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Preface

The first edition of this book was written by Dr. Helmut Kohnke and
published in 1953. He revised the book in 1962 and 1966. After his death
in 1991, Don Franzmeier prepared the fourth edition, which was pub-
lished in 1995.

This fifth edition incorporates major additions:
• A new chapter on soil mineralogy, which are the major constituent

of most soils.
• A discussion of soil moisture regimes. The annual patterns of plant-

available and amount of water leaching through the soil aids the
understanding of how soils developed and how they are used.

• A revision of the chapter on soil surveys. In 1995, hard copies of soil
surveys were used. Now digital information via the World Wide
Web is the accepted source of soil survey data.

• A discussion of recent examples of how soil management practices
affect the quality of water in streams, lakes, and oceans.

• A section on how problems in soil science can be solved using the
factor-label method. This method is taught mainly in chemistry
courses, but has universal application.

Helmut Kohnke and the current authors spent most of their careers at
Purdue University in West Lafayette, Indiana. John Graveel is Professor
in the Agronomy Department and his background is in Soil Microbiology.
He teaches courses in introductory soil science and environmental science
and is the Director of the Natural Resources and Environmental Science
Program. Don Franzmeier retired from Purdue in 2004, where he taught
Pedology courses and conducted research in soil water regimes, soil
cementation, and tropical soils with graduate students from Brazil. He
also worked with high school soil judging programs. Bill McFee taught
several courses including Soil Fertility and Forest Soils, served as Head of
the Agronomy Department for 10 years, and retired in 2005. His research
ix
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was in tree nutrition, reclamation, and contaminate impacts on soils. Bill’s
daughter, Tish McFee, created the cover drawing. She teaches art in Colo-
rado. Together the three authors have had 100 years of service at Purdue
in teaching, research, administration, and extension. Questions about the
book should be