures we find in sediment and
sedimentary rocks are dependent on processes that occur during each stage of
formation. These include:

o Source materials, the nature of wind and water currents present, distance
materials transported or time in the transportation process, biological activ-
ity, and exposure to various chemical environments.
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* Graded Bedding: In a stream, as current velocity wanes, first the larger or
denser particles are deposited, followed by smaller particles. This results in
bedding showing a decrease in grain size from the bottom of the bed to the
top of the bed (fine sediment on top and coarse at bottom).

* Ripple Marks: Characteristic of shallow water deposition. Caused by small
waves or winds that often leave ripples of sand on the surface of a beach or bot-
tom of a stream or sand. Ripples of this type have also been preserved in cer-
tain sedimentary rocks and may provide the geologist with information about
the conditions of deposition when the sediment was originally deposited.

* Mud Cracks: It is not uncommon to find mud cracks that result from the
drying out of wet sediment on the bottom of dried-up lakes, ponds, or stream
beds. These many-sided (polygonal) shapes give a honeycomb appearance on
the surface. If preserved in sedimentary rocks, such shapes suggest that the
rock was subjected to alternate periods of flooding and drying.

¢ Concretions: Spherical or flattened masses of rock enclosed in some shales or
limestones that are generally harder than the rock enclosing them are called
concretions. Because concretions are usually harder than the enclosing rock,
they are often left behind after the surrounding rock has been eroded away.

* Fossil: Fossils are remains or evidence of once-living organisms that have been
preserved in the Earth’s crust. Because life has evolved, fossils give clues to
relative age of the sediment; they can be important indicators of past climates.

* Color: Hematites (iron oxides) produce a pink or red color in such areas as
the Grand Canyon and Painted Desert.

Sedimentary Rock Facies

A sedimentary facies is a group of characteristics that describe an accumulation
of deposits that have distinctive characteristics and grade laterally into other
sedimentary deposits as a result of changing environments and original deposits.
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CHAPTER 16

Metamorphism
and Deformation

The land ethic simply enlarges the boundaries of the com-
munity to include soils, waters, plants, and animals, or col-
lectively: the land. This sounds simple: do we not already
sing our love for and obligation to the land of the free
and the home of the brave? Yes, but just what and whom
do we love? Certainly not the soil, which we are sending
helter-skelter downriver. Certainly not the waters, which
we assume have no function except to turn turbines, float
barges, and carry off sewage. Certainly not the plants, of
which we exterminate whole communities without batting
an eye. Certainly not to animals, of which we have already
extirpated many of the largest and most beautiful species. A
land ethic of course cannot prevent the alteration, manage-
ment, and use of these “resources,” but it does affirm their
right to continued existence, and, at least in spots, their
continued existence in a natural state.

—Aldo Leopold, 1948

In geology, metamorphism (Greek: meta, “change”; morph, “form”: metamor-
phism means “to change form”) is the process of change that rocks (mineral
assemblage and texture) within the earth undergo when exposed to increasing
temperatures and pressures at which their mineral components are no longer
stable. Metamorphism may be Jocal—contact metamorphism is due to igneous
intrusion—or regional—as takes place in mountain building when slate, schist,
and gneiss are formed. Contrary to the popular view that metamorphism can’t
occur unless tremendous heat is generated, metamorphism may take place in a
solid state, without melting.

231
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Recall that our earlier discussion of sedimentary rocks pointed out that
sedimentary rocks also go through a process of changing form known as dia-
genesis. In geology, however, we restrict these sedimentary processes to those
that occur at temperatures below 200° C and pressures below about 300 mega
pascal (MPa). This is equivalent to approximately 3,000 atmospheres (atm)
of pressure. On the other hand, metamorphism occurs at temperatures and
pressure higher than 200° C and 300 MPa. The upper limit of metamorphism
occurs at the pressure and temperature of wet partial melting of the affected
rock. Keep in mind, however, that once melting begins, the process changes
to an igneous process.

Metamorphism: Source of Heat and Pressure

Metamorphism occurs because some minerals are stable only under certain con-
ditions of pressure and temperature. The heat involved with metamorphic pro-
cesses is derived from uranium and thorium and other elements with lead and
radiation added. Potassium-40 to calcium-40 or argon plus radiation provides
another internal source of heat. In regard to pressure, recall that air pressure at
sea level is measured at 14 psi (1 atm or 1 Bar = 100,000 pascals). In comparison,
the pressure beneath 33 feet of water is equal to 1 atm (1 Bar). It is interesting to
note that this same level of pressure is measured beneath 10 feet of rock. Pressure
measured in the deepest part of the ocean is equivalent to 1,000 Bar. The pres-
sure measured under 1 mile of rock is 500 Bars (1,000 Bars or 1 kilobar [kb] is
the measured pressure beneath 2 miles of rock). The point is that rocks can be
subjected to higher temperatures and pressure as they become buried deeper in
the Earth. Such burial usually takes place as a result of tectonic processes such
as continental collisions or subduction (discussed in detail later). These same
processes, especially tectonic uplift and erosion, eventually are involved with
projecting metamorphic rocks to the surface.

Types of Metamorphism

As mentioned, metamorphism consists of two types: contact metamorphism and
regional metamorphism.

* Contact metamorphism occurs around or adjacent to igneous intrusions
under low pressure but high temperatures in local, shallow areas of 0-6 km.
Because only a small area surrounding the intrusion is heated by the magma,
metamorphism is restricted to a zone surrounding the intrusion.
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* Regional metamorphism occurs over large areas that were subjected to high
pressure, causing deformation. Strongly foliated metamorphic rocks such as
schists, slates, and gneisses are formed (Figure 16.1).

Did You Know?

Limestone is formed by the mineral calcite. Calcite is very stable over a
wide range of temperature and pressure. Consequently, when meta-
morphism of limestone occurs, the original calcite crystals grow larger.
The resultant rock produced is marble.

(Shale—Sedimentary)

Increasing

N/

Heat & pressure Slate

Figure 16.1. Metamorphic

N/ i
ph! Ilite rock forms.

N
Schist

A\
Gneiss

Major Metamorphic Rock Types
The three major metamorphic rock types include slate, schist, and gneiss.

e Slate is fine-grained chlorite and clay minerals; it is generally a foliated
(banded), homogenous, metamorphic rock derived from an original sedimen-
tary shale form through low-grade regional metamorphism. Figure 16.2 shows
the response of shale rock to increasing metamorphic processes.

* Schist is a crystalline rock formed primarily from basalt, an igneous rock;
shale, a sedimentary rock; or slate, a metamorphic rock. Tremendous heat
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Figure 16.2. Metamorphism of clay and quariz minerals (shale) where
maximum siress is applied at an angle to the original bedding planes, so
that the slatey cleavage has developed at an angle to the original bedding.

and pressure caused these rocks to be transformed into schist rock. Schist rock
has the tendency to split into irregular planar layers (schistosity). Most schist
is composed largely of platy minerals such as muscovite, chlorite, talc, biotite,
and graphite. Figure 16.3 shows schistosity of metamorphic schist rock.

* Gneiss (sounds like niece) is a metamorphic rock—metamorphosed primar-
ily from granite and diorite—characterized by banding caused by segregation
of different types of rocks, typically light and dark silicates. In the formation
of gneiss, metamorphism continues and the sheet silicates become unstable,
and dark-colored minerals like hornblende and pyroxene start to grow. As
mentioned, these dark-colored minerals tend to become segregated in distinct
bands through the rock, giving the rock a gneissic banding. The name gneissic
actually is more suitable for its texture. Again, gneissic texture refers to the
segregation of light and dark minerals.
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Figure 16.3. Shows the irregular planar foliation (Schistosity) of metamor-
phic schist rock.

Metamorphic Facies

As mentioned eatlier in our discussion of sedimentary facies, a facies is a body of
rock with specified characteristics. Metamorphic facies is similar to the concept
of sedimentary facies in that a sedimentary facies is also a set of environmental
conditions present during deposition. Keep in mind, however, that in general,
metamorphic rocks do not undergo significant changes in chemical composition
during metamorphism. In metamorphism—changes in rock assemblages—it is
all about pressure and temperature, and variations from location to location,
from rock type to rock type, and assemblage to assemblage. Consequently, the
mineral assemblages that are observed are an indication of the temperature and
pressure environment that they were subjected to. Moreover, it is important to
keep in mind that, though we are speaking of changes in rocks because of meta-
morphism, not all changes in rocks are due to metamorphism—changes also
occur as the result of surface and agents such as weathering (discussed later) and
sedimentary processes such as diagenesis (discussed earlier).
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Deformation of Rock

Although rock beds, especially sedimentary rocks, are generally deposited in
almost horizontal beds, they are generally found to be tilted or distorted if fol-
lowed over any considerable distance. Such structures are the result of forces
within the earth that continually bend them, twist them, or fracture them.
When rocks bend, twist, or fracture, we say they deform (change shape or size).
When rocks deform (change in size, shape, or volume) they are said to strain.
The intensity of the changes is proportional to the intensity of deformation and
depth of burial. The forces that cause deformation of rock are referred to as
stresses. The most intense zones of rock deformation are associated with moun-
tain building processes.

To better understand rock deformation we must first understand the forces
of stress.

* Stress is a force applied over an area (force/unit area).

* Uniform stress is a stress wherein the forces act equally from all directions
(also called pressure). The pressure from the weight of ovetlying rocks within
the earth is uniform stress but is usually referred to as confining stress.

* Differential stress is a stress in which the stress is not equal from all direc-
tions. Three kinds of differential stress occur.

o Tensional or extensional stress stretches rock.
o Compressional stress squeezes rock.
o Shear stress results in slippage and translation.

TYPES OF DEFORMATION
Increasing stress causes rock to deform in three successive stages.
* Elastic deformation: Strain is reversible.

* Ductile deformation: Strain is irreversible.
¢ Fracture: Strain is irreversible; the material breaks.

Did You Know?

Brittle materials have a small or large region of elastic behavior but only
a small region of ductile behavior before they fracture. On the other
hand, ductile materials have a small region of elastic behavior and a
large region of ductile behavior before they fracture.
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How a particular material behaves depends on several factors, including:

* Temperature: When temperature is high materials are ductile. At low tem-
perature, materials are brittle.

* Confining pressure: High surrounding pressure tends to hinder fracture. At
low confining pressure, material fractures sooner.

* Strain rate: High strain rates cause materials to fracture. Low strain rates favor
ductile behavior.

* Composition: Deals with the chemical bond types that hold rocks together.
Quartz, olivine, and feldspars are very brittle while others such as micas, clay,
and calcite minerals are more ductile. The presence of water is another com-
positional factor. Water weakens chemical bonds and allows rock to act in a
ductile manner; dry rocks, however, tend to behave in a brittle manner.

Did You Know?

Geologists study rock deformation for many reasons. For example, it
is important to know how beds and rocks are deformed to determine
the location of coal seams, water aquifers, and other geological phe-
nomena. Also, the location of ore deposits and petroleum traps is of
economic importance.

DEFORMATION IN PROGRESS

Deformation of rocks is ongoing process. However, to the casual observer,
this ongoing deformation process usually is not evident because it is slow and
gradual. In many cases, it is so slow that it can only be observed and documented
by using sensitive measuring instruments over periods of months, years, and
decades, or even longer. Again, unless deformation is abrupt along fault lines
caused by the fracture of rocks on a time scale of seconds or minutes, as in an
earthquake, we are unlikely to notice deformation in progress.

GEOLOGICAL EVIDENCE OF FORMER DEFORMATION

When we observe crustal rock formations, evidence of deformation that has oc-
curred in the past is very evident. For example, lava flows and sedimentary strata
generally follow the law of original horizontality (sediments pile up sandwich-
fashion and lave simply piles up). Thus, when we observe strata that is no longer
horizontal but instead is inclined, it is clear that deformation has occurred some-
time in past. Geologists are able to uniquely define and communicate to others
the orientation of planar features by using two special terms—szrike and dip.
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Dip of a bed is a measure of its slope or tilt in relation to the horizontal. For
an inclined plane the strike is the compass direction of any horizontal line on the
plane. Again, stated in relation to strike, the dip is the angle between a horizontal
plan and the inclined plane, measured perpendicular to the direction of strike.
The direction of dip is the direction of maximum slope (or the direction a ball
would run over the bed if its surface were perfectly flat). The angle of dip is the
acute angle this direction makes with a horizontal plane.

Dip-strike symbols are used in most geological maps to record strike and dip
measurements. The generally used symbol has a long line oriented parallel to the
compass direction of the strike. A short tick line is placed in the center of the line
on the side to which the inclined plane dips, and the angle of dip is recorded next
to the strike and dip symbols as shown in Figure 16.4. For beds with a 90-degree
vertical dip, the short line crosses the strike line, and for beds with no horizontal
dip a circle with a cross inside is used, as shown in Figure 16.4.

X

Strike and dip symbol for vertical beds

X

Strike and dip symbol for horizontal beds

Figure 16.4. Sirike and dip symbols for geo-
logical maps.

Faults—the cause of earthquakes—involve brittle rock fractures and
relative movement of rock units. In nearly all cases, the rocks involved were
originally in a horizontal position. The amount of movement might vary from
less than a few inches to many thousands of feet vertically and to more than
100 miles horizontally. Different types of faults are produced by different
compressional and tensional stresses, and they also depend on the rock type
and geological setting.
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TYPES OF FAULTS

Depending on the direction of relative displacement, faults can be divided into
several different types. Because faults are planar features, the concepts of strike
and dip also apply, and thus the strike and dip of a fault plane can be measured.
Types of faults are discussed in the following list.

* Dip slip faults have an inclined fault plane along which the relative displace-
ment or offset has occurred along the dip direction.

v/ Important Point: In looking at the displacement of any fault, we don’t
know which side actually moved or if both sides moved. All we can deter-
mine is the relative sense of motion.

The block above the fault, for any inclined plane, is known as the hanging

wall block and the block below the fault is the foorwall block.

* Normal faults are faults in which relative downward movement has taken
place down the upper face or hanging wall of the fault plane (Figure 16.5).

Hanging-Wall Block / B

A /

—

D / Foot Wall Block

Figure 16.5. Normal fault with extensional stress.

* Horsts and grabens are normal faults that often occur in a series because of
the tensional stress, which causes adjacent faults to dip in opposite directions.
In this situation, the down-dropped fault blocks form grabens and the uplifted
fault blocks form horsts (Figure 16.6). Rift valleys are graben structures hun-
dreds of miles in length. The most prominent is that along the Red Sea, but
the basin and range province of Nevada, Utah, and Idaho is also an example.
In the basin and range, the basins are elongated grabens than now form val-
leys, and the ranges are uplifted horst blocks. They also occur below the oceans
along the crests of the mid-oceanic ridges.
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Horst

Graben Graben
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Figure 16.6. Horst and Grabens.

* Half-grabens are bounded by only one fault instead of the two that form a
normal graben (Figure 16.7).

\ Half-Graben

Figure 16.7. Half-Graben.

* Reverse faults have relative upward movement of the hanging wall of the fault
plane (Figure 16.8). They occur in areas of horizontal compressional stresses
and folding such as mountain belts.

A Hanging Wall Block /
A
B /
B
: A ¥, >
4 -
D /Foot Wall Block

Figure 16.8. Reverse fault compressional stress.
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* Thrust faults are exemplified in Chief Mountain in Montana, which is an
example of a special case of a reverse fault where the dip of the fault is less
than 15 degrees (low dip). Thrust faults can have considerable displacement,
measuring hundreds of miles, and can result in older strata overlying younger

strata (Figure 16.9).

A Hanging-Wall Block

5

Footwall Block C

Figure 16.9. Thrust fault compressional stress.

* Strike-slip faults (tear or transform faults) are those where shearing stress
has produced horizontal movement. The San Andreas Fault (of 1906 San
Francisco earthquake fame) is an example of a strike-slip fault (Figure 16.10),
or, more precisely, is an example of a transform fault (two horizontal plates
that slide past one another in a horizontal manner).

Figure 16.10. Strike-slip fault (left-lateral).

MOVEMENTS ON FAULTS

Except in desert areas, quarries, and cliff faces, faults are rarely seen at the sur-
face, but their presence is indicated by one or more of the following features:

* Fault Breccias—occur where the ground up rocks of the fault zone are scat-
tered into angular, irregular-sized, crumbled up rock fragments.
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* Slikensides—are polished striations or flutings (scratch marks) that are left on
the fault plane as one block moves relative to the other. They are often found
in the fault zone.

Folding of Rocks

Folds are wrinkles or flexures in stratified, ductile rocks. Folds result from com-
pressional stresses acting over considerable time. They sometimes occur in isola-
tion, but especially in mountain ranges they are more often packed together. Up-
folds (where the originally horizontal strata have been folded upward) are called
anticlines (Figure 16.11), and downfolds (where the two limbs [sides] of the fold
dip inward toward the hinge of the fold) are called synclines (Figure 16.12).

Figure 16.11. Anticline.

A

Figure 16.12. Syncline.
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CLASSIFICATION OF FOLDS
Folds can be classified based on their appearance.

* Symmetrical folds are those in which the axial plane is vertical with limbs
dipping in opposite directions at the same inclinations (angles).

* Asymmetrical folds are those having an inclined axial plane and, like sym-
metrical folds, have limbs dipping in opposite directions, but at different
inclinations.

* Overturned folds occur when the folding is so intense that the strata on one
limb of the fold becomes nearly upside down.

* Isoclinal folds (iso means “name,” and c/ine means “angle”; so isoclinal means
the limbs have the same angle) occur when compressional stresses that cause
the folding are intense, causing the fold to close up and have limbs that are
parallel to each other.

* Recumbant folds occur when an overturned fold has an axial plant that is
nearly horizontal.

* Chevron folds have no curvature in their hinge and straight-side limbs that
form a zigzag pattern.

Did You Know?

All rocks do not behave the same under stress. When subjected fo the
same stress, some rocks will fracture or fault, while others will fold. When
such contrasting rocks occur in the same area, such as brittle rocks over-
laid by ductile rocks, the ductile rocks may bend or fold over the fault
while the brittle rocks may fault.

Deformation of the Crust: Mountain Building

One of the most conspicuous and spectacular results of deformation acting
within the crust of the Earth is the formation of mountain ranges. Any isolated,
upstanding mass can be called a mountain. There is no minimum height or
shape involved. There are three types of mountains originated by three processes
(two of which are related to deformation):

1. Fault block mountains: As the name implies, fault block mountains origi-
nate by faulting—normal and reverse faulting—in any type of rock. The
Sierra Nevada represents the uplifted block of granite 400 miles long and
100 miles wide.
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2. Fold and thrust mountains: These mountains all have similar characteristics.
They are the result of large compressional forces that cause continental crustal
areas to collide, causing folding and thrusting of crustal blocks. The Alps, Hi-
malayan, and Appalachian Mountains were formed by such processes.

3. Volcanic mountains: These include some of the most spectacular and beau-
tiful mountains. Mount Rainer and Mount Saint Helens in Washington
State, Mount Vesuvius in Italy, Mount Hood in Oregon, and the mountains
of the Hawaiian Islands and Iceland are all characteristically steep and sym-
metrical volcanic mountains.
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CHAPTER 17

Weathering

In regard to surface rock formations, weathering and erosion are both creators and
executioners! As soon as rock is lifted above sea level, weather starts to break it up.
Water, ice, and chemicals split, dissolve, or rot the rocky surface until it crumbles.
Mixed with water, air, and plant and animal remains, crumbled rock forms soil.
One can’t obtain even the slimmest edge of understanding of geology with-
out understanding the process of weathering, the first step in the erosion process
that causes the breakdown of rocks, either to form new minerals that are stable
on the surface of Earth or to break the rocks down to smaller particles. Simply,
weathering, which projects itself on all surface material above the water table,
is the general term used for all the ways in which a rock may be broken down.

Factors That Influence Weathering
The factors that influence weathering include:

* Rock type and structure: Each mineral contained in rocks has a different
susceptibility to weathering. A rock with bedding planes, joints, and fractures
provides pathways for the entry of water, leading to more rapid weathering.
Differential weathering (rocks erode at differing rates) can occur when rock
combinations consist of rocks that weather faster than more resistant rocks.

* Slope: On steep slopes weathering products might be quickly washed away by
rains. Wherever the force of gravity is greater than the force of friction holding
particles on a slope, they tend to slide downhill.

* Climate: Higher temperatures and high amounts of water generally cause
chemical reactions to run faster. Rates of weathering are higher in warmer
climates than in colder dry climates.
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* Animals: Rodents, earthworms, and ants that burrow into soil bring material
to the surface where it can be exposed to the agents of weathering.
* Time: The role time plays depends on slope, animals, and climate.

Categories of Weathering Processes

Although weathering processes are separated, it is important to recognize that
these processes work in tandem to break down rocks and minerals to smaller
fragments. Geologists recognize two categories of weathering processes

1. Physical (or mechanical) weathering is the disintegration of rocks and min-
erals by a physical or mechanical process.

2. Chemical weathering involves the decomposition of rock by chemical
changes or solution.

PHYSICAL WEATHERING

Physical weathering involves the disintegration of a rock by physical processes.
These include freezing and thawing of water in rock crevices, disruption by plant
roots or burrowing animals, and the changes in volume that result from chemi-
cal weathering with the rock. These and other physical weathering processes are
discussed in the following list.

* Development of joints: Joints are another way that rocks yield to stress. Joints
are fractures or cracks in which the rocks on either side of the fracture have not
undergone relative movement. Joints form as a result of expansion caused by
cooling or relief of pressure as overlying rocks are removed by erosion. They
form free space in rock by which other agents of chemical or physical weather-
ing can enter (unlike faults that show offset across the fracture). They play an
important part in rock weathering as zones of weakness and water movement.

* Crystal growth: The water that percolates through fractures and pore spaces
might contain ions that precipitate to form crystals. When crystals grow they
can cause the necessary stresses needed for mechanical rupturing of rocks and
minerals.

* Heat: It was once thought that daily heating and cooling of rocks was a major
contributor to the weathering process. This view is no longer shared by most
practicing geologists. However, it should be pointed out that sudden heating
of rocks from forest fires may cause expansion and eventual breakage of rock.
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* Biological activities: Plant and animal activities are important contributors
to rock weathering. Plants contribute to the weathering process by extend-
ing their root systems into fractures and growing, causing expansion of the
fracture. Growth of plants and their effects are evident in many places where
they are planted near cement work (streets, brickwork, and sidewalks). Animal
burrowing in rock cracks can break rock.

* Frost wedging: Frost wedging is often produced by alternate freezing and
thawing of water in rock pores and fissures. Expansion of water during freez-
ing causes the rock to fracture. Frost wedging is more prevalent at high alti-
tudes where there may be many freeze—thaw cycles. One classic and striking
example of weathering of Earth’s surface rocks by frost wedging is illustrated
by the formation of Hoodoos in Bryce Canyon National Park, Utah (see Fig-
ure 18.1). “Although Bryce Canyon receives a meager 18 inches of precipita-
tion annually, it’s amazing what this little bit of water can do under the right
circumstances!” (National Park Service [NPS], 2008).

Approximately 200 freeze—thaw cycles occur annually in Bryce. During
these periods, snow and ice melt in the afternoon and water seeps into the joints
of the Bryce or Claron Formation. When the sun sets, temperatures plummet
and the water re-freezes, expanding up to 9% as it becomes ice. This frost wedg-
ing process exerts tremendous pressure or force on the adjacent rock and shatters
and pries the weak rock apart. The assault from frost wedging is a powerful force
but, at the same time, rain water (the universal solvent), which is naturally acidic,
slowly dissolves away the limestone, rounding off the edges of these fractured
rocks and washing away the debris. Small rivulets of water round down Bryce’s
rime, forming gullies. As gullies are cut deeper, narrow walls of rock, known as
fins, being to emerge. Fins eventually develop holes known as windows. Win-
dows grow larger until their roofs collapse, creating hoodoos (Figure 17.1). As
old hoodoos age and collapse, new ones are born (NPS, 2008).

Did You Know?

Bryce Canyon National Park lies along the high eastern escarpment of
the Paunsaugunt Plateau in the Colorado Plateau region of southern
Utah. Its extraordinary geological character is expressed by thousands
of rock chimneys (hoodoos) that occupy amphitheater-like alcoves in
the Pink Cliffs, whose bedrock host is the Claron Formation of the Eocene
age (Davis & Pollock, 2003).
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Figure 17.1. Frost-wedged-formed Hoodoos. Bryce Canyon National Park,
Utah.
Photo by Frank R. Spellman.

Did You Know?

Hoodoo pronunciation: hu-du

Noun.

Etymology: West African; from voodoo

A natural column of rock in western North American often in fantastic
form.

—Merriam-Webster Online

CHEMICAL WEATHERING

Chemical weathering involves the decomposition of rock by chemical changes
or solution. Rocks formed under conditions present deep within the Earth are
exposed to conditions quite different (i.e., surface temperatures and pressures are
lower on the surface and copious amounts of free water and oxygen are available)
when uplifted onto the surface. The chief processes are oxidation, carbonation
and hydration, and solution in water above and below the surface.
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The Persistent Hand of Water

Because of its unprecedented impact on shaping and reshaping Earth, it is im-
portant to point out that, given time, nothing, absolutely nothing on Earth is
safe from the heavy hand of water. The effects of water sculpting by virtue of
movement and accompanying friction are covered later in the text. For now, in
regard to water exposure and chemical weathering, it is sufficient to note that the
main agent responsible for chemical weathering reactions is not water movement
but instead is water and weak acids formed in water.

The acids formed in water are solutions that have abundant free hydrogen*
ions. The most common weak acid that occurs in surface waters is carbonic acid.
Carbonic acid (H,CO,) is produced when atmospheric carbon dioxide dissolves
in water; it exists only in solution. Hydrogen ions are quite small and can easily
enter crystal structures, releasing other jons into the water.

H,0 + CO,— H,CO,— H' + HCO,-

Where H,0 is water, CO,is carbon dioxide, /,CO, is carbonic acid, H" is
hydrogen ion, and HCO; is bicarbonate ion.

Types of Chemical Weathering Reactions

As mentioned, chemical weathering breaks rocks down chemically by adding
or removing chemical elements, and changes them into other materials. Again,
as stated, chemical weathering consists of chemical reactions, most of which
involves water. Types of chemical weathering include:

* Hydrolysis is a water—rock reaction that occurs when an ion in the mineral is
replaced by H* or OH~.

* Leaching causes ions to be removed by dissolution into water.

* Oxidation occurs because oxygen is plentiful near Earth’s surface; thus, it may
react with minerals to change the oxidation state of an ion.

* Dehydration occurs when water or a hydroxide ion is removed from a mineral.

* Complete dissolution solution weathering because of the low pH rainfall
mixing with various chemicals present in the ground layer.
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CHAPTER 18

Wind Erosion, Mass Wasting,

and Desertification

The winds wander, the snow and rain and dew fall, the
earth whirls—all but to prosper a poor lush violet.

—John Muir, 1913

Wind Erosion

During a recent research outing to several national parks in the western United
States, we stopped at several locations and photographed various natural won-
ders. One of the focal points of study was the weathering processes discussed in
this chapter. The natural bridges, such as the one shown in Figure 18.1 and the
natural arches or windows (which eventually will become hoodoos) shown in
Figures 18.2 and 18.3 all are a result of some form of weathering; thus, they are
highlighted in this chapter.

There was a time not that long ago when many believed that the main dif-
ference between natural bridges (see Figure 18.1) and the natural windows (per-
forming hoodoos) shown in Figures 18.2 and 18.3 was that the natural bridges
were formed by water erosion and natural arches were formed by wind erosion.
Contrary to popular belief or myth, however, wind is not a significant factor in
the formation of natural arches or other natural formations. Substantial studies
have shown that natural arches and natural bridges are formed by many differ-
ent processes of erosion that contribute to the natural, selective removal of rock.
Every process relevant to natural arch formation involves the action of water,
gravity, temperature variation, or tectonic pressure on rock.

Again, wind is not a significant agent in natural arch formation. Wind
does act to disperse the loose grains that result from microscopic erosion.
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argest known natural bridge,

Rainbow Bridge—the world’s |
Lake Powell/Colorado River region, Utah.
Photo by Frank R. Spellman

Figure 18.1.

(Ll M N SR R
Figure 18.2. Window forming in future hoodoos. Bryce Canyon, Utah.
Photo by Frank R. Spellman
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Figure 18.3. Weathered-window forming in hoodoo formation. Bryce Can-
yon, Utah.
Photo by Frank R. Spellman

Moreover, sandstorms can scour and polish already existing arches. The bot-
tom line (and the point to remember) is that wind never alone creates arches
(Barnes, 1987; Vreeland, 1994).

As prefaced eatlier, wind action or erosion is very limited in extent and ef-
fect. It is largely confined to desert regions, but even there it is limited to a height
of about 18 inches above ground level. Wind does have the power, however, to
transport, to deposit, and to erode sediment. In this chapter we discuss each of
the aspects of the wind because they are important in any study of geology.

Did You Know?

Wind is common in deserts because the air near the surface is heated
and rises and cooler air comes in to replace the hot, rising air. This move-
ment of air results in winds. Also arid desert regions have litfle or no soil
moisture to hold rock and mineral fragments.
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Wind Sediment Transport

Sediment near the ground surface is transported by wind in a process called
saltation (Latin, saltus, “leap”). Wind saltation, which is similar to what occurs in
the bed load of streams, refers to short jumps (leaps) of grains that are dislodged
from the surface and leap a short distance. As the grains fall back to the surface,
they dislodge other grains that then get carried by wind until they collide with
ground to dislodge other particles. Above ground level, wind can swoop down to
the surface and lift smaller particles, suspending them in the wind and making
them airborne; they may travel long distances.

Did You Know?

Sand ripples occur as a result of large grains accumulating as smaller
grains are transported away. Ripples form in lines perpendicular to wind
direction. Sand-sized particles generally do not travel very far in the wind,
but windblown dust made up of smaller fragments can be suspended in
the wind for much larger distances.

Wind-Driven Erosion

As mentioned, wind by itself has lictle if any effect on solid rock. But in arid
and semiarid regions, wind can be an effective geologic agent anywhere that it
possesses a velocity high enough to pick up a load of rock fragments, which may
become effective tools of erosion in the land-forming process. Wind can erode
by deflation and abrasion.

DEFLATION

The process of deflation (or blowing away) is the lowering of the land surface
resulting from removal of fine-grained particles by the wind. Deflation con-
centrates the coarser-grained particles at the surface, eventually resulting in a
relatively smooth surface composed only of the coarser-grained fragments that
cannot be transported by the wind. Such a coarse-grained surface is called desers
pavement (Figure 18.4). Some of these coarser-grained fragments may exhibit a
dark, enamel-like coat of iron or manganese called desers varnish.

Deflation may create several types of distinctive features. For example, lag
gravels are formed when the wind blows away finer rock particles, leaving behind
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Figure 18.4. Wind-driven deflation processes.

a residue of coarse gravel and stones. Blowouts may be developed where wind has
scooped out soft unconsolidated rocks and soil.

ABRASION

The wind abrades (sand blasts) by picking up sand and dust particles, which are
transported as part of its load. Abrasion is restricted to a distance of about 1 or 2
m above the surface because sand grains are lifted a short distance. The destruc-
tive action of these windblown abrasives might wear away wooden telephone
poles and fence posts, and abrade, scour, or groove solid rock surfaces.

Wind abrasion also plays a part in the development of such landforms as
isolated rocks (pedestals and table rocks) that have had their bases undercut by
windblown sand and grit (Figure 18.5). Ventifacts are another interesting and
relatively common product of wind erosion. These are any bedrock surface,
stone, or pebble that has been abraded or shaped by windblown sediment in a
process similar to sand blasting. Ventifacts are formed when the wind blows sand
against the side of the stone, shaping it into a flat, polished surface. At a much
larger scale, elongate ridges called yardangs form by the abrasion and streamlin-
ing rock structures oriented parallel to the prevailing wind direction.

Wind Deposition

The velocity of the wind and the size, shape, and weight of the rock particles
determines the manner in which wind carries its load. Wind-transported materi-
als are most commonly derived from flood plains, beach sands, glacial deposits,
volcanic explosions, and dried lake bottoms—places containing light ash and
loose, weathered rock fragments.



256  THE HANDBOOK OF GEOSCIENCE

L= b A _l___ o

Figure 18.5. Seeming to defy gravity, Balanced Rock (Arches National
Park, Moab, Utah) has a harder cap rock that somewhat protects the more
easily eroded base; eventually the double hammering of water and wind
erosion will cause it to disintegrate, leaving a pile of rocky debris as a
reminder of the power of erosion.

Photo by Frank R. Spellman

The wind is capable of transporting large quantities of material for very great
distances. The wind deposits sediment when its velocity decreases to the point
where the particles can no longer be transported. Initially (in a strong wind),
part of the sediment load rolls or slides along the ground (bed load). Some sand
particles move by a series of leaping or bounding movements (saltation). And
lighter dust may be transported upward (suspension) into higher, faster moving
wind currents, traveling many thousands of miles.

As mentioned, the wind will begin to deposit its load when its velocity is
decreased, or when the air is washed clean by falling rain or snow. A decrease in
wind velocity may also be brought about when the wind strikes some barrier-
type obstacle (fences, trees, rocks, human-made structures) in its path. As the
air moves over the top of the obstacle, streamlines converge and the velocity
increases. After passing over the obstacle, the streamlines diverge and the velocity
decreases. As the velocity decreases, some of the load in suspension can no longer
be held in suspension, and thus drops out to form a deposit. The major types of
windblown or eolian deposits are dunes and loess.
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DUNES

Sand dunes are asymmetrical mounds with a gentle slope in the upwind direc-
tion and steep slope on the downwind side (see Figure 19.6). Dunes vary greatly
in size and shape and form when there is a ready supply of sand, a steady wind,
and some kind of obstacle or barrier such as rocks, fences, or vegetation to trap
some of the sand. Sand dunes form when moving air slows down on the down-
wind side of an obstacle (Figure 18.6). Dunes may reach heights up to 500 m
and cover large areas. Types of sand dunes include Barchan, transverse, longitu-
dinal, and parabolic.
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Figure 18.6. Profile of typical sand dune. Arrows denote paths of wind
currents.

* Barchan dunes are crescent-shaped dunes characterized by two long, curved
extensions pointing in the direction of the wind, and a curved slip face on the
downwind side of the dune (Figure 18.7[a]). These dunes are formed in areas
where winds blow steadily and from a single direction.

* Transverse dunes form along sea coasts and lake shores and might be 15 feet
high and half a mile in length. Transverse dunes develop with their long axis
at right angles to the wind (Figure 18.7[b]).

* Longitudinal dunes are long, ridge-like dunes that develop parallel to the
wind (Figure 18.7[c]).

* Parabolic dunes are U-shaped dunes with an open end facing upwind. They
occur where there is a constant wind direction, an abundant sand supply, and
abundant vegetation, which usually stabilizes them (Figure 18.7[d]).

In the United States, the most significant sand dune formations can be
found in Great Sand Dunes National Park and Preserve located in southwest
Colorado (Figure 18.8[a—c]). The Great Sand Dunes dunefield is actually just
one of four primary components of the Great Sand Dunes geological system.

The mountain watershed of Great Sand Dunes receives heavy snow and rain
each year. Creeks flow from alpine tundra and lakes, down through subalpine
and montane woodlands, and finally around the main dunefield. Sand that has
blown from the valley floor is captured and carried back toward the valley. When
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Figure 18.7. a. Barchan dune; b. Transverse dune; c. Longitudinal dune;
d. Parabolic dune.



Figure 18.8a. Medeno Creek. Great Sand Dunes National Park and Pre-
serve, Colorado.
Photo by Frank R. Spellman
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Figure 18.8b. Active dunefield. Great Sand Dunes National Park and Pre-
serve, Colorado.
Photo by Frank R. Spellman
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Figure 18.8c. Active dunefield. Great Sand Dunes National Park and Pre-
serve, Colorado.
Photo by Frank R. Spellman

creeks disappear into the valley floor, sand is again picked up and carried into
the main dunefield. This recycling action of water and wind contributes to the
great height of this dunefield.

The 30-square-mile (78 sq km) active dunefield is where the tallest (-750
ft) dunes reside. It is stabilized by opposing wind directions (southwesterly and
northeasterly), creeks that recycle sand back into it, and 7% moisture content
below the dry surface. The dunefield is composed of reversing dunes, transverse
dunes, star dunes, and a few barchan dunes. It is estimated to contain over 5
billion cubic meters of sand.

The sand sheet is the largest components of the Great Sand Dunes geological
system, made up of sandy grasslands that extend around three sides of the main
dunefield. Almost 90% of the sand deposit is found here, while only about 10%
is found in the main dunefield. The sand sheet is the primary source of sand for
the Great Sand Dunes. Small parabolic dunes form here, then migrate into the
main dunefield. Nebkha (coppice) dunes form around vegetation.

The sabkha forms where sand is seasonally saturated by rising ground water.
When the water evaporates away in late summer, minerals similar to baking soda
cement sand grains together into a hard, white crust. Areas of sabkha can be
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found throughout western portions of the sand sheet, wherever the water table
meets the surface. Some wetlands in the sabkha are deeper with plentiful plants
and animals, while others are shallow and salty.

Did You Know?

The Great Sand Dunes tiger beetle is found nowhere else on Earth. Its
specially adapted long legs and fine hairs on its underside help it survive
sand temperatures of 140° F (60° C).

LOESS

Loess is a yellowish, fine-grained, nonstratified material carried by the wind and
accumulated in deposits of dust. The materials forming loess are derived from
surface dust originating primarily in deserts, river flood plains, deltas, and glacial
outwash deposits. Loess is cohesive and possesses the property of forming steep
bluffs with vertical faces such as the deposits found in the pampas of Argentina
and the lower Mississippi River Valley.

Mass Wasting

Mass wasting, or mass movement, takes place as Earth materials (loose, unce-
mented mixture of soil and rock particles known as regolith) move downslope in
response to gravity without the aid of a transporting medium, such as water, ice,
or wind—though these factors play a role in regolith movement. This type of
erosion is apt to occur in any area with slopes steep enough to allow downward
movement of rock debris. Some of the factors that help gravity overcome this
resistance are discussed in the following sections.

GRAVITY

The heavy hand of gravity constantly pulls everything, everywhere toward
Earth’s surface. On a flat surface, parallel to Earth’s surface, the constant force of
gravity acts downward. This downward force prevents gravitational movement
of any material that remains on or parallel to a flat surface.

On a slope, the force of gravity can be resolved into two components: a
component acting perpendicular to the slope and a component acting tangential
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to the slope. Thus, material on a slope is pulled inward in a direction that is
perpendicular (the glue) to the slope (Figure 18.9[a]). This helps prevent mate-
rial from sliding downward. However, as stated previously, on a slope, another
component of gravity exerts a force (a constant tug) that acts to pull material
down a slope parallel to the surface of the slope. Known as shear stress, this force
of gravity exerts stress in direct relationship to the steepness of the slope. That is,
shear stress increases as the slope steepens. In response to increased shear stress,
the perpendicular force (the glue) of gravity decreases (Figure 18.9[b]).

[ ]
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Figure 18.9. (a) Gravity acting perpendicular to the surface. (b) The per-
pendicular component (the glue) of gravity, gp, helps to hold the material
in place on the slope.

Did You Know?

When shear on a slope decreases, material may sfill be stuck to the
slope and prevented from moving downward by the force of friction.
It may be held in place by the frictional contact between the particles
making up that material. Contact between the surfaces of the particles
creates a certain amount of fension that holds the particles in place at
an angle. The steepest angle at which loose material on a slope remains
motionless is called the angle of repose (generally about 35 degrees).
Particles with angled edges that catch on each other also tend to
have a higher angle of repose than those that have become rounded
through weathering and that simply roll over each other.
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WATER

Even though mass wasting may occur in either wet or dry materials, water greatly
facilitates downslope movements; it is an important agent in the process of mass
wasting. Water will either help hold material together (act as glue—demonstrated
in building beach sandcastles with slightly dampened sand), increasing its angle of
repose, or cause it to slide downward like a liquid (acting like a lubricant). Water
may soften clays, making them slippery, add weight to the rock mass, and, in large
amounts, may actually force rock particles apart, thus reducing soil cohesion.

FREEZING AND THAWING

Earlier, the erosive power of frost wedging (water contained in rock and soil
expands when frozen) was discussed. Mass wasting in cold climates is governed
by the fact that water is frozen as ice during long periods of the year, especially
in high-alticude regions. Ice, although it is solid, does have the ability to flow
(glacial-movement effect), and alternate periods of freezing and thawing can also
contribute to movement; in some instances ice expansion may be great enough
to force rocks downbhill.

UNDERCUTTING

Undercutting occurs when streams erode their banks or surf action along a coast,
making it unstable. Undercutting can also occur when human-made excavations
remove support and allow overlying material to fall.

ORGANIC ACTIVITIES

Whenever animals burrow into the ground, they disturb soil materials, casting
rocks out of their holes as they dig; these are commonly piled up downslope.
Eventually, weather conditions and the constant force applied by gravity can put
these piles into motion. Animals also contribute to mass wasting whenever they
walk on soil surfaces; their motions can knock materials downhill.

SHOCK WAVES OR VIBRATIONS

A sudden strong shock or vibration, such as an earthquake, faulting, blasting,
and heavy traffic can trigger slope instability. Minor shocks like heavy vehicles
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rambling down the road, trees blowing in the wind, or human-made explosions
can also trigger mass-wasting events such as landslides.

KINDS OF MASS MOVEMENTS

A landslide is a mass movement that occurs suddenly and violently. In contrast,
soil creep is mass movement that is almost imperceptible. These processes can be
divided into two broad categories: rapid and slow movements. Rapid movements
include landslides, slumps, mudflows, and earthflows. Slow movements include
soil creep and solifluction.

Rapid Movements

* Landslides are by far the most spectacular and violent of all mass movements.
Landslides are characterized by the sudden movement of great quantities of
rock and soil downslope. Such movements typically occur on steep slopes that
have large accumulations of weathered material. Precipitation in the form of
rain or snow may seep into the mass of steeply sloping rock debris, adding
sufficient weight to start the entire mass sliding.

* Slumps are special landslides that occur along a curved surfaces. The upper
surface of each slump block remains relatively undisturbed, as do the individual
blocks. Slumps leave arcuate (Latin, “curved like a bow”) scars or depressions
on the hill slope. Heavy rains or earthquakes usually trigger slumps. Slump is
a common occurrence along the banks of streams or the walls of steep valleys.

* Mudflows are highly fluid, high-velocity mixtures of sediment and water that
have a consistency of wet concrete. Mass wasting of this type typically occurs
when certain arid or semiarid mountainous regions are subjected to unusually
heavy rains.

* Earthflows are usually associated with heavy rains and move at velocities
between several centimeters and hundreds of meters per year. They usually
remain active for long periods. They generally tend to be narrow, tongue-like
features that begin at a scarp or small cliff.

Slow Movements

* Soil creep is a continuous movement, usually so slow as to be imperceptible,
that normally occurs on almost all slopes that are moist but not steep enough for
landslides. Soil creep is usually accelerated by frost wedging, by alternate thaw-
ing and freezing, and by certain plant and animal activities. Evidence for creep
is often seen in bent trees, offsets in roads and fences, and inclined wtility poles.
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* Solifluction is a downslope movement typical of areas where the ground is
normally frozen to considerable depth—arctic, subarctic, and high mountain re-
gions. The actual soil flowage occurs when the upper portion of the mantle rock
thaws and becomes water saturated. The underlying, still frozen subsoil acts as a
slide for the sodden mantle rock, which will move down even the gentlest slope.

Did You Know?

Landslides constfitute a major geologic hazard because they are
widespread, occur in all 50 states and U.S. territories, and caused $1-2
billion in damages and more than 25 fatalities on average each year.
Expansion of urban and recreational developments info hillside areas
leads to more people being threatened by landslides each year. Land-
slides commonly occur in connection with other major natural disasters
such as earthquakes, volcanoes, wildfires, and floods (U.S. Geological
Survey [USGS], 2008).

DESERTIFICATION

Deserts are areas where the amount of precipitation received is less than the
potential evaporation (<10 in/year); they cover roughly 30% of the Earth’s land
surface—areas we think of as arid. Desersification occurs in hot areas far from
sources of moisture, areas isolated from moisture by high mountains, in coastal
areas along which there are onshore winds and cold-water currents, and high-
pressure areas, where descending air masses produce warm, dry air.

According to the U.S. Geological Survey (1997), the world’s great deserts
were formed by natural processes interacting over long intervals of time. Dur-
ing most of these times, deserts have grown and shrunk independent of human
activities. Desertification does not occur in linear, easily mapable patterns. Des-
erts advance erratically, forming patches on their borders. Scientists question
whether desertification, as a process of global change, is permanent or how and
when it can be halted or reversed.
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CHAPTER 19

Glaciation

Those who dwell among the beauties and mysteries of the
earth are never alone or weary of life.

—Rachel Carson

Approximately 10,000 to 12,000 years ago, many parts of Earth were covered
with massive sheets of ice. Moreover, the geologic record shows that this most
recent ice-sheet covering of large portions of Earth’s surface is not a one-time
phenomenon; instead, Earth has experienced several glaciation periods as well as
interglacial periods like the one we are presently experiencing. Although the ice
that we discussed earlier in the story of Yurk and the cat has now retreated from
most of Europe, Asia, and North America, it has left traces of its influence across
the whole face of the landscape in jagged mountain peaks; gouged-out upland
valleys; swamps; changed river courses; and boulder-strewn, table-flat prairies in
the lowlands.

Ice covers about 10% of all land and approximately 12% of the oceans.
Most of this ice is contained in the polar ice sea, polar sheets and ice caps, valley
glaciers, and piedmont glaciers formed by valley glaciers merging on a plain. In
the grand scheme of geology of the present time, the glaciers of today are not
thar significant. It is the glaciation of the past with its accompanying geologic
evidence left behind by ancient glaciers that is important. This geologic record
indicates that the Earth’s climate has undergone fluctuations in the past, and that
the amount of the Earth’s surface covered by glaciers has been much larger in the
past than in the present. In regard to the effects of past glaciation, one need only
look at the topography of the western mountain ranges in the northern part of
North America to view the significant depositional processes of glaciers.
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Glaciers

A glacier is a thick mass of slowing moving ice, consisting largely of recrystallized
snow that shows evidence of downslope or outward movement caused by the pull
of gravity. Glaciers can only form at latitudes or elevations above the snowline (the
elevation at which snow forms and remains present year round). Glaciers form
in these areas if the snow becomes compacted, forcing out the air between the
snowflakes. The weight of the overlying snow causes the snow to recrystallize and
increase its grain-size, until it increases its density and becomes a solid block of ice.

TYPES OF GLACIERS
There are various types of glaciers, including the following;
* Mountain glaciers are relatively small glaciers that occur at higher elevations

in mountainous regions. A good example of mountain glaciers can be seen in
the few remaining glaciers of Glacier National Park, Montana (Figure 19.1).

Figure 19.1. Remnants of a glacier. Glacier National Park, Montana.
Photo by Frank R. Spellman
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Note: The low snow and ice content of the glacier shown in Figure 19.1 is
due to Earth’s recent warming trend and the time of the year when the photos
were taken (July 2008).

* Continental glaciers (ice sheets) are the largest glaciers. They cover Green-
land and Antarctica and contain about 95% of all glacial ice on Earth.

* Ice shelves are sheets of ice floating on water and attached to land. They
may extend hundreds of miles from land and reach thicknesses of several
thousand feet.

* Polar glaciers are always below the melting point at the surface and do not
produce any melt water.

* Temperate glaciers are at a temperature and pressure level near the melting
point throughout the body except for a few feet of ice. This layer is subjected
to annual temperature fluctuations.

GLACIER CHARACTERISTICS

The primary characteristics displayed by glaciers are changes in size and move-
ment. A glacier changes in size by the addition of snowfall, compaction, and
recrystallization. This process is known as accumulation. Glaciers also shrink
in size (as a result of temperature increases). This process is known as ablation.

Earth’s gravity, pushing, pulling, and tugging almost everything toward
Earth’s surface is involved with the movement of glaciers. Gravity moves glaciers
to lower elevations by two different processes:

* Basal sliding is a type of glacier movement that occurs when a film of water at
the base of the glacier reduces friction by lubricating the surface and allowing
the whole glacier to slide across its underlying bed.

* Internal flow, called creep, forms fold structures and results from deforma-
tion of the ice crystal structure; the crystals slide over each other like a deck of
cards. This type of flow is conducive to the formation of crevasses in the upper
portions of the glacier. Generally, crevasses form when the lower portion of a
glacier flows over sudden changes in topography.

Did You Know?

Within a glacier, the velocity constantly changes. The velocity is low next
to the base of the glacier and where it is in contact with valley walls. The
velocity increases toward the center and upper parts of the glacier.
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Glaciation

Glaciation is a geological process that modifies land surface by the action of gla-
ciers. For those who study glaciation and glaciers, the fact that glaciations have
occurred so recently in North America and Europe provides the opportunity to
study the undeniable results of glacial erosion and deposition. This is the case,
of course, because the forces involved with erosion—weathering, mass wasting,
and stream erosion—have not had enough time to remove the traces of glacia-
tion from Earth’s surface. Glaciated landscapes are the result of both glacial ero-
sion (glaciers transport rocks and erode surfaces) and glacial deposition (glaciers
transport material that melts and deposits material).

GLACIAL EROSION

Glacial erosion has a powerful effect on land that has been buried by ice and
has done much to shape our present world. Both valley and continental glaciers
acquire tens of thousands of boulders and rock fragments, which, frozen into the
sole of the glacier, act like thousands of files, gouging and rasping the rocks (and
everything else) over which the glaciers pass. The rock surfaces display fluting,
striation, and polishing effects of glacial erosion. The form and direction of these
grooves can be used to show the direction in which the glaciers move.

Glacial erosion manifests itself in small-scale erosional features, landform
production by mountain glaciers, and landforms produced by ice caps and ice
sheets. These are described in the following.

* Small scale erosional features include glacial striations and polish. Glacial
striations are long, parallel scratches and glacial grooves that are produced at
the bottom of temperate glaciers by rocks embedded in the ice scraping against
the rock underlying the glacier. Glacial polish is characteristic of rock that has
a smooth surface produced as a result of fined-grained material embedded in
the glacier acting like sandpaper on the underlying surface.

* Landforms produced by mountain glaciers are erosion-produced features
that include:

o Cirques are bowl-shaped valleys formed at the heads of glaciers and below
arétes and horned mountains; they often contain a small lake called a .
As cirque glaciers grow larger, they might spread into valleys and flow

down the valleys as valley glaciers. Valley glaciers are tongues of ice that
spill down a valley as snow and ice accumulate, filling it with ice, per-
haps for scores of miles. When a valley glacier extends down to sea level,
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it might carve a narrow valley into the coastline. These are called fjord
glaciers, and the narrow valleys they carve, which later become filled with
seawater after the ice has melted, are fjords. When a valley glacier extends
down a valley and then covers a gentle slope beyond the mountain range,
it is called a piedmont glacier. 1f valley glaciers cover a mountain range,
they are called ice caps.

o Glacial valleys are valleys that once contained glacial ice and become eroded
into a “U” shape in cross section. “V”-shaped valleys are the result of stream
erosion.

* Aretes are sharp ridges formed by headward glacial erosion.

o Horns are sharp, pyramidal mountain peaks formed when headward ero-
sion of several glaciers intersect.

o Hanging valleys are exemplified by Yosemite’s Bridalveil Falls, a waterfall
that plunges over a hanging valley. Generally, hanging valleys result in
tributary streams that are not able to erode to the base level of the main
stream; therefore, the tributary stream is left at higher elevation than the
main stream, creating a hanging valley and sometimes spectacular waterfalls.

° Fjords are submerged, glacially deepened, narrow inlets with sheer, high
sides, a U-shaped cross profile, and a submerged seaward sill largely formed
of end moraine.

* Landforms produced by ice caps and ice sheets include the following:

o Abrasional features are small-scale abrasional features in the form of glacial
polish and striations that occur in temperate environments beneath ice caps
and ice sheets.

o Streamlined forms, sometimes called “basket of eggs” topography, oc-
cur when the land beneath a moving continental ice sheet is molded into
smooth, elongated forms called drumlins. Drumlins are aligned in the direc-
tion of ice flow; their steeper, blunter ends point toward the direction from
which the ice came.

GLACIAL DEPOSITS

All sediment deposited as a result of glacial erosion is called glacial drift. The
sediment deposited, glacial drift, consists of rock fragments that are carried by
the glacier on its surface, within the ice and at its base.

* Ice land deposits are the results of glacial ice deposited on land.

* Till (or rock flour) is nonsorted glacial drift deposited directly from ice.
Consisting of a random mixture of different-sized fragments of angular rocks
in a matrix of fine grained, sand- to clay-sized fragments, till was produced by
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abrasion within the glacier. After undergoing diagenesis and turning to rock,

till is called #i/lite.

* Erratics are a glacially deposited rock, fragment, or boulder that rests on a
surface made of different rock. Erratics are often found miles from their source
and by mapping the distribution pattern of erratics, geologists can often deter-
mine the flow directions of the ice that carried them to their present locations.

* Moraines are mounds, ridges, or ground coverings of unsorted debris, de-
posited by the melting away of a glacier. Depending on where it formed in
relation to the glacier, moraines can be:

o Ground moraines are till-covered areas deposited beneath the glacier that
result in a hummocky topography with lots of enclosed small basins.

o End moraines and terminal moraines are ridges of unconsolidated debris
deposited at the low elevation end of a glacier as the ice retreats as the result
of ablation (melting). They usually reflect the shape of the glacier’s termi-
nus.

o Lateral moraines are till deposits that were deposited along the sides of
mountain glaciers.

o Medial moraines occur when two valley glaciers meet to form a larger
glacier, and the rock debris along the sides of both glaciers merge to form a
medial moraine (runs down the center of a valley floor).

* Glacial marine drift (icebergs) are glaciers that reach lake shores or oceans
and calve off into large icebergs, which then float on the water surface un-
til they melt. The rock debris that the icebergs contain is deposited on the
lakebed or ocean floor when the iceberg melts.

* Stratified drift is glacial drift that can be picked up and moved by melt-water
streams, which can then deposit that material as stratified drift.

* Outwash plains is melt runoff at the end of a glacier that is usually choked
with sediment and forms braided streams, which deposit poorly sorted
stratified sediment in an outwash plain—they usually are flat, interlocking
alluvial fans.

* Outwash terraces form if the outwash streams cut down into their outwash
deposits, forming river terraces.

* Kettle holes are depressions caused by melting of large blocks of stagnant ice,
found in any typical glacial deposit. They are sometimes filled by lakes; Min-
nesota, the “land of a thousand lakes,” is an example.

* Kames are isolated hills of stratified material formed from debris that fell into
openings in retreating or stagnant ice.

* Eskers are long, narrow, and often branching sinuous ridges of poorly sorted
gravel and sand formed by deposition from former glacier streams.
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CHAPTER 20

Earthquakes

It’s been raining a lot, or very hot—it must be earth-
quake weather!

FICTION: Many people believe that earthquakes are
more common in certain kinds of weather. In fact, no
correlation with weather has been found. Earthquakes
begin many kilometers (miles) below the region affected
by surface weather. People tend to notice earthquakes that
fit the pattern and forget the ones that don’t. Also, every
region of the world has a story about earthquake weather,
but the type of weather is whatever they had for their most
memorable earthquake.

—U.S. Geological Survey (2008)

What Causes Earthquakes?

Anyone who has witnessed (been exposed to) or studied one of over a million or
so earthquakes that occur each year on Earth is unlikely to forget such occurrences.
Even though most earthquakes are insignificant, a few thousand of these produce
noticeable effects such as tremors and ground shaking. The passage of time has
shown that about 20 earthquakes each year cause major damage and destruction.
It is estimated that about 10,000 people die each year because of earthquakes.
Over the millennia, the effect of damaging earthquakes has been obvious
to those who witnessed the results. However, the cause of earthquakes has not
been as obvious. For example, earthquakes have been blamed on everything
from super-incantations of mythical beasts to the wrath of Gods to unexplain-
able magical occurrences to normal, natural phenomena occasionally required to
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retain Earth’s structural integrity; that is, providing Earth with a periodic form
of feedback to keep the planet in balance. We can say, overall, that an earthquake
on Earth provides our planet with a sort of a geological homeostasis needed to
maintain life as we know it.

Through the ages, earthquakes have also come under the attention and
eventually the pen of the world’s greatest writers. Consider, for example, Vol-
taire’s classic satirical novel, Candide, published in 1759, in which he mercilessly
satirizes science and, in particular, earthquakes. Voltaire based the following
comments on the 1755 Great Lisbon, Portugal, Earthquake, which was blamed
for the deaths of more than 60,000 people. On viewing the total devastation of
Lisbon, Dr. Pangloss says to Candide:

[TThe heirs of the dead will benefit financially; the building trade will
enjoy a boom. Private misfortune must not be overrated. These poor
people in their death agonies, and the worms about to devour them,
are playing their proper and appointed part in God’s master plan.

Although we still do not know what we do not know about earthquakes
and their causes, we have evolved from using witchcraft or magic to explain their
origins to the scientific methods employed today. In the first place, we do know
that earthquakes are caused by the sudden release of energy along a fault. Earth-
quakes are usually followed by a series of smaller earthquakes that we called after-
shocks. Aftershocks represent further adjustments of rock along the fault. There
are currently no reliable methods for predicting when earthquakes will occur.

In regard to the causes or origins of earthquakes, we have developed a couple
of theories. One of these theories explains how earthquakes occur via elastic
rebound. That is, according to elastic rebound theory, subsurface rock masses
subjected to prolonged pressures from different directions will slowly bend and
change shape. Continued pressure sets up strains so great that the rocks will
eventually reach their elastic limit and rupture (break) and suddenly snap back
into their original, unstrained state. It is the snapping back (elastic rebound) that
generates the seismic waves radiating outward from the break. The greater the
stored energy (strain), the greater the release of energy.

Many active volcanic belts coincide with major belts of earthquake activity
(seismic and wvolcanic activity), which indicates that volcanoes and earthquakes
may have a common cause. Plate interactions commonly cause both earthquakes
(tectonic earthquakes) and volcanoes.

Seismology

Even though seismology is the study of earthquakes, it is actually the study of
how seismic waves behave in the Earth. The source of an earthquake is called the
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hypocenter or focus (i.e., the exact location within the Earth were seismic waves
are generated). The epicenter is the point on the Earth’s surface directly above the
focus. Seismologists want to know where the focus and epicenter are located so
a comparative study of the behavior of the earthquake event can be made with
previous events in an effort to further understanding.

Seismologists use instruments to detect, measure, and record seismic waves.
Generally, the instrument used is the seismograph, which has been around for a
long time. Modern updates have upgraded these instruments from the paper or
magnetic tape strip to electronically recorded data that is input into a computer.
A study of the relative arrival times of the various types of waves at a single loca-
tion can be used to determine the distance to the epicenter. To determine the
exact epicenter location, records from at least three widely separated seismograph
stations are required.

Seismic Waves

As mentioned, some of the energy released by an earthquake travels through
the Earth. The speed of a seismic wave depends on the density and elasticity of
the materials through which they travel. Seismic waves come in several types, as
described in the following list:

* P-waves: Primary, pressure, or push-pull waves (arrive first—first detected
by seismograph) are compressional waves (expand and contract) that travel
through the earth (solids, liquids, or gases) at speeds of from 3.4 to 8.6 miles
per second. P-waves move faster at depth, depending on the elastic proper-
ties of the rock through which they travel. P-waves are the same thing as
sound waves.

* S-waves: Secondary or shear waves travel with a velocity (between 2.2 and 4.5
miles per second) that depends only on the rigidity and density of the material
through which they travel. They are the second set of waves to arrive at the
seismograph and will not travel through gases or liquids; thus the velocity of
S-waves through gas or liquids is zero.

* Surface waves: Several types of surface waves travel along the Earth’s outer
layer or surface or on layer boundaries in the Earth. These are rolling, shaking
waves that are the slowest waves and that do the damage in large earthquakes.

Earthquake Magnitude and Intensity

The size of an earthquake is measured using two parameters: energy released
(magnitude) and damage caused (intensity).
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EARTHQUAKE MAGNITUDE

The size of an earthquake is usually given in terms of its Richter magnitude.
Richter magnitude is a scale devised by Charles Richter that measures the ampli-
tude (height) of the largest recorded wave at a specific distance from the earth-
quake. A better measure is the Richter scale, which measures the total amount
of energy released by an earthquake as recorded by seismographs. The amount
of energy released is related to the Richter scale by the equation:

Log E=11.8+15M

where
Log = the logarithm to the based 10
E = the energy released in ergs

M = the Richter magnitude

In using the equation to calculate Richter magnitude, it quickly becomes
apparent that we see that each increase of 1 in Richter magnitude yields
a 31-fold increase in the amount of energy released. Thus, a magnitude 6
carthquake releases 31 times more energy than a magnitude 5 earthquake. A
magnitude 9 earthquake releases 31 X 31 or 961 times more energy than a
magnitude 7 earthquake.

Did You Know?

While it is correct to say that for each increase in 1 in the Richter magni-
tude, there is a 10-fold increase in amplitude of the wave, it is incorrect
to say that each increase of 1 in Richter magnitude represents a 10-fold
increase in the size of the earthquake.

EARTHQUAKE INTENSITY

Earthquake intensity is a rough measure of an earthquake’s destructive power
(i.e., size and strength—how much the earth shook at a given place near the
source of an earthquake). To measure earthquake intensity, Mercalli in 1902
devised an intensity scale of earthquakes based on the impressions of people in-
volved, movement of furniture and other objects, and damage to buildings. The
shock is most intense at the epicenter, which, as noted earlier, is located on the
surface directly above the focus.

Mercalli’s intensity scale uses a series of numbers based on a scale of 1 to 12
to indicate different degrees of intensity (Table 20.1). Keep in mind that this
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Table 20.1. Modified Mercalli Intensity Scale

Intensity Description

| Not felt except under unusual conditions.

I Felt by only a few on upper floors.

1l Felt by people lying down or seated.

v Felt indoors by many, by few outside.

Vv Felt by everyone, people awakened.

W Trees sway, bells ring, some objects fall.

VII Causes alarm, walls and plaster crack.

VIII Chimneys collapse, poorly constructed buildings
seriously damaged.

IX Some houses collapse, pipes break.

X Ground cracks, most buildings collapse.

X Few buildings survive, bridges collapse.

Xl Total destruction occurs.

scale is somewhat subjective, but it provides a qualitative, but systematic, evalu-
ation of earthquake damage.

Internal Structure of Earth

Information obtained from seismographs and other instruments indicate that
the lithosphere might be divided into three zones: the crust, mantle, and core

(Figure 20.1).

Crust

Mantle /

Figure 20.1. Internal structure of the earth.
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* Earth’s crust: The outermost and thinnest layer of the lithosphere is called the
crust. There are two different types of crust: thin (as little as 4 miles in places)
oceanic crust (compose primarily of basalt) that underlies the ocean basins and
thicker continental crust (primarily granite 20 to 30 miles thick) that underlies
the continents.

¢ Earth’s mantle: Beneath the crust is an 1,800-mile thick intermediate, dense,
hot zone of semisolid rock called the mantle. It is thought to be composed
mainly of olivine-rich rock.

* Earth’s core: Earth’s core is about 4,300 miles in diameter. It is thought to be
composed of a very hot, dense iron and nickel alloy. The core is divided into
two different zones. The outer core is a liquid because the temperatures there
are adequate to melt the iron-nickel alloy. The highly pressurized inner is core
solid because the atoms are tightly crowded together.

References and Recommended Reading

U.S. Geological Survey. (2008). Earthquake hazards program. Accessed 09/14/08 from
http://earthquakes.usgs.gov/learning/topics/megagk_facts_fantasy.php.
Voltaire. (1991). Candide. New York: Dover (Original work published in 1759).



CHAPTER 21

Plate Tectonics

[Wlater plays a critical role in lubricating the motion of
plates—without it there would be no plate tectonics. So
water quickens life and the Earth itself.

—David Singleton

Within the past 45 or 50 years, geologists have developed the theory of plate tec-
tonics (Greek, “builder”). The theory of plate tectonics deals with the formation,
destruction, and large-scale motions of great segments of Earth’s surface (crust),
called plates. This theory relies heavily on the older concepts of continental drift
(developed during the first half of the 20th century) and seafloor spreading (un-
derstood during the 1960s), which help to explain the cause of earthquakes and

volcanic eruptions, and the origin of fold mountain systems.

Crustal Plates

Earth’s crustal plates are composed of great slabs of rock (lithosphere) about 100
km thick, and cover many thousands of square miles (they are thin in compari-
son to their length and width); they float on the ductile asthenosphere, carrying
both continents and oceans. Many geologists recognize at least eight main plates
and numerous smaller ones. These main plates include:

* African Plate covering Africa—Continental plate

* Antarctic Plate covering Australia—Continental plate

* Australian Plate covering Australia—Continental plate

* Eurasian Plate covering Asia and Europe—Continental plate
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* Indian Plate covering Indian subcontinent and a part of Indian Ocean—Con-
tinental plate

* Pacific Plate covering the Pacific Ocean—Oceanic plate

* North American Plate covering North America and northeast Siberia—Con-
tinental plate

* South American Plate covering south America—Continental plate

The minor plates include:

¢ Arabian Plate

¢ Caribbean Plate

¢ Juan de Fuca Plate
¢ Cocos Plate

¢ Nazea Plate

e Philippine Plate

¢ Scotia Plate

Plate Boundaries

As mentioned, the asthenosphere is the ductile, soft, plastic-like zone in the
upper mantle on which the crustal plates ride. Crustal plates move in relation
to one another at one of three types of plate boundaries: convergent (collision
boundaries), divergent (spreading boundaries), and transform boundaries. These
boundaries between plates are typically associated with deep-sea trenches, large
faults, fold mountain ranges, and midoceanic ridges.

CONVERGENT BOUNDARIES

Convergent boundaries (or active margins) develop where two plates slide
toward each other commonly forming either a subduction zone (if one plate
subducts or moves underneath the other) or a continental collision (if the two
plates contain continental crust). To relieve the stress created by the colliding
plates, one plate is deformed and slips below the other.

DIVERGENT BOUNDARIES

Divergent boundaries occur where two plates slide apart from each other. Oce-
anic ridges, which are examples of these divergent boundaries, are where new
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oceanic, melted lithosphere materials well up, resulting in basaltic magmas that
intrude and erupt at the oceanic ridge, in turn creating new oceanic lithosphere
and crust (new ocean floor). Along with volcanic activity, the midoceanic ridges
are also areas of seismic activity.

TRANSFORM PLATE BOUNDARIES

Transform, or shear and constructive boundaries, do not separate or collide;
rather, they slide past each other in a horizontal manner with a shearing motion.
Most transform boundaries occur where oceanic ridges are offset on the sea floor.
The San Andreas Fault in California is an example of a transform fault.
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CHAPTER 22

Historical Geology

Under heaven nothing is more soft and yielding than water.
Yet for attacking the solid and strong, nothing is better;
It has no equal.

—Lao Tzu, Tao Te Ching

The earth scorns our simplifications, and becomes much
more interesting in its derision. The history of life is not
a continuum of development, but a record punctuated by
brief, sometimes geologically instantaneous, episodes of
mass extinction and subsequent diversification. The geo-
logic time scale maps this history, for fossils provide our
chief criterion in fixing the temporal order of rocks. . . .
Hence, the time scale is not the devil’s ploy for torturing
students, but the chronicle of key moments in life’s his-
tory. . . . I make no apologies for the central importance
of such knowledge.

—S. J. Gould, Wonderful Life

All things continue as they were from the beginning of the
creation.

—1II Peter 3:3-6

In the study of geology, it is important to give some thought to historical geol-
ogy, how geologists deal with time, and to the age of Earth. In this text, the focus
is on providing basic information on physical and not historical geology. How-
ever, it is important to note that historical geology is an important subset field
of geology. In historical geology, the principles of geology are used to reconstruct
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and understand the history of Earth (Levin, 2003). Historical geology explains
the sequence of geologic processes that change the Earth’s surface and subsurface
using stratigraphy, structural geology, and paleontology. In addition, the evolu-
tion of animals and plants during different periods in the geological timescale is
also an area of focus. Radiometric dating techniques provide a means of deriving
relative age versus absolute ages of geologic history.

* Relative age (or relative time) means that we can determine if something is
younger or older than something else. This is accomplished by dating events
in chronologic order of occurrence rather than in years. In other words, rela-
tive time gives us the sequence of events, but not how old something is. For
example, World War I happened before World War II.

* Absolute age (or absolute time) means geologic time is measured in a more
or less precise time (in years, minutes, seconds, or some other units of time)
to the amount of time that has already passed. In other words, absolute time
allows us to say how old something is. For example, the last major Ice Age
occurred 11,000-12,000 years ago.

In geology, we use principles to determine relative ages, correlations, and
absolute ages. For relative ages we use stratigraphy. For correlations we use physi-
cal criteria, fossils, and key beds. For absolute ages we use radiometric dating.

Stratigraphy

Stratigraphy is the geologic subscience dealing with the definition and interpre-
tation of strata (layers) and stratified rocks in the Earth’s crust, especially their
lithology, sequence, distribution, and correlation.

Earth’s layers have been characterized in different ways. One characteriza-
tion commonly used is to compare the layers of Earth with the layers found in
onions. When we cut an onion across, we find a series of layers surrounding a
central core. A cross-section of Earth would show a similar structure. Earth’s
layers downward are more dense and heavier than the layers above.

Another way of characterizing the structure of earth is to compare it with
a book. In fact, Saint Augustine characterized Earth as a book (in general and
not geological terms) when he said, “The world is a book, and those who do not
travel read only one page.” For the purpose of this text, we can state Augustine’s
analogy in a different, “geological” way. We can say Earth’s structural layers are
like the pages of a book, and when we only study its outer layer, we read only one
page. Earth’s pages are not new, unread, or in pristine condition as you would
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expect in a brand-new library book. The pages that make up Earth’s book are
well-used, torn, cornered, crumpled, well-marked, faded in places, turned upside
down, displaced, or lost. Earth’s book binding (along with tremendous levels of
pressure) is the force of gravity.

Sedimentary rock layers, or strata, were laid down on top of one another,
again, like the pages in a book—Earth’s book. Simply, when these pages are
correctly read and interpreted, Earth’s relative history is revealed. As mentioned,
studying (reading) the layers of Earth is the study called strarigraphy.

Stratigraphic Laws

The reading of Earth’s “pages” to determine its relative age is based on the
stratigraphic laws. Developed in the 17th through 19th centuries by Niels Steno,
James Hutton, and William Smith, among others, the modern-day geologist
uses these principles to decipher the spatial and temporal relationships of rock
layers. Basically, geologists studying Earth are concerned with the sequence of
rocks and structures in time, and thus with the history of the Earth itself. It is
important to point out, however, that these laws cannot determine the age of
Earth’s layers, but simply the relative order in which they were formed. Strati-
graphic laws include the following:

* Original horizontality

* Lateral continuity

* Superposition

* Cross-cutting relations

¢ Laws of inclusions

¢ Law of faunal succession

v/ Important Point: To understand the stratigraphic laws, we must assume
that the geologic processes of today were the same in the past. We call this
uniformitarianism.

ORIGINAL HORIZONTALITY

The law of original horizontality states that all sedimentary rocks are originally
deposited horizontally or nearly horizontal. If sedimentary rocks are no longer
horizontal, an event occurred subsequent to the deposition that caused the lay-
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ers to tilt or fold from their original position. In 1669, Niels Steno, a Danish
geological pioneer, described this relationship: “strata either perpendicular to
the horizon or inclined to the horizon were at one time parallel to the horizon”
(Levin, 2005, p. 162). The law of original horizontality holds true in the de-
position of most sedimentary material; however, one noted exception is sand
deposited nonhorizontally at less than 15 degrees (or at the angle of repose)
in sand dunes.

LATERAL CONTINUITY

Steno pointed out in 1669 that sedimentary rocks are laterally continuous over
large geographic areas of Earth (deposits originally extended in all directions)
unless some other solid bodies stood in the way, they thin out at edge, or grade
into a different type of sediment (Levin, 2005, p. 162).

SUPERPOSITION

Another stratigraphic law states that because of Earth’s gravity, the oldest layer of
sediment is at the bottom of the sequence and the youngest at the top. Thus, in
a sequence of layers that has not been disturbed or overturned by a later event,
the oldest layers are on the bottom. Steno stated that “at the time when any
given stratum was being formed, all the matter resting upon it was fluid, and,
therefore, at the time when the lower stracum was being formed, none of the
upper strata existed” (Levin, 2005, p. 162).

CROSS-CUTTING RELATIONS

In cross-cutting relations, Steno in 1669 pointed out that “if a body or discon-
tinuity cuts across a stratum, it must have formed after that stratum” (Levin,
2005, p. 162). This law basically describes the relationship between existing rock
and rock that intrudes by magma flow into exiting rock. This creates an intru-
sion, and the intrusion is always younger than the rock it invades.

LAW OF INCLUSIONS

The law of inclusions states that rock fragments in other rocks must be older
than the rock containing or surrounding the fragments.
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LAW OF FAUNAL SUCCESSION

The law of faunal succession, developed by William Smith (father of English
geology, 1769-1839), recognized that fossil faunas (assemblages of animals that
lived together at a given time and place) followed each other in a definite and
determinable order. These faunas are distinctive for each portion of Earth his-
tory, and allowed geologists to develop a fossil stratigraphy, providing a means
to correlate rocks. That is, by comparing these fossils the geologist is able to
recognize deposits of the same ages.

STRUCTURAL BREAKS IN THE STRATIGRAPHIC RECORD

Because of uplift, subsidence, and deformation, the Earth’s surface is continu-
ally changing, with surface erosion acting in some places and erosion of surface
sediment occurring in other places. Whenever erosion is removing previous de-
posited sediment, or when sediment is not being deposited, there will be a break
in the continuous record of sedimentation preserved in the rocks. This break in
the stratigraphic record is called an wunconformity (or hiatus). An unconformity
is an uplifted surface with long periods of erosion or nondeposition. Geologists
recognize three basic types of unconformities:

* Angular unconformity is an obvious, easily recognized type of unconformity
because the beds above the nonconformity are not parallel to the beds below
it. This type of nonconformity, commonly known as Hutton’s nonconformity
(1787) indicates that the lower series of rocks were tilted or folded prior to
their erosion and the subsequent deposition of the overlying beds.

* Disconformities are known as parallel unconformities because the rock lay-
ers above and below the unconformity are parallel. Because there is often no
angular relationship between sets of layers, disconformities are much harder
to recognize in the field.

* Nonconformity is formed when overlying stratified, sedimentary rocks lie on
an eroded surface of igneous or metamorphic rocks.

Relative versus Absolute Time

We cannot study geology without referring to geologic time. Geologic time is
often discussed in two forms:

* Relative time is a chronostratic arrangement (in geologic column) of geologic
events and periods in their proper order (displayed as the geologic time scale;
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see Table 23.1). This is done by using the stratigraphic techniques (relative age
relationships—vertical and stratigraphic positions) discussed earlier.

* Absolute time is a chronometric arrangement of numerical ages in millions of
years or some other measurement; the time in years since the beginning or end
of a period. These are commonly obtained via radiometric dating methods
performed on appropriate rock types.

RELATIVE TIME: THE GEOLOGIC COLUMN

The geologic column, more commonly known as the stndard geologic column, is
the concept used to break relative geologic time into units of known relative age.
In a sense, the column depicts snapshots of geologic time. The geologic column
accomplishes this by scaling the oldest to the most recent rocks found in the
entire Earth or in a given area.

Did You Know?

The largest unit of geologic fime is an era, and each era is divided into
smaller time units called periods. A period of geologic time is divided
into epochs, which in turn may be subdivided into still smaller units. The
geologic column provides a standard by which we can discuss the rela-
five age of rock formations and the rocks and the fossils they contfain.
However, again, keep in mind that these fime units are arbitrary and of
unequal duration, and because we are dealing with relative time, we
cannot be positive about the exact amount of time involved in each unit.

The geologic time scale (Table 22.1; based on present state of knowledge) is
composed of named intervals of geologic time (relative) during which the rocks
represented in the geologic column were deposited.

ABSOLUTE TIME: RADIOMETRIC TIME SCALE

Although it is easy to establish the relative ages of rocks based on the work of
geologists who have applied the principles of stratigraphy, knowing how much
time a geologic era, period, or epoch represents is much more difficult unless we
have the absolute ages of rocks. Absolute time measurements are used to calibrate
the relative time scale.

In the early years of geology, many attempts were made to establish absolute
time measurements. Some of these give only a very rough approximation of the
age of rocks; others (radiometric dating) are much more accurate.



Table 22.1. Geologic Time Scale (U.S. Geological Survey [USGS],

2007, 2008)

Erathem or Era

System, Subsytem or
Period, Subperiod

Series or Epoch

Cenozoic

65 million years ago
to present "Age of
Recent Life”

Quaternary
1.8 million years ago
to the present

Tertiary

Cretaceous

145.5 to 65.5 million
years ago

"The age of dinosaurs”

Holocene

11,477 years ago
(+/-85 years) to
the present—Greek
“holos” (entire) and
“ceno” (new)

Pleistocene

1.8 million to approx.
11,477 (+/-85 years)
years ago—The Great
Ice Age—Greek
“pleistos” (most) and
“ceno” (new)

Pliocene 5.3 to 1.8
million years ago—
Greek "pleion” (more)
and “ceno” (new).

Miocene

23 to 5.3 million years
ago—Greek "meion”
(less) and “ceno”
(new).

Oligocene

33.9 to 23 million years
ago—Greek “oligos”
(little, few) and
“ceno” (new).

Eocene

55.8 to 33.9 million years
ago—Greek “eos”
(dawn) and “ceno”
(new).

Paleocene

65.5 to 58.8 million years
ago—Greek “palaois”
(old) and “ceno”
(new).

Late or Upper

Early or Lower

(continued)
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Table 22.1. (continued)

Erathem or Era

System, Subsytem or
Period, Subperiod

Series or Epoch

Mesozoic

251 to 65.5 million years

ago—Greek means

Jurassic
199.6 to 145.5 million
years ago

Late or Upper
Middle
Early or Lower

“middle life”
Triassic Late or Upper
251 in 199.6 million Middle
years ago Early or Lower
Permian Lopingian
299 to 251 million Guadalupian
years ago Cisuralian
Pennsylvanian Late or Upper
381.1 to 299 million Middle
years ago Early or Lower
"The coal age”
Paleozoic Mississippian Late or Upper
542 to 251 million years 359.2 to 318.1 million Middle
ago years ago Early or Lower
"Age of Ancient Life” Devonian Late or Upper
416 to 359.2 million Middle
years ago Early or Lower
Silurian Pridoli
443.7 to 416 million Ludiow
years ago Wenlock
Llandovery
Ordovician Late or Upper
488.3 to 443.7 million Middle
years ago Early or Lower
Cambrian Late or Upper
542 to 488.3 million Middle
years ago Early or Lower

Precambrian

Approximately 4 billion
to 542.0 million years
ago

* Salinity of the sea: The oceans were probably originally composed of fresh
water; thus, the age of the Earth can be estimated on the basis of how long it
would take the oceans to obtain their present salt content.

* Rate of sedimentation: If we knew how long it took to deposit all of the rock
layers in the crust, we could get some idea as to the age of the Earth.

* Radiometric time scale: This is the most recent and accurate method yet
devised for measuring absolute geologic time.
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New vistas in science were opened by Henry Becquerel in 1896 when he
discovered the natural radioactive decay of uranium. However, it wasn’t until
1905 when the British physicist Lord Rutherford suggested using radioactivity
as a tool for directly measuring geologic time. Two years later, in 1907, B. B.
Boltwood, a radiochemist at Yale University, published a list of geologic ages
based on radioactivity, which, during the current era, have been modified some-
what to reflect greater accuracy and proper application. Precise dating has been
accomplished since 1950 (USGS, 2001).

To understand the methodology used to construct the radiometric time
scale, it is important to know that a chemical element consists of atoms with a
specific number of protons in their nuclei but different atomic weights owing to
variations in the number of neutrons. Furthermore, atoms of the same element
with differing atomic weights are called isozopes. Isotopes are formed spontane-
ously when the isotope (the parent) loses particles from its nucleus to form an
isotope of a new element (the daughter). The rate of decay is expressed in terms
of the time it takes for one-half (an isotope’s half-life) of a particular radioactive
isotope in a sample to decay. Most radioactive isotopes have short half-lives and
lose their radioactivity within a few days or years. However, some isotopes decay
slowly, and several of these are used as geologic clocks. The parent isotopes and
corresponding daughter products most commonly used to determine the ages of
ancient rocks are listed in Table 22.2.

Table 22.2. Parent Isotopes and Corresponding Daughter
Products (USGS, 2001)

Parent Isofope  Stable Daughter Product  Half-Life Values

Uranium-238 Lead-206 4.5 billion years
Uranium-235 Lead-207 704 million years
Thorium-232 Lead-208 14 billion years
Rubidium-87 Strontium-87 48.8 billion years
Potassium-40 Argon-40 1.25 billion years
Samarium-147  Neodymium-143 106 billion years

The USGS (2001) points out that dating rocks by radioactive timekeepers
is theoretically simple, but the laboratory procedures are complex. The principal
difficulty lies in measuring precisely very small amounts of isotopes.

Because potassium is found in most rock-forming minerals, the potas-
sium-argon method can be used on rocks as young as a few thousand years
as well as on the oldest rocks known. The half-life of potassium’s radioactive
isotope potassium-40 is such that measurable quantities of argon (daughter)
have accumulated in potassium-bearing minerals of nearly all ages, and the
amounts of potassium and argon isotopes can be measured accurately, even in
very small quantities.
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Did You Know?

In practice and where feasible, two or more radioactive dating methods
of analysis are used on the same specimen of rock to confirm the results.

Another important isotope used for dating purposes is based on the radioac-
tive decay of the isotopearbon-14, which has a half-life of 5,730 years. As a result
of the bombardment of nitrogen by neutrons from cosmic rays, the radiocarbon
catbon-14 is produced continuously in the Earth’s upper atmosphere. This
radiocarbon becomes uniformly mixed with the nonradioactive carbon in the
carbon dioxide of the air, and it eventually finds its way into all living plants and
animals. In effect, all carbon in living organisms contains a constant proportion
of radiocarbon to nonradioactive carbon. After the death of the organism, the
amount of radiocarbon gradually decreases as it reverts to nitrogen-14 by radio-
active decay. By measuring the amount of radioactivity remaining in organic
materials, the amount of carbon-14 in the material can be calculated and the
time of death can be determined. For example, if carbon from a sample of wood
is found to contain only half as much carbon-14 as that from a living plant, the
estimated age of the old wood is 5,730 years (USGS, 2001).

Did You Know?

The radiocarbon clock has become an extremely useful and efficient
tool in dating the important episodes in the recent prehistory and his-
tory of man, but because of the relatively short half-life of carbon-14, the
clock can be used for dating events that have taken place only within
the past 50,000 years (USGS, 2001).

Table 22.3 lists a group of rocks and materials that have been dated by vari-
ous atomic clock methods.



Table 22.3. Rock Groups dated by Atomic Clock Methods (USGS 2001)

Rock and Material Samples

Approximate Age in Years

Charcoal

Sample, recovered from a bed near Crater
Lake, Oregon, is from a free burned in the
violent eruption Mount Mazama, which
created Cratfe Lake. This eruption blanketed
several States with ash, providing geologists
with an excellent tfime zone.

Charcoal

Sample collected from the "Marmes Man” site
in southeastern Washington. This rock shelter
is believed to be among the oldest known
inhabited sites in North America.

Spruce wood

Sample from the Two Creeks forest bed near
Milwaukee, Wisconsin, dates one of the last
advances of the continental ice sheet into the
United States.

Bishop Tuff

Samples collected from volcanic ash and
pumice that overlie glacial debris in Owens
Valley, California. This volcanic episode
provides an important reference datum in the
glacial history of North America.

Volcanic ash

Samples collected from strata in Olduvai Gorge,
East Africa, which sandwich the fossil remains
of Zinjanthropus and Homo habilis—possible
precursors of modern man.

Monzonite
Samples of copper-bearing rock from vast open-
pit mine at Bingham Canyon, Utah.

Quartz monzonite
Samples collected from Half Dome, Yosemite
National Park, California.

Conway Granite
Samples collected from Redstone Quarry in the
White Mountains of New Hampshire.

Rhyolite
Samples collected from Mount Rogers, the
highest point in Virginia.

6,640

10,130

11,640

700,000

1,750,000

37,500,000

80,000,000

180,000,000

820,000,000

(confinued)
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Table 22.3. (continued)

Rock and Material Samples Approximate Age in Years

Pikes Peak Granite

Samples collected on top of Pikes Peak, 1,030,000,000
Colorado.

Gneiss

Samples from outcrops in the Karelion area of 2,700,000,000

eastern Finland are believed to represent the
oldest rocks in the Baltic region.

The OId Granite

Samples from outcrops in the Transvaal, South 3.200,000,000
Africa. These rocks infrude even older rocks
that have been dated.

Morton Gneiss

Samples from outcrops in southwestern 3.600,000,000
Minnesota are believed to represent some of
the oldest rocks in North America.
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Part IV

HYDROSPHERE






CHAPTER 23

Earth’s Blood

The watery environment in which single-cell organisms live
provides them food and removes their wastes, a function
that the human circulatory system provides for the 60-100
trillion cells in a human body. The circulatory system
brings each cell its daily supply of nutritive amino acids
and glucose, and carries away waste carbon dioxide and am-
monia, to be filtered out of our systems and flushed away
through micturition and excretory functions. The heart,
the center of our circulatory system keeps blood moving
on its predetermined circular path, so essential that if the
pump fails, we quickly fail as well—we die.

As single-celled organisms no longer, humans sometimes
assume they no longer need a watery environment in which
to live—Dbut they aren’t paying close attention to the world
around them. Actually, those of us who live on earth are
as dependent upon the earth’s circulatory system as we are
on our own circulatory system. As our human hearts pump
blood, circulating it through a series of vessels, and as our
lives are dependent upon that flow of blood, so life on earth
is, and our own lives are dependent on the earth’s water
cycle, and on water, in every aspect of our lives.

This cycle is so automatic that we generally ignore it
until we are slapped in the face by it. Just as we don’t con-
trol or pay attention to the beating of our hearts unless the
beat skips or falters, unless we are confronted by flood or
drought, unless our plans are disrupted by rain, we ignore
the water cycle, preferring to believe that the water we
drink comes out of the faucet, and not from deep within
the belly of the earth, placed there by a process we only

299
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dimly comprehend. But water is as essential to us and to
the earth as blood is in our bodies, and the constant cycle
water travels makes our lives possible.

Earth’s blood, water, is pumped, not by a heart, but
by the hydrological cycle—the water cycle. A titanic force
of nature, the water cycle is beyond our control—a fact
that we ignore until weather patterns shift and suddenly
inundated rivers flow where they will and not within
human-engineered banks, floodwalls, dikes, and levees. In
the water cycle, water evaporated from the oceans falls as
rain, hail, sleet, or snow and it strikes the earth again; the
cycle continues.

In cities, in summer, rain strikes hot cement and as-
phalt and swiftly evaporates, or runs into storm drains,
swiftly rejoining the cycle. In fields, rain brings essential
moisture to crops, and sinking deeper into the earth, ends
as groundwater. If water strikes a forested area, the forest
canopy breaks the force of the falling drops. The forest
floor, carpeted in twigs, leaves, moss, dead and decaying
vegetation, keeps the soil from Splashing away in erosion as
the water returns to the depths of the earth, or runs over
the land to join a stream.

Whenever water strikes the earth, it flows along four
pathways, which carry water through the cycle as our veins,
arteries and capillaries carry our blood to our cells.

It may evaporate directly back into the air.

It may flow overland into a stream as runoff.

It may soak into the ground and be taken up by plants for
evapotranspiration.

It may seep down to groundwater.

Whatever pathway water takes, one fact is certain: water
is dynamic, vital, constantly on the move. And like human
blood, which sustains our lives, earth’s blood, to sustain us
as well, must continue to flow.

—Frank R. Spellman (1996)

Setting the Stage

Whether we characterize it as ice, rainbow, steam, frost, dew, soft summer rain,
fog, flood, or avalanche, or as stimulating as a stream or cascade, water is special.
Water is strange. Water is different.
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Water is the most abundant inorganic liquid in the world; moreover, it oc-
curs naturally anywhere on earth. Literally awash with it, life depends on water,
and yet water is so very different.

Water is scientifically different. With its rare and distinctive property of be-
ing denser as a liquid than as a solid, it is different. Water is different in that it
is the only chemical compound found naturally in solid, liquid, gaseous states.
Water is sometimes called the universal solvent. This is a fitting name, especially
when you consider that water is a powerful reagent, which is capable in time of
dissolving everything on earth.

Water is different. It is usually associated with all the good things on earth.
For example, water is associated with quenching thirst, with putting out fires,
and with irrigating the earth. The question is, can we really say emphatically,
definitively that water is associated with only those things that are good?

Not really!

Remember, water is different; nothing, absolutely nothing, is safe from it.

Water is different. This unique substance is odorless, colotless, and tasteless.
Water covers 71% of the earth completely. Even the driest dust ball contains
10%—15% water.

Water and life—life and water—inseparable.

The prosaic becomes wondrous as we perceive the marvels of water.

The Earth is covered by 326 million cubic miles of water, but only 3% of
this total is fresh with most locked up in polar ice caps, glaciers, in lakes; it flows
through soil and in river and stream systems back to an ever increasingly saltier
sea. Only 0.027% is available for human consumption. Water is different.

Salt water is different from fresh water. Moreover, this text deals with fresh-
water and ignores salt water because salt water fails its most vital duty, which is
to be pure, sweet, and serve to nourish us.

Standing at a dripping tap, water is so palpably wet, one can literally hear
the drip-drop-plop.

Woater is special—water is strange—water is different. More importantly,
water is critical to our survival, yet we abuse it, discard it, foul it, curse it, dam
it, and ignore it. At least this is the way we view the importance of water at this
moment in time. However, because water is special, strange, and different, the
dawn of tomorrow is pushing for quite a different view.

Along with being special, strange, and different, water is also a contradic-
tion, a riddle.

How?

Consider the Chinese proverb that states, “Water can both float and sink
a boat.”
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Water’s presence everywhere feeds these contradictions. Lewis (1996) points
out that “water is the key ingredient of mother’s milk and snake venom, honey
and tears” (p. 90).

Leonardo da Vinci gave us insight into more of water’s apparent contra-
dictions:

Water is sometimes sharp and sometimes strong, sometimes acid and
sometimes bitter;

Water is sometimes sweet and sometimes thick or thin;

Water sometimes brings hurt or pestilence, sometimes health-
giving, sometimes poisonous.

Water suffers changes into as many natures as are the different
places through which it passes.

Water, as with the mirror that changes with the color of its object,
so it alters with the nature of the place, becoming: noisome, laxative,
astringent, sulfurous, salt, incarnadined, mournful, raging, angry,
red, yellow, green, black, blue, greasy, fat or slim.

Water sometimes starts a conflagration, sometimes it extinguishes
one.

Water is warm and is cold.

Water carries away or sets down.

Water hollows out or builds up.

Water tears down or establishes.

Water empties or fills.

Water raises itself or burrows down.

Water spreads or is still.

Water is the cause at times of life or death, or increase of privation,
nourishes at times and at others does the contrary.

Water, at times has a tang, at times it is without savor.

Water sometimes submerges the valleys with great flood.

In time and with water, everything changes.

Water’s contradictions can be summed up by simply stating that, though
the globe is awash in it, water is no single thing, but an elemental force that
shapes our existence. Da Vinci’s last contradiction, “In time and with water,
everything changes” concerns us most in this text.

Many of da Vinci’s water contradictions are apparent to most observers.
The wide spectrum of the hydrosphere includes hydrology, limnology, hydroge-
ology, oceanography, marine biology, physical oceanography, and other special-
ized areas—again, many of these water specialty areas are apparent, whether we
readily acknowledge them or not in the normal course of things. But with water
there are other factors that do not necessarily stand out, that are not always so
apparent. This is made clear by the following example—what you see on the
surface is not necessarily what lies beneath.



EARTH’S BLOOD 303

STILL WATER

Consider a river pool, isolated by fluvial processes and time from the main
stream flow. We are immediately struck by one overwhelming impression: It
appears so still, so very still. Still enough to sooth us. The river pool provides
a kind of poetic solemnity, if only at the pool’s surface. No words of peace, no
description of silence or motionless can convey the perfection of this place, in
this moment stolen out of time.

We ask ourselves, “The water is still, but does the term szil/ correctly de-
scribe what we are viewing? Is there any other term we can use besides szl Is
there any other kind of still?”

Yes, of course, we know many ways to characterize sti/l. For sound or noise,
still can mean “inaudible,” “noiseless,” “quiet,” or “silent.” With lack of move-
ment, stil/ can mean “immobile,” “inert,” “motionless,” or “stationary.” At least
this is how the pool appears on the surface to the casual visitor. The visitor sees
no more than water and rocks.

The rest of the pool? We know very well that a river pool is more than just
a surface. How does the rest of the pool (the subsurface, for example) fit the
descriptors we tried to use to characterize its surface? Maybe they fit, maybe they
don’t. In time, we will go beneath the surface, through the liquid mass, to the
very bottom of the pool to find out. For now, remember that images retained
from first glances are almost always incorrectly perceived, incorrectly discerned,
and never fully understood.

On second look, we see that the fundamental characterization of this par-
ticular pool’s surface is correct enough. Wedged in a lonely riparian corridor—
formed by river bank on one side and sand bar on the other—between a youth-
ful, vigorous river system on its lower end and a glacier- and artesian-fed lake
on its headwater end, almost entirely overhung by mossy old sitka spruce, the
surface of the large pool, at least at this particular location, is indeed still. In the
proverbial sense, the pool’s surface is as still and as flat as a flawless sheet of glass.

The glass image is a good one because, like perfect glass, the pool’s surface
is clear, crystalline, unclouded, definitely transparent, yet perceptively deceptive
as well. The water’s clarity, accentuated by its bone-chilling coldness, is apparent
at close range. Farther back, we see only the world reflected in the water—the
depths are hidden and unknown. Quiet and reflective, the polished surface of
the water perfectly reflects in mirror-image reversal the spring greens of the forest
at the pond’s edge, without the slightest ripple. Up close, looking straight into
the bowels of the pool we are struck by the water’s transparency. In the motion-
less depths, we do not see a deep, slow-moving reach with muddy bottom typical
of a river or stream pool; instead, we clearly see the warm variegated tapestry of
blues, greens, blacks stitched together with threads of fine, warm-colored sand
that carpets the bottom, at least 12 feet below. Still waters can run deep.
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No sounds emanate from the pool. The motionless, silent water doesn’t, as
we might expect, lap against its bank or bubble or gurgle over the gravel at its
edge. Here, the river pool, held in temporary bondage, is patient, quiet, waiting,
withholding all signs of life from its surface visitor.

Then the reality check: The present stillness, like all feelings of calm and
serenity, could be fleeting, momentary, temporary, you think. And you would
be correct, of course, because there is nothing still about a healthy river pool.

At this exact moment, true clarity is present; it just needs to be perceived.
And it will be.

We toss a small stone into the river pool, and watch the concentric circles
ripple outward as the stone drops through the clear depths to the pool bottom.
For a brief instant, we are struck by the obvious: the stone sinks to the bottom,
following the laws of gravity, just as the river flows according to those same
inexorable laws—downbhill in its search for the sea. As we watch, the ripples die
away, leaving as little mark as the usual human lifespan creates in the waters of
the world, then disappears as if it had never been. Now the river water is, as
before, still. At the pool’s edge, we look down through the massy depth to the
very bottom—the substrate.

We determine that the pool bottom is not flat or smooth, but instead is
pitted and mounded occasionally with discontinuities. Gravel mounds alongside
small corresponding indentations—small, shallow pits—make it apparent to us
that gravel was removed from the indentations and piled into slightly higher
mounds. From our topside position, as we look down through the cool, quies-
cent liquid, the exact height of the mounds and the depth of the indentations
is difficult for us to judge; our vision is distorted through several feet of water.

However, we can detect near the low gravel mounds (where female salmon
buried their eggs, and where their young grow until they are old enough to
fend for themselves), and actually through the gravel mounds, movement—
water flow—an upwelling of groundwater. This water movement explains our
ability to see the variegated color of pebbles. The mud and silt that would
normally cover these pebbles has been washed away by the water’s subtle,
inescapable movement. Obviously, in the depths, our still water is not as still
as it first appeared.

The slow, steady, inexorable flow of water in and out of the pool, along
with the upflowing of groundwater through the pool’s substrate and through
the salmon redds (nests) is only a small part of the activities occurring within
the pool, including the air above it, the vegetation surrounding it, and the damp
bank and sandbar forming its sides.
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Let’s get back to the pool itself. If we could look at a cross-sectional slice of
the pool, at the water column, the surface of the pool may carry those animals
that can literally walk on water. The body of the pool may carry rotifers and
protozoa and bacteria—tiny microscopic animals—as well as many fish. Fish
will also inhabit hidden areas beneath large rocks and ledges, to escape predators.
Going down farther in the water column, we come to the pool bed. This is called
the benthic zone, and certainly the greatest number of creatures lives here, includ-
ing larvae and nymphs of all sorts, worms, leeches, flatworms, clams, crayfish,
dace, brook lampreys, sculpins, suckers, and water mites.

We need to go down even farther, down into the pool bed, to see the whole
story. How far this goes and what lives here, beneath the water, depends on
whether it is a gravelly bed or a silty or muddy one. Gravel will allow water, with
its oxygen and food, to reach organisms that live underneath the pool. Many of
the organisms that are found in the benthic zone may also be found underneath,
in the hyporheric zone.

But to see the rest of the story we need to look at the pool’s outlet, and
where its flow enters the main river. This is the riffles—shallow places where
water runs fast and is disturbed by rocks. Only organisms that cling very well,
such as net-winged midges, caddisflies, stoneflies, some mayflies, dace, and scul-
pins can spend much time here, and the plant life is restricted to diatoms and
small algae. Riffles are a good place for mayflies, stoneflies, and caddisflies to live
because they offer plenty of gravel in which to hide.

At first, we struggled to find the “proper” words to describe the river pool.
Eventually, we settled on “Still Waters.” We did this because of our initial im-
pression, and because of our lack of understanding—lack of knowledge. Even
knowing what we know now, we might still describe the river pool as szill waters.
However, in reality, we must call the pool what it really is: a dynamic habitat.
This is true, of course, because each river pool has its own biological community,
all members interwoven with each other in complex fashion, all depending on
each other. Thus, our river pool habitat is part of a complex, dynamic ecosystem.
On reflection, we realize, moreover, that anything dynamic certainly can’t be
accurately characterized as “still”>—including our river pool.

Maybe you have not had the opportunity to observe a river pool like the
one described previously. Maybe such an opportunity does not interest you.
However, the author’s point can be made in a different manner.
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Take a moment out of your hectic schedule and perform an action most
people never think about doing. Hold a glass of water and think about the sub-
stance within the glass—about the substance you are getting ready to drink. You
are aware that the water inside a drinking glass is not one of those items people
usually spend much thought on, unless they are tasked with providing the drink-
ing water—or dying of thirst.

As mentioned earlier, water is special, strange, and different. Some of us
find water fascinating—a subject worthy of endless interest, because of its
unique behavior, limitless utility, and ultimate and intimate connection with
our existence. Perhaps you might agree with Tom Robbins, whose description
of water follows.

Stylishly composed in any situation—solid, gas or liquid—speaking
in penetrating dialects understood by all things—animal, vegetable
or mineral—water travels intrepidly through four dimensions, sus-
taining (Kick a lettuce in the field and it will yell “Water!”) destroying
(The Dutch boy’s finger remembered the view from Ararat) and
creating (It has even been said that human beings were invented by
water as a device for transporting itself from one place to another,
but that’s another story). Always in motion, ever-flowing (whether at
stream rate or glacier speed), rhythmic, dynamic, ubiquitous, chang-
ing and working its changes, a mathematics turned wrong side out,
a philosophy in reverse, the ongoing odyssey of water is irresistible.

(Robbins, 1976, pp. 1-2)

As Robbins said, water is always in motion. The one most essential charac-
teristic of water is that it is dynamic: Water constantly evaporates from sea, lakes,
and soil and transpires from foliage; is transported through the atmosphere; falls
to earth; runs across the land; and filters down to flow along rock strata into
aquifers. Eventually water finds its way to the sea again—indeed, water never
stops moving,.

A thought that might not have occurred to most people as they look at our
glass of water is, “Who has tasted this same water before us?” Before us? Abso-
lutely. Remember, water is almost a finite entity. What we have now is what
we have had in the past. The same water consumed by Cleopatra, Aristotle, da
Vinci, Napoleon, Joan of Arc (and several billion other folks who preceded us),
we are drinking now—Dbecause water is dynamic (never at rest), and because
water constantly cycles and recycles, as discussed in another section.

Water never goes away, disappears or vanishes; it always returns in one form
or another. As Dove (1989) points out, “all water has a perfect memory and is
forever trying to get back to where it was.”
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Earth’s Blood is Life’s Blood

The availability of a water supply adequate in terms of both quantity and quality
is essential to our very existence. One thing is certain: History has shown that
the provision of an adequate quantity of quality potable water has been a matter
of major concern since the beginning of civilization.

Water—especially clean, safe water—we know we need it to survive—we
know a lot about it—however, the more we know the more we discover we
don’t know.

Modern technology has allowed us to tap potable water supplies and to
design and construct elaborate water distribution systems. Moreover, we have
developed technology to treat used water (wastewater); that is, water we foul,
soil, pollute, discard, and flush away.

Have you ever wondered where the water goes when you flush the toilet?
Probably not.

An entire technology has developed around treating water and wastewater.
Along with technology, of course, technological experts have been developed.
These experts range from environmental/structural/civil engineers to environ-
mental scientists, geologists, hydrologists, chemists, biologists, and others.

Along with those who design and construct water/wastewater treatment
works, there is a large cadre of specialized technicians, spread worldwide who
operate water and wastewater treatment plants. These operators are tasked, obvi-
ously, with either providing a water product that is both safe and palatable for
consumption and/or with treating (cleaning) a waste stream before it is returned to
its receiving body (usually a river or stream). It is important to point out that not
only are water practitioners who treat potable and used water streams responsible
for ensuring quality, quantity, and reuse of their product, they are also tasked with,
because of the events of 9/11, protecting this essential resource from terrorist acts.

The fact that most water practitioners know more about water than the rest
of us comes as no surprise. For the average person, knowledge of water usually
extends to knowing no more than that water is good or bad; it is terrible tasting,
just great, wonderful, clean and cool and sparkling, or full of scum/dirt/rust/
chemicals, great for the skin or hair, very medicinal, and so on. Thus, to say the
water “experts” know more about water than the average person is probably an
accurate statement.

At this point, the reader is probably asking: What does all this have to do
with anything? Good question.

What it has to do with water is quite simple. We need to accept the fact that
we simply do not know what we do not know about water. We need to know
more. To start with, let’s talk a little about the way in which we view water.
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Earlier brief mention was made about the water contents of a simple drink-
ing water glass. Let’s face it, drinking a glass of water is something that normally
takes little effort and even less thought. The trouble is that our view of water and
its importance is relative.

The situation could be different—even more relative, however. For exam-
ple, consider the young woman who is an adventurer, an outdoors-person. She
likes to jump into her four-wheel-drive vehicle and head out for new adventure.
On this particular day, she decides to drive through Death Valley, California—
one end to another and back on seldom used dirt road. She has done this a few
times before. During her transit of this isolated region, she decides to take a side
road that seems to lead to the mountains to her right.

She travels along this isolated, hardpan road for approximately 50 miles—
then the motor in her four-wheel-drive vehicle quits. No matter what she does,
the vehicle will not start. Eventually, the vehicle’s battery dies; she had cranked
on it too much.

Realizing that the vehicle is not going to start, she also realized she is alone
and deep inside an inhospitable area. What she does not know is that the nearest
human being is about 60 miles to the west.

She has another problem—a problem more pressing than any other. She
does not have a canteen or container of water—an oversight on her part. Obvi-
ously, she tells herself, this is not a good situation.

What an understatement this turns out to be.

Just before noon, on foot, she starts back down the same road she had trav-
eled. She reasons she does not know what is in any other direction other than
the one she had just traversed. She also knows the end of this side road intersects
the major highway that bisects Death Valley. She could flag down a car or truck
or bus; she will get help, she reasons.

She walks—and walks—and walks some more. “Gee, if it wasn’t so darn
hot,” she mutters to herself, to sagebrush, to scorpions, to ractlesnakes, and to
cacti. The point is it is hot, about 107° F.

She continues on for hours, but now she is not really walking; instead, she
is forcing her body to move along. Each step hurts. She is burning up. She is
thirsty. How thirsty is she? Well, right about now just about anything liquid
would do, thank you very much!

Later that night, after hours of walking through that hostile land, she
can’t go on. Deep down in her heat-stressed mind, she knows she is in serious
trouble—trouble of the life-threatening variety.

Just before passing out, she uses her last ounce of energy to issue a dry,
pathetic scream.

This scream of lost hope and imminent death is heard, but only by the sage-
brush, the scorpions, the rattlesnakes, and the cacti—and by the vultures that
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are now circling above her parched, dead remains. The vultures are of no help,
of course. They have heard these screams before. They are indifferent; they have
all the water they need; their food supply isn’t all that bad either.

The preceding case sheds light on a completely different view of water. Ac-
tually, it is a very basic view that holds: We cannot live without it. When dying
of thirst, there is absolutely nothing we would not trade for a mouthful of it.

Historical Perspective

An early human, wandering alone from place to place, hunting and gathering
to subsist, probably would have had little difficulty in obtaining drinking water
because such a person would—and could—only survive in an area where drink-
ing water was available with little travail.

The search for clean, fresh, and palatable water has been a human priority
from the very beginning. The author takes no risk in stating that when humans
first walked the Earth, many of the steps they took were in the direction of water.

When early humans were alone or in small numbers, finding drinking water
was a constant priority, to be sure, but for us to imagine today just how big a
priority finding drinking water became as the number of humans proliferated
is difficult.

Eventually communities formed, and with their formation came the increas-
ing need to find clean, fresh, and palatable drinking water, and also to find a
means of delivering it from the source to the point of use.

Archeological digs are replete with the remains of ancient water systems
(humanity’s early attempts to satisfy that never-ending priority). Those digs
(spanning the history of the last 20 or more centuries) testify to this. For well
over 2,000 years, piped water supply systems have been in existence. Whether
the pipes were fashioned from logs or clay or carved from stone or other materi-
als is not the point—the point is they were fashioned to serve a vital purpose,
one universal to the community needs of all humans: to deliver clean, fresh, and
palatable water to where it was needed.

These early systems were not arcane. Today, we readily understand their
intended purpose. As we might expect, they could be rather crude, but they
were reasonably effective, though they lacked in two general areas we take for
granted today.

First, of course, they were not pressurized, but instead relied on gravity flow,
since the means to pressurize the mains was not known at the time—and even if
such pressurized systems were known, they certainly would not have been used
to pressurize water delivered via hollowed-out logs and clay pipe.
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The second general area eartly civilizations lacked that we do not lack to-
day in the industrialized world is sanitation. Remember, to know the need for
something exists (in this case, the ability to sanitize, to disinfect water supplies),
the nature of the problem must be defined. Not until the middle of the 1800s
(after countless millions of deaths from waterborne disease over the centuries)
did people realize that a direct connection between contaminated drinking water
and disease existed. At that point, sanitation of water supply became an issue.

When the relationship between waterborne diseases and the consumption of
drinking water was established, evolving scientific discoveries led the way toward
the development of technology for processing and disinfection. Drinking water
standards were developed by health authorities, scientists, and sanitary engineers.

With the current lofty state of effective technology that we in the United
States and the rest of the developed world enjoy today, we could sit on our lau-
rels, so to speak, and assume that because of the discoveries developed over time
(and at the cost of countless people who died—and still die—from waterborne-
diseases), that all is well with us—that problems related to providing us with
clean, fresh, palatable drinking water are problems of the past.

Are they really problems of the past? Have we solved all the problems related
to ensuring that our drinking water supply provides us with clean, fresh, and
palatable drinking water? Is the water delivered to our tap as clean, fresh, and
palatable as we think it is—as we hope it is? Does anyone really know?

What we do know is that we have made progress. We have come a long
way from the days of gravity-flow water delivered via mains of logs and clay or
stone. Many of us on this Earth have come a long way from the days of cholera
epidemics.

However, to obtain a definitive answer to those questions, perhaps we
should ask those who boiled their water for weeks on end in Sydney, Australia,
in the fall of 1998. Or better yet, we should speak with those who drank the
“city water” in Milwaukee in 1993, or in Las Vegas, Nevada—those who suf-
fered and survived the onslaught of Cryprosporidium, from contaminated water
out of their tap.

Or if we could, we should ask these same questions of a little boy named
Robbie, who died of acute lymphatic leukemia, the probable cause of which is
far less understandable to us: toxic industrial chemicals, unknowingly delivered
to him via his local water supply.

If water is so precious, so necessary for sustaining life, then two questions
arise: (1) Why do we ignore water? (2) Why do we abuse it (pollute or waste it)?

We ignore water because it is so common, so accessible, so available, so un-
exceptional (unless you are lost in the desert without a supply of it). Again, why
do we pollute and waste water? There are several reasons; many will be discussed
later in this text.
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You might be asking yourself: Is water pollution really that big of a deal?
Simply stated, yes, it is. Humanity has left its footprint (in the form of pollu-
tion) on the environment, including on our water sources. Humanity has a bad
habit of doing this. What it really comes down to is “out of sight, out of mind”
thinking. When we abuse our natural resources in any manner, maybe we think
to ourselves, “Why worry about it? Let someone else sort it all out.”

As this text proceeds, it will lead you down a path strewn with abuse and
disregard for our water supply—then all (excepting the water) will become clear.
One hopes that we will not have to wait until someone does sort it—and us—out.
With time and everything else, there might be a whole lot of sorting out going on.

This text is designed to show how the obvious and unsatisfactory gap in
knowledge dealing with the science of water is to be filled in. Having said this,
now it is to welcome you the gap-filler: The Science of Water: Concepts and Ap-
plications.

Finally, before moving on with the rest of the text, it should be pointed out
the view held throughout this work is that water is special, strange, and different—
and very vital. This view is held for several reasons, but the most salient factor
driving this view is the one that points to the fact that on this planet, water is life.
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CHAPTER 24

All about Water

Water can both float and sink a ship.

Unless you are thirsty, in real need of refreshment, when you look at a glass of
water, you might ask, what could be more boring? The curious might wonder
about the physical and chemical properties of water that make it so unique and
necessary for living things. Pure water is virtually colorless and has no taste or
smell. But the hidden qualities of water make it a most interesting subject.

When the uninitiated becomes initiated to the wonders of water, one of the
first surprises is that the total quantity of water on Earth is much the same now
as it was more than 3 or 4 billion years ago, when the 320 million cubic miles
of it were first formed. Ever since then, the water reservoir has gone round and
round, building up, breaking down, cooling, and then warming. Water is very
durable, but remains difficult to explain because it has never been isolated in a
completely undefiled state.

Remember, water is special, strange, and different.

How Special, Strange, and Different Is Water?

Have you ever wondered what the nutritive value of water is? Water has no nu-
tritive value, yet it is the major ingredient of all living things. Consider yourself,
for example. Think of what you need to survive. Food? Air? A Play Station 3?
MTV? An iPod? Water? Naturally, the focus of this chapter is on water. Water
is of major importance to all living things; up to 90% of some organisms’ body
weight comes from water. Up to 60% of the human body is water; the brain is
composed of 70% water, and the lungs are nearly 90% water. About 83% of our
blood is water, which helps digest our food, transport waste, and control body
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temperature. Each day humans must replace 2.4 liters of water through drinking
and from the foods eaten.

You and I would not exist without an ample liquid water supply on Earth.
The unique qualities and properties of water are what make it so important and
basic to life. The cells in our bodies are full of water. The excellent ability of
water to dissolve so many substances allows our cells to use valuable nutrients,
minerals, and chemicals in biological processes.

Water’s “stickiness” (from surface tension) plays a part in the ability to
transport these materials throughout our bodies. The carbohydrates and proteins
that our bodies use as food are metabolized and transported by water in the
bloodstream. No less important is the ability of water to transport waste material
out of our bodies.

Water is used to fight forest fires. Yet we use water spray on coal in a furnace
to make it burn better.

Chemically, water is hydrogen oxide. It turns out, however, on more ad-
vanced analysis to be a mixture of more than 30 possible compounds. In addi-
tion, all of its physical constants are abnormal (strange).

At a temperature of 2,900° C, some substances that contain water cannot
be forced to part with it. And yet others that do not contain water will liberate
it when even slightly heated.

When liquid, water is virtually incompressible; as it freezes, it expands by
an eleventh of its volume.

For the these reasons, and for many others, we can truly say that water is
special, strange, and different.

Characteristics of Water

To this point, many things have been said about water; however, it has not been
said that water is plain. This is the case because nowhere in nature is plain water
to be found. Here on Earth, with a geologic origin dating back over 3 to 5 billion
years, water found in even its purest form is composed of many constituents. You
probably know water’s chemical description is H,O—that is one atom of oxygen
bound to two atoms of hydrogen. The hydrogen atoms are “attached” to one side
of the oxygen atom, resulting in a water molecule having a positive charge on the
side where the hydrogen atoms are and a negative charge on the other side, where
the oxygen atom is. Since opposite electrical charges attract, water molecules tend
to attract each other, making water kind of “sticky”—the hydrogen atoms (positive
charge) attracts the oxygen side (negative charge) of a different water molecule.

v/ Important Point: all these water molecules attracting each other means
they tend to clump together. This is why water drops are, in fact, drops! If
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it wasn’t for some of Earth’s forces, such as gravity, a drop of water would
be ball shaped—a perfect sphere. Even if it doesn’t form a perfect sphere on
Earth, we should be happy water is sticky.

Along with H,O molecules, hydrogen (H*), hydroxyl (OH"), sodium,
potassium, and magnesium, there are other ions and elements present. Ad-
ditionally, water contains dissolved compounds including various carbonates,
sulfates, silicates, and chlorides. Rain water, often assumed to be the equivalent
of distilled water, is not immune to contamination that is collected as it descends
through the atmosphere. The movement of water across the face of land contrib-
utes to its contamination, taking up dissolved gases, such as carbon dioxide and
oxygen, and a multitude of organic substances and minerals leached from the
soil. Don’t let that crystal clear lake or pond fool you. These are not filled with
water alone but are composed of a complex medium of chemical ingredients far
exceeding the brief list presented here; it is a special medium in which highly
specialized life can occur.

How important is water to life? To answer this question all we need do is to
take a look at the common biological cell: it easily demonstrates the importance
of water to life.

Living cells comprise a number of chemicals and organelles within a liquid
substance, the cytoplasm, and the cell’s survival may be threatened by changes
in the proportion of water in the cytoplasm. This change in proportion of water
in the cytoplasm can occur through desiccation (evaporation), oversupply, or the
loss of either nutrients or water to the external environment. A cell that is unable
to control and maintain homeostasis (i.c., the correct equilibrium or proportion
of water) in its cytoplasm may be doomed. It may not survive.

v/ Important Point: As mentioned, water is called the “universal solvent”
because it dissolves more substances than any other liquid. This means that
wherever water goes, either through the ground or through our bodies, it
takes along valuable chemicals, minerals, and nutrients.

INFLAMMABLE AIR + VITAL AIR = WATER

In 1783 in England, Henry Cavendish (a brilliant chemist and physicist) was
“playing with” electric current. Specifically, Cavendish was passing electric cur-
rent through a variety of substances to see what appended. Eventually, he got
around to water. He filled a tube with water and sent his current through it.
The water vanished.

To say that Cavendish was flabbergasted by the results of this experiment
would be a mild understatement. “The tube has to have a leak in it,” he reasoned.
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He repeated the experiment again—same result.

Then again—same result.

The fact is he made the water disappear again and again. Actually, what
Cavendish had done was convert the liquid water to its gaseous state—into an
invisible gas.

When Cavendish analyzed the contents of the tube, he found it contained
a mixture of two gases, one of which was inflammable air and the other was a
heavier gas. This heavier gas had only been discovered a few years earlier by his
colleague Joseph Priestly (English chemist and clergyman) who, finding that it
kept a mouse alive and supported combustion, called it vital air.

JUST TWO H’S AND ONE O

Cavendish had been able to separate the two main constituents that make up
water. All that remained was for him to put the ingredients back together again.
He accomplished this by mixing a measured volume of inflammable air with
different volumes of its vital counterpart, and setting fire to both. He found that
most mixtures burned well enough, but when the proportions were precisely two
to one, there was an explosion and the walls of his test tubes were covered with
liquid droplets. He quickly identified these as water.

Cavendish made an announcement: Water was not water. Moreover, water
is not just an odorless, colorless, and tasteless substance that lay beyond reach of
chemical analysis. Water is not an element in its own right, but a compound of
two independent elements, one a supporter of combustion and the other com-
bustible. When united, these two elements become the preeminent quencher of
thirst and flames.

It is interesting to note that a few year later, the great French genius, An-
toine Lavoisier, tied the compound neatly together by renaming the ingredients
hydrogen—"the water producer”—and oxygen. In a fitting tribute to his guillo-
tined corpse (he was a victim of the French Revolution), his tombstone came to
carry a simple and telling epitaph, a fitting tribute to the father of a new age in
chemistry—;just two H's and one O.

SOMEWHERE BETWEEN 0° AND 105°

We take water for granted now. Every high school student knows that water is
a chemical compound of two simple and abundant elements. And yet scientists
continue to argue the merits of rival theories on the structure of water. The fact
is we still know lictle about water. For example, we don’t know how water works.
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Part of the problems lies with the fact that no one has ever seen a water
molecule. It is true that we have theoretical diagrams and equations. We also
have a disarmingly simple formula—H,O. The reality, however, is that water
is very complex. X-rays, for example, have shown that the atoms in water are
intricately laced.

It has been said over and over again that water is special, strange, and dif-
ferent. Water is also almost indestructible. Sure, we know that electrolysis can
separate water atoms, but we also know that once they get together again they
must be heated up to more than 2,900° C to separate them again.

Water is also idiosyncratic. This can be seen in the way in which the two
atoms of hydrogen in a water molecule (see Figure 25.1) take up a very precise
and strange (different) alignment to each other. Not all angles of 45, 60, or 90
degrees—oh no, not water. Remember, water is different. The two hydrogen
atoms always come to rest at an angle of approximately 105 degrees from each
other, making all diagrams of their attachment to the larger oxygen atom look
like Mickey Mouse ears on a very round head (see Figure 24.1; remember that
everyone’s favorite mouse is mostly water, t0o).

Figure 24.1. Molecule of water.

This 105-degree relationship makes water lopsided, peculiar, and eccen-
tric—it breaks all the rules. You’re not surprised are you?

One thing is certain; however, this 105-degree angle is crucial to all life as
we know it. Thus, the answer to defining why water is special, strange, differ-
ent—and vital—lies somewhere between 0 and 105 degrees.
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Water’s Physical Properties

Water has several unique physical properties:

Water is unique in that it is the only natural substance that is found in all
three states—liquid, solid (ice), and gas (steam)—at the temperatures nor-
mally found on Earth. Earth’s water is constantly interacting, changing, and
in movement.

Water freezes at 32° F and boils at 212° F (at sea level, but 186.4° F at 14,000
feet). In fact, water’s freezing and boiling points are the baseline with which
temperature is measured: 0° on the Celsius scale is water’s freezing point, and
100° is water’s boiling point. Water is unusual in that the solid form, ice, is
less dense than the liquid form, which is why ice floats.

Water has a high specific heat index. This means that water can absorb a lot of
heat before it begins to get hot. This is why water is valuable to industries and in
your car’s radiator as a coolant. The high specific heat index of water also helps
regulate the rate at which air changes temperature, which is why the temperature
change between seasons is gradual rather than sudden, especially near the oceans.
Water has a very high surface tension. In other words and as previously
mentioned, water is sticky and elastic, and tends to clump together in drops
rather than spread out in a thin film. Surface tension is responsible for capil-
lary action (discussed in detail later), which allows water (and its dissolved
substances) to move through the roots of plants and through the thin blood
vessels in or bodies.

Here’s a quick rundown of some of water’s properties:

Weight: 62.416 pounds per cubic foot at 32° F

Weight: 61.998 pounds per cubic foot at 100° F

Weight: 8.33 pounds/gallon, 0.036 pounds/cubic inch

Density: 1 gram (gm) per cubic centimeter (cc) at 39.2° F, 0.95865 gm/cc at
212°F

1 gallon = 4 quarts = 8 pints = 128 ounces = 231 cubic inches

1 liter = 0.2642 gallons = 1.0568 quart = 61.02 cubic inches

1 million gallons = 3.069 acre-feet = 133,685.64 cubic feet

Capillary Action

If we were to mention the term capillary action to the person on the street, he or
she might instantly nod and respond that the human body is full of them—that
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capillaries are the tiny blood vessels that connect the smallest arteries and the
smallest of the veins. This would be true, of course. But in the context of water
science, capillary is something different than capillary action in the human body.

Even if you've never heard of capillary action, it is still important in your
life. Capillary action is important for moving water (and all of the things that are
dissolved in it) around. It is defined as the movement of water within the spaces
of a porous material due to the forces of adhesion, cohesion, and surface tension.

Surface tension is a measure of the strength of the water’s surface film. The
attraction between the water molecules creates a strong film, which, among
other common liquids is only surpassed by that of mercury. This surface tension
permits water to hold up substances heavier and denser than itself. A steel needle
carefully placed on the surface of that glass of water will float. Some aquatic in-
sects such as the water strider rely on surface tension to walk on water.

Capillary action occurs because water is sticky thanks to the forces of
cohesion (water molecules like to stay closely together) and adhesion (water
molecules are attracted and stick to other substances). So, water tends to stick
together, as in a drop, and it sticks to glass, cloth, organic tissues, and soil. Dip
a paper towel into a glass of water and the water will “climb” onto the paper
towel. In fact, it will keep going up the towel until the pull of gravity is too
much for it to overcome.

The Water Cycle

In chapters 7 and 13, we briefly describe the hydrological, or water, cycle. Its
importance to our very survival on Earth cannot be overstated. Simply, this
natural cycle is one of the most important ongoing processes in nature. The
natural water cycle or hydrological cycle is the means by which water in all three
forms—solid, liquid, and vapor—circulates through the biosphere. The water
cycle is all about describing how water moves above, on, and through the Earth.
Much more water, however, is “in storage” for long periods than is actually mov-
ing through the cycle. The storehouses for the vast majority of all water on Earth
are the oceans. It is estimated that of the 332,500,000 cubic miles of the world’s
water supply, about 321,000,000 cubic miles is stored in oceans. That is about
96.5%. It is also estimated that the oceans supply about 90% of the evaporated
water that goes into the water cycle.

Water—Ilost from the Earth’s surface to the atmosphere either by evapora-
tion from the surface of lakes, rivers, and oceans or through the transpiration
of plants—forms clouds that condense to deposit moisture on the land and sea.
Evaporation from the oceans is the primary mechanism supporting the surface-
to-atmosphere portion of the water cycle. Note, however, that a drop of water
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might travel thousands of miles between the time it evaporates and the time it
falls to Earth again as rain, sleet, or snow. The water that collects on land flows
to the ocean in streams and rivers or seeps into the Earth, joining groundwater.
Even groundwater eventually flows toward the ocean for recycling.

The cycle constantly repeats itself, a cycle without end.

v/ Note: The length of time that it takes water to return to the atmosphere
after falling from the clouds varies tremendously. After a short summer
shower, most of the rainfall on land can evaporate into the atmosphere in
only a matter of minutes. A drop of rain falling on the ocean may take as
long as 37,000 years before it returns to the atmosphere, and some water has
been in the ground or caught in glaciers for millions of years.

v/ Important Point: Only about 2% of the water absorbed into plant roots
is used in photosynthesis. Nearly all of it travels through the plant to the
leaves, where transpiration to the atmosphere begins the cycle again.

SPECIFIC WATER MOVEMENTS

After having reviewed the water cycle in very simple terms to provide founda-
tional information, it is important to point out that the actual movement of
water on Earth is much more complex. Three different methods of transport are
involved in this water movement: evaporation, precipitation, and run-off-

Evaporation of water is a major factor in hydrologic systems. Evaporation is
a function of temperature, wind velocity, and relative humidity. Evaporation (or
vaporization) is, as the name implies, the formation of vapor. Dissolved constitu-
ents such as salts remain behind when water evaporates. Evaporation of the surface
water of oceans provides most of the water vapor. It should be pointed out, how-
ever, that water can also vaporize through plants, especially from leaf surfaces. This
process is called evapotranspiration. Plant transpiration is pretty much an invisible
process—since the water is evaporating from the leaf surfaces, you don’t just go out
and see the leaves “breathe.” During a growing season, a leaf will transpire many
times more water than its own weight. A large oak tree can transpire 40,000 gal-
lons (151,000 liters) per year (U.S. Geological Survey [USGS], 20006).

USGS (2006) points out that the amount of water that plants transpire
varies greatly geographically and over time. There are a number of factors that
determine transpiration rates:

* Temperature: Transpiration rates go up as the temperature goes up, especially
during the growing season, when the air is warmer due to stronger sunlight
and warmer air masses.
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* Relative humidity: As the relative humidity of the air surrounding the plant
rises, the transpiration rate falls. It is easier for water to evaporate into dryer
air than into more saturated air.

* Wind and air movement: Increased movement of the air around a plant
results in a higher transpiration rate.

* Soil-moisture availability: When moisture is lacking, plants can begin to se-
nesce (i.e., age prematurely, which can result in leaf loss) and transpire less water.

* Type of plant: Plants transpire water at different rates. Some plants that grow
in arid regions, such as cacti and succulents, conserve precious water by trans-
piring less water than other plants.

v’ Interesting Point: It may surprise you that ice can also vaporize without
melting first. However, this sublimation process is slower than vaporization
of liquid water.

Evaporation rates are measured with evaporation pans. These evaporation
pans provide data that indicate the atmospheric evaporative demand of an area
and can be used to estimate (1) the rates of evaporation from ponds, lakes, and
reservoirs; and (2) evapotranspiration rates. It is important to note that several
factors affect the rate of pan evaporation. These factors include the type of pan,
type of pan environment, method of operating the pan, exchange of heat be-
tween pan and ground, solar radiation, air temperature, wind, and temperature
of the water surface (Jones, 1992).

Precipitation includes all forms in which atmospheric moisture descends to
Earth—rain, snow, sleet, and hail. Before precipitation can occur, the water that
enters the atmosphere by vaporization must first condense into liquid (clouds
and rain) or solid (snow, sleet, and hail) before it can fall. This vaporization pro-
cess absorbs energy. This energy is released in the form of heat when the water
vapor condenses. You can best understand this phenomena when you compare
it with what occurs when water that evaporates from your skin absorbs heat,

making you feel cold.

v Note: The annual evaporation from ocean and land areas is the same as the
annual precipitation.

Run-off is the flow back to the oceans of the precipitation that falls on land.
This journey to the oceans is not always unobstructed—flow back may be inter-
cepted by vegetation (from which it later evaporates), a portion is held in depres-
sions, and a portion infiltrates into the ground. A part of the infiltrated water is
taken up by plant life and returned to the atmosphere through evapotranspira-
tion, while the remainder either moves through the ground or is held by capillary
action. Eventually, water drips, seeps, and flows its way back into the oceans.
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Assuming that the water in the oceans and ice caps and glaciers is fairly
constant when averaged over a period of years, the water balance of the Earth’s
surface can be expressed by the relationship: water lost = water gained (Turk &
Turk, 1988).

Q and Q Factors

While potable water practitioners must have a clear and complete understand-
ing of the natural water cycle, they must, as previously mentioned, also factor in
two major considerations: quality and quantity—the Q and Q factors. These are
(1) providing a quality potable water supply that is clean, wholesome, and safe
to drink; and (2) finding a water supply available in adequate quantities to meet
the anticipated demand.

v/ Important Point: A couple of central facts important to our discussion of
freshwater supplies are: (1) water is very much a local or regional resource,
and (2) problems of its shortage or pollution are equally local problems.
Human activities affect the quantity of water available at a locale at any time
by changing cither the total volume that exists there, or aspects of quality
that restrict or devalue it for a particular use. Thus, the total human effects
on water supplies is the sum of the separate human effects on the various
drainage basins and groundwater aquifers. In the global system, the central,
critical fact about water is the natural variation in its availabilicy (Meyer,
1996). Simply put, not all lands are watered equally.

Watershed Protection

Watershed protection is one of the barriers in the multiple-barrier approach to
protecting source water. In fact, watershed protection is the primary barrier, the
first line of defense against contamination of drinking water at its source.

MULTIPLE-BARRIER CONCEPT

On August 6, 1996, during the Safe Drinking Water Act Reauthorization sign-
ing ceremony, President Bill Clinton stated, “A fundamental promise we must
make to our people is that the food they eat and the water they drink are safe.”

No rational person could doubt the importance of the promise made in this
statement.
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The Safe Drinking Water Act (SDWA), passed in 1974, amended in 1986,
and (as stated previously) reauthorized in 1996, gives the United States Environ-
mental Protection Agency (EPA) the authority to set drinking water standards.
This document is important for many reasons, primarily because it describes
how the EPA establishes these standards.

Drinking water standards are regulations that the EPA sets to control the
level of contaminants in the nation’s drinking water. These standards are part
of the Safe Drinking Water Act’s multiple-barrier approach to drinking water
protection. The multiple-barrier approach includes the following elements:

1. Assessing and protecting drinking water sources means doing everything
possible to prevent microbes and other contaminants from entering water
supplies. Minimizing human and animal activity around our watersheds is
one part of this barrier.

2. Optimizing treatment processes provides a second barrier. This usually
means filtering and disinfecting the water. It also means making sure that the
people who are responsible for our water are properly trained and certified,
and are knowledgeable of the public health issues involved.

3. Ensuring the integrity of distribution systems consists of maintaining the
quality of water as it moves through the system on its way to the customer’s tap.

4. Effecting correct cross-connection control procedures is a critical fourth
element in the barrier approach because the greatest potential hazard in water
distribution systems is associated with cross-connections to nonpotable waters.
There are many connections between potable and nonpotable systems—for
example, every drain in a hospital constitutes such a connection—but cross-
connections are those through which backflow can occur (Angele, 1974).

5. Continuous monitoring and testing of the water before it reaches the
tap is a critical element in the barrier approach. It should include specific
procedures to follow should potable water ever fail to meet quality standards.

With the involvement of the EPA, local governments, drinking water utili-
ties, and citizens, these multiple barriers ensure that the tap water in the United
States and territories is safe to drink. Simply, in the multiple-barrier concept, we
employ a holistic approach to water management that begins at the source and
continues with treatment through disinfection and distribution.

The bottom line on the multiple-barrier approach to protecting the water-
shed is best summed up in the following:

Ideally, under the general concept of “quality in, means quality out,”
a protected watershed ensures that surface runoff and inflow to the
source waters occur within a pristine environment. (Spellman, 2003)
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Potable Water Source

Because of huge volume and flow conditions, the quality of natural water cannot
be modified significantly within the body of water. Accordingly, humans must
augment nature’s natural purification processes with physical, chemical, and bio-
logical treatment procedures. Essentially, this quality-control approach is directed
to the water withdrawn from a source for a specific use, which is treated for safety.

POTABLE WATER

Potable water is water fit for human consumption and domestic use. It is sanitary
and normally free of minerals, organic substances, and toxic agents in excess of
reasonable amounts for domestic usage in the area served, and is normally ad-
equate in quantity for the minimum health requirements of the persons served.

In regard to a potential potable water supply, the key words, as previously
mentioned, are quality and quantity. Obviously, if we have a water supply that is
unfit for human consumption, we have a quality problem. If we do not have an
adequate supply of quality water, we have a quantity problem.

In this section, the focus is on surface water and groundwater hydrology and
the mechanical components associated with collection and conveyance of water
from its source to the public water supply system for treatment. Well supplies
are also discussed.

KEY DEFINITIONS

Surface water is the water on the Earth’s surface as distinguished from water
underground (groundwater).

Groundwater is the subsurface water occupying a saturated geological formation
from which wells and springs are fed.

Hydrology is the applied science pertaining to properties, distribution, and
behavior of water.

Permeable refers to a material or substance that water can pass through.

Overland flow is the movement of water on and just under the Earth’s surface.

Surface runoff is the amount of rainfall that passes over the surface of the Earth

Spring is a surface feature in which, without the help of man, water issues from
rock or soil onto the land or into a body of water, the place of issuance being
relatively restricted in size.

Precipitation is the process by which atmospheric moisture is discharged onto
the Earth’s crust. Precipitation takes the form of rain, snow, hail, and sleet.
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Water rights are the rights, acquired under the law, to use the water accruing
in surface or groundwater, for a specified purpose in a given manner and
usually within the limits of a given period.

Drainage basin is an area from which surface runoff or groundwater recharge
is carried into a single drainage system. It is also called a catchment area,
watershed, and drainage area.

Watershed is a drainage basin from which surface water is obtained.

Recharge area is an area from which precipitation flows into underground water
sources.

Raw water is the untreated water to be used after treatment for drinking water.

Caisson is a large pipe placed in a vertical position.

Impermeable refers to a material or substance water will not pass through.

Contamination refers to the introduction into water of toxic materials, bacteria,
or other deleterious agents that make the water unfit for its intended use.

Aquifer is a porous, water-bearing geologic formation.

Water table refers to the average depth or elevation of the groundwater over a
selected area. The upper surface of the zone of saturation, except where that
surface is formed by an impermeable body.

Unconfined aquifer is an aquifer that sits on an impervious layer, but is open
on the top to local infiltration. The recharge for an unconfined aquifer is
local. It is also called a water table aquifer.

Confined aquifer is an aquifer that is surrounded by formations of less perme-
able or impermeable material.

Porosity is the ratio of pore space to total volume. It refers to that portion of
a cubic foot of soil that is air space and could therefore contain moisture.

Static level is the height to which the water will rise in the well when the pump
is not operating.

Pumping level is the level at which the water stands when the pump is operating,

Drawdown is the distance or difference between the static level and the pump-
ing level. When the drawdown for any particular capacity well and rate
pump bowls is determined, the pumping level is known for that capacity.
The pump bowls are located below the pumping level so that they will
always be underwater. When the drawdown is fixed or remains steady, the
well is then furnishing the same amount of water as is being pumped.

Cone of depression refers to the fact that as the water in a well is drawn down,
the water near the well drains or flows into it. The water will drain farther
back from the top of the water table into the well as drawdown increases.

Radius of influence is the distance from the well to the edge of the cone of
depression, the radius of a circle around the well from which water flows
into the well.

Annular space is the space between the casing and the wall of the hole.



326 THE HANDBOOK OF GEOSCIENCE

Specific yield is the geologist’s method for determining the capacity of a given
well and the production of a given water-bearing formation; it is expressed
as gallons per minute per foot of drawdown.

Surface Water

Where do we get our potable water from? From what water source is our drink-
ing water provided? To answer these questions, we would most likely turn to
one of two possibilities: our public water is provided by a groundwater or surface
water source because these two sources are, indeed, the primary sources of most
water supplies.

From the earlier discussion of the hydrologic or water cycle, we know that
regardless of which of the two sources we obtain our drinking water from, the
source is constantly being replenished (we hope) with a supply of fresh water.
This water cycle phenomenon was best summed up by Heraclitus of Ephesus,
who said, “You could not step twice into the same river; for other waters are ever
flowing on to you.”

In the following section, we discuss one of the primary duties of the drink-
ing water practitioner (and humankind in general): to find and secure a source
of potable water for human use.

LOCATION! LOCATION! LOCATION!

In the real estate business, location is everything. The same can be said when
it comes to sources of water. In fact, the presence of water defines “location”
for communities. Although communities differ widely in character and size,
all have the common concerns of finding water for industrial, commercial, and
residential use. Freshwater sources that can provide stable and plentiful supplies
for a community don’t always occur where we wish. Simply put, on land, the
availability of a regular supply of potable water is the most important factor
affecting the presence—or absence—of many life forms. A map of the world
immediately shows us that surface waters are not uniformly distributed over
the Earth’s surface. U.S. land holds rivers, lakes, and streams on only about 4%
of its surface. The largest populations of any life forms, including humans, are
found in regions of the United States (and the rest of the world) where potable
water is readily available, because lands barren of water simply won’t support
large populations. One thing is certain: if a local supply of potable water is not
readily available, the locality affected will seek a source. This is readily apparent
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(absolutely crystal clear), for example, when one studies the history of water
“procurement” for the communities located within the Los Angeles Basin.

v/ Important Point: The volume of freshwater sources depends on geo-
P p g
graphic, landscape, and temporal variations, and on the effect of human
activities.

HOW READILY AVAILABLE IS POTABLE WATER?

Approximately 326 million cubic miles of water compose Earth’s entire water
supply. Of this massive amount of water, only about 3% is fresh, although salt
water does provide us indirectly with fresh water through evaporation from the
oceans. Even most of the minute percentage of fresh water Earth holds is locked
up in polar ice caps and in glaciers. The rest is held in lakes, in flows through
soil, and in river and stream systems. Only 0.027% of Earth’s fresh water is avail-
able for human consumption (see Table 24.1 for the distribution percentages of
Earth’s water supply).

Table 24.1. World Water Distribution

Location Percent of Total
Land areas

Freshwater lakes 0.009
Saline lakes and inland seas 0.008
Rivers (average instantaneous volume) 0.0001
Soil moisture 0.005
Groundwater (above depth of 4,000 m) 0.61
Ice caps and glaciers 2.14
Total: Land areas 2.8
Atmosphere (water vapor) 0.001
Oceans 97.3
Total all locations (rounded) 100

Source: USGS, 2006.

We see from Table 24.1 that the major sources of drinking water are from
surface water, groundwater, and from groundwater under the direct influence of
surface water (i.e., springs or shallow wells).

Surface waters are not uniformly distributed over the Earth’s surface. In the
United States, for example, only about 4% of the landmass is covered by rivers,
lakes, and streams. The volumes of these freshwater sources depend on geographic,
landscape, and temporal variations, and on the effects of human activities.
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Again, surface water is that water that is open to the atmosphere and results
from overland flow (i.e., runoff that has not yet reached a definite stream chan-
nel). Put a different way, surface water is the result of surface runoff.

For the most part, however, surface (as used in the context of this text) re-
fers to water flowing in streams and rivers, as well as water stored in natural or
artificial lakes, artificial impoundments such as lakes made by damming a stream
or river, springs that are affected by a change in level or quantity, shallow wells
that are affected by precipitation, wells drilled next to or in a stream or river, rain
catchments, and muskeg and tundra ponds.

Specific sources of surface water include:

Rivers

Streams

Lakes

Impoundments (artificial lakes made by damming a river or stream)

Very shallow wells that receive input via precipitation

Springs affected by precipitation (flow or quantity directly dependent on
precipitation)

7. Rain catchments (drainage basins)

8. Tundra ponds or muskegs (peat bogs)

NN e

Surface water has advantages as a source of potable water. Surface water
sources are usually easy to locate—unlike groundwater, finding surface water
does not take a geologist or hydrologist. Normally, surface water is not tainted
with minerals precipitated from the Earth’s strata.

Ease of discovery aside, surface water also presents some disadvantages: sur-
face water sources are easily contaminated (polluted) with microorganisms that
can cause waterborne diseases (anyone who has suffered from “hiker’s disease” or
“hiker’s diarrhea” can attest to this), and from chemicals that enter from surround-
ing runoff and upstream discharges. Water rights can also present problems.

As mentioned, most surface water is the result of surface runoff. The
amount and flow rate of this surface water is highly variable, which comes into
play for two main reasons: (1) human interferences (influences) and (2) natural
conditions. In some cases, surface water runs quickly off land surfaces. From a
water resources standpoint, this is generally undesirable, because quick runoff
does not provide enough time for the water to infiltrate the ground and re-
charge groundwater aquifers. Surface water that quickly runs off land also causes
erosion and flooding problems. Probably the only good thing that can be said
about surface water that runs off quickly is that it usually does not have enough
contact time to increase in mineral content. Slow surface water off land has all
the opposite effects.
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Drainage basins collect surface water and direct it on its gravitationally
influenced path to the ocean. The drainage basin is normally characterized as
an area measured in square miles, acres, or sections. Obviously, if a community
is drawing water from a surface water source, the size of its drainage basin is an
important consideration.

Surface water runoff, like the flow of electricity, flows or follows the path of
least resistance. Surface water within the drainage basin normally flows toward
one primary watercourse (river, stream, brook, creek, etc.), unless some artificial
distribution system (canal or pipeline) diverts the flow.

v/ Important Point: Many people probably have an overly simplified idea that
precipitation falls on the land, flows overland (runoff), and runs into rivers,
which then empty into the oceans. That is “overly simplified” because rivers
also gain and lose water to the ground. Still, it is true that much of the water
in rivers comes directly from runoff from the land surface, which is defined
as surface runoff.

Surface water runoff from land surfaces depend on several factors, which
include:

* Rainfall duration: Even a light, gentle rain, if it lasts long enough, can, with
time, saturate soil and allow runoff to take place.

* Rainfall intensity: With increases in intensity, the surface of the soil quickly
becomes saturated. This saturated soil can hold no more water; as more rain
falls and water builds up on the surface, it creates surface runoff.

o Soil moisture: The amount of existing moisture in the soil has a definite effect
on surface runoff. Soil already wet or saturated from a previous rain causes
surface runoff to occur sooner than if the soil were dry. Surface runoff from
frozen soil can be up to 100% of snow melt or rain runoff because frozen
ground is basically impervious.

o Soil composition: The composition of the surface soil directly affects the
amount of runoff. For example, hard rock surfaces, obviously, result in 100%
runoff. Clay soils have very small void spaces that swell when wet; the void
spaces close and do not allow infiltration. Coarse sand possesses large void
spaces that allow easy flow through of water, which produces the opposite
effect, even in a torrential downpour.

* Vegetation cover: Groundcover limits runoff. Roots of vegetation and pine
needles, pine cones, leaves, and branches create a porous layer (a sheet of de-
caying natural organic substances) above the soil. This porous organic sheet
readily allows water into the soil. Vegetation and organic waste also act as
cover to protect the soil from hard, driving rains, which can compact bare
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soils, close off void spaces, and increase runoff. Vegetation and groundcover
work to maintain the soil’s infiltration and water-holding capacity, and also
work to reduce soil moisture evaporation.

* Ground slope: When rain falls on steeply sloping ground, up to 80% or more
may become surface runoff. Gravity moves the water down the surface more
quickly than it can infiltrate the surface. Water flow off flac land is usually
slow enough to provide opportunity for a higher percentage of the rainwater
to infiltrate the ground.

* Human influences: Various human activities have a definite influence on sur-
face water runoff. Most human activities tend to increase the rate of water
flow. For example, canals and ditches are usually constructed to provide steady
flow, and agriculeural activities generally remove groundcover that would
work to retard the runoff rate. On the opposite extreme, artificial dams are
generally built to retard the flow of runoff.

Paved streets, tarmac, paved parking lots, and buildings are impervious to
water infiltration, greatly increasing the amount of storm water runoff from
precipitation events. These artificial surfaces, which work to hasten the flow of
surface water, often cause flooding, sometimes with devastating consequences. In
badly planned areas, even relatively light precipitation can cause local flooding.
Impervious surfaces not only present flooding problems, they also do not allow
water to percolate into the soil to recharge groundwater supplies—often another
devastating blow to a location’s water supply.

ADVANTAGES AND DISADVANTAGES OF SURFACE WATER

The biggest advantage of using a surface water supply as a water source is that
these sources are readily located; finding surface water sources does not demand
sophisticated training or equipment. Many surface water sources have been used
for decades and even centuries (in the United States, for example), and consid-
erable data is available on the quantity and quality of the existing water supply.
Surface water is also generally softer (not mineral-laden), which makes its treat-
ment much simpler.

The most significant disadvantage of using surface water as a water source
is pollution. Surface waters are easily contaminated (polluted) with microorgan-
isms that cause waterborne diseases and chemicals that enter the river or stream
from surface runoff and upstream discharges. Another problem with many sur-
face water sources is turbidity, which fluctuates with the amount of precipitation.
Increases in turbidity increase treatment cost and operator time. Surface water
temperatures can be a problem because they fluctuate with ambient tempera-
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ture, making consistent water quality production at a waterworks plant difficult.
Drawing water from a surface water supply might also present problems; intake
structures may clog or become damaged from winter ice, or the source may be
so shallow that it completely freezes in the winter. Water rights cause problems
too—removing surface water from a stream, lake, or spring requires a legal right.
The lingering, seemingly unanswerable question is who owns the water?

Using surface water as a source means that the purveyor is obligated to
meet the requirements of the surface water treatment rule (SWTR) and interim
enhanced surface water treatment rule. Note that this rule only applies to large
public water systems that serve more than 10,000 people. It tightened controls
on disinfection byproducts and turbidity and regulates Cryprosporidium.

Groundwater Supply

Unbeknownst to most of us, our Earth possesses an unseen ocean. Unlike the
surface oceans that cover most of the globe, this ocean is freshwater. It consists
of the groundwater that lies contained in aquifers beneath Earth’s crust. This
gigantic water source forms a reservoir that feeds all the natural fountains and
springs of Earth. But how does water travel into the aquifers that lie under
Earth’s surface?

Groundwater sources are replenished from a percentage of the average
approximately three feet of water that falls to Earth each year on every square
foot of land. Water falling to Earth as precipitation follows three courses.
Some runs off directly to rivers and streams, eventually working back to the
sea. Evaporation and transpiration through vegetation takes up about 2 feet.
The remaining 6 inches seeps into the ground, entering and filling every
interstice, each hollow and cavity. Gravity pulls water toward the center of
the Earth. That means that water on the surface will try to seep into the
ground below it. Although groundwater composes only one-sixth of the total,
(1,680,000 miles of water), if we could spread out this water over the land, it
would blanket it to a depth of 1,000 feet.

GROUNDWATER

As mentioned, part of the precipitation that falls on land infiltrates the land
surface, percolates downward through the soil under the force of gravity, and
becomes groundwater. Groundwater, like surface water, is extremely important
to the hydrologic cycle and to our water supplies. Almost half of the people in
the United States drink public water from groundwater supplies. Overall, more
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water exists as groundwater than surface water in the United States, including
the water in the Great Lakes. But sometimes pumping it to the surface is not eco-
nomical, and in recent years, pollution of groundwater supplies from improper
disposal has become a significant problem.

We find groundwater in saturated layers called aquifers under the Earth’s
surface. Three types of aquifers exist: unconfined, confined, and springs.

Agquifers are made up of a combination of solid material such as rock and
gravel and open spaces called pores. Regardless of the type of aquifer, the ground-
water in the aquifer is in a constant state of motion. This motion is caused by
gravity or by pumping.

The actual amount of water in an aquifer depends on the amount of space
available between the various grains of material that make up the aquifer. The
amount of space available is called porosity. The ease of movement through an
aquifer depends on how well the pores are connected. For example, clay can hold
a lot of water and has high porosity, but the pores are not connected, so water
moves through the clay with difficulty. The ability of an aquifer to allow water
to infiltrate is called permeability.

The aquifer that lies just under the Earth’s surface is called the zone of satu-
ration, an unconfined aquifer (see Figure 24.2). The top of the zone of saturation
is the water table. An unconfined aquifer is only contained on the bottom and
depends on local precipitation for recharge. This type of aquifer is often called
a water table aquifer.

Unconfined aquifers are a primary source of shallow well water (see Figure
24.2). These wells are shallow (and not desirable as a public drinking water
source). They are subject to local contamination from hazardous and toxic mate-
rials—fuel and oil, septic tanks, and agricultural runoff provided increased levels
of nitrates and microorganisms. These wells may be classified as groundwater
under the direct influence of surface water (GUDISW), and therefore require
treatment for control of microorganisms.

A confined aquifer is sandwiched between two impermeable layers that
block the flow of water. The water in a confined aquifer is under hydrostatic
pressure. It does not have a free water table (see Figure 24.3).

Confined aquifers are called artesian aquifers. Wells drilled into artesian
aquifers are called artesian wells and commonly yield large quantities of high-
quality water. An artesian well is any well where the water in the well casing
would rise above the saturated strata. Wells in confined aquifers are normally re-
ferred to as deep wells and are not generally affected by local hydrological events.

A confined aquifer is recharged by rain or snow in the mountains where the
aquifer lies close to the surface of the Earth. Because the recharge area is some
distance from areas of possible contamination, the possibility of contamination
is usually very low. However, once contaminated, confined aquifers may take
centuries to recover.
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Groundwater naturally exits in the Earth’s crust in areas called springs. The
water in a spring can originate from a water table aquifer or from a confined
aquifer. Only water from a confined spring is considered desirable for a public
water system.

GROUNDWATER QUALITY

Generally, groundwater possesses high chemical, bacteriological, and physical
quality. When pumped from an aquifer composed of a mixture of sand and
gravel, if not directly influenced by surface water, groundwater is often used
without fileration. It can also be used without disinfection if it has a low coli-
form count. However, as mentioned, groundwater can become contaminated.
When septic systems fail, saltwater intrudes, improper disposal of wastes occurs,
improperly stockpiled chemicals leach, underground storage tanks leak, hazard-
ous materials spill, fertilizers and pesticides are misplaced, and when mines are
improperly abandoned, groundwater can become contaminated.

To understand how an underground aquifer becomes contaminated, you
must understand what occurs when pumping is taking place within the well.
When groundwater is removed from its underground source (i.e., from the
water-bearing stratum) via a well, water flows toward the center of the well. In a
water table aquifer, this movement causes the water table to sag toward the well.
This sag is called the cone of depression. The shape and size of the cone depends
on the relationship between the pumping rate and the rate at which water can
move toward the well. If the rate is high, the cone is shallow and its growth
stabilizes. The area that is included in the cone of depression is called the cone of
influence, and any contamination in this zone will be drawn into the well.

Groundwater under the Direct Influence
of Surface Water

GUDISW is not classified as a groundwater supply. A supply designated as
GUDISW must be treated under the state’s surface water rules rather than the
groundwater rules.

The SWTR of the Safe Drinking Water Act requires each site to determine
which groundwater supplies are influenced by surface water (i.e., when surface
water can infiltrate a groundwater supply and could contaminate it with Giar-
dia, viruses, turbidity, and organic material from the surface water source). To
determine whether a groundwater supply is under the direct influence of surface
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water, the EPA has developed procedures that focus on significant and relatively
rapid shifts in water quality characteristics, including turbidity, temperature, and
pH. When these shifts can be closely correlated with rainfall or other surface wa-
ter conditions, or when certain indicator organisms associated with surface water
are found, the source is said to be under the direct influence of surface water.

Almost all groundwater is in constant motion through the pores and crev-
ices of the aquifer in which it occurs. The water table is rarely level; it generally
follows the shape of the ground surface. Groundwater flows in the downhill
direction of the sloping water table. The water table sometimes intersects low
points of the ground, where it seeps out into springs, lakes, or streams. Usual
groundwater sources include wells and springs that are not influenced by surface
water or local hydrologic events.

As a potable water source, groundwater has several advantages over surface
water. Unlike surface water, groundwater is not easily contaminated. Ground-
water sources are usually lower in bacteriological contamination than surface
waters. Groundwater quality and quantity usually remains stable throughout the
year. In the United States, groundwater is available in most locations.

As a potable water source, groundwater does present some disadvantages
compared with surface water sources. Operating costs are usually higher, because
groundwater supplies must be pumped to the surface. Any contamination is
often hidden from view. Removing any contaminants is very difficult. Ground-
water often possesses high mineral levels, and thus an increased level of hardness,
because it is in contact longer with minerals. Near coastal areas, groundwater
sources may be subject to salt water intrusion.

v/ Important Point: Groundwater quality is influenced by the quality of its
source. Changes in source waters or degraded quality of source supplies may
seriously impair the quality of the groundwater supply.

Prior to moving onto water use, it is important to point out that our fresh-
water supplies are constantly renewed through the hydrologic cycle, but the
balance between the normal ratio of freshwater to salt water is not subject to
our ability to change. As our population grows and we move into lands without
ready freshwater supplies, we place ecological strain on those areas, and on their
ability to support life.

Communities that build in areas without adequate local water supply are at
risk in the event of emergency. Proper attention to our surface and groundwater
sources, including remediation, pollution control, and water reclamation and
reuse can help to ease the strain, but technology cannot fully replace adequate
local freshwater supplies, whether from surface or groundwater sources.
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Water Use

In the United States, rainfall averages approximately 4,250 X 10° gallons a day.
About two-thirds of this returns to the atmosphere through evaporation directly
from the surface of rivers, streams, and lakes, and from transpiration from plant
foliage. This leaves approximately 1,250 x 10” gallons a day to flow across or
through the Earth to the sea.

The USGS (2004) points out that estimates in the United States indicate
that about 408 billion gallons per day (one thousand million gallons per day,
abbreviated Bgal/d) were withdrawn from all uses during 2000. This total has
varied less than 3% since 1985 as withdrawals have stabilized for the two larg-
est uses—thermoelectric power and irrigation. Fresh groundwater withdrawals
(83.3 Bgal/d) during 2000 were 14% more than during 1985. Fresh surface-
water withdrawals for 2000 were 262 Bgal/d, varying less than 2% since 1985.

About 195 Bgal/d, or 8% of all freshwater and saline-water withdrawals for
2000, were used for thermoelectric power. Most of this water was derived from
surface water and used for once-through cooling at power plants. About 52% of
fresh surface-water withdrawals and about 96% of saline-water withdrawals were
for thermoelectric power use. Withdrawals for thermoelectric power have been
relatively stable since 1985.

Irrigation remained the largest use of freshwater in the United States and
totaled 137 Bgal/d for 2000. Since 1950, irrigation has accounted for about
65% of total water withdrawals, excluding those for thermoelectric power.
Historically, more surface water than groundwater has been used for irrigation.
However, the percentage of total irrigation withdrawals from groundwater has
continued to increase, from 23% in 1950 to 42% in 2000. Total irrigation
withdrawals were 2% more for 2000 than for 1995, because of a 16% increase
in groundwater withdrawals and a small decrease in surface-water withdrawals.
Irrigated acreage more than doubled between 1950 and 1980, then remained
constant before increasing nearly 7% between 1995 and 2000. The number of
acres irrigated with sprinkler and microirrigation systems has continued to in-
crease and now composes more than one-half the total irrigated acreage.

Public-supply withdrawals were more than 43 Bgal/d for 2000. Public-sup-
ply withdrawals during 1950 were 14 Bgal/d. During 2000, about 85% of the
population in the United States obtained drinking water from public suppliers,
compared with 62% during 1950. Surface water provided 63 percent of the total
during 2000, whereas surface water provided 74% during 1950.

Self-supplied industrial withdrawals totaled nearly 20 Bgal/d in 2000, or
12% less than in 1995. Compared with 1985, industrial self-supported with-
drawals declined by 24%. Estimates of industrial water use in the United State
were largest during the years from 1965 to 1980, but during 2000, estimates
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were at the lowest level since reporting began in 1950. Combined withdrawals
for self-supplied domestic, livestock, aquaculture, and mining were less than 13
Bgal/d for 2000, and represented about 3% of total withdrawals.

States with the largest surface-water withdrawals were California, which
has large withdrawals for irrigation and thermoelectric power, and Texas and
Nebraska, which had large withdrawals for irrigation.

In this text, the primary concern with water use is in regard to municipal
applications (demand). Municipal water demand is usually classified according
to the nature of the user. These classifications are:

1. Domestic: Domestic water is supplied to houses, schools, hospitals, hotels,
restaurants, and so on for culinary, sanitary, and other purposes. Use varies
with the economic level of the consumer, the range being 20 to 100 gallons
per 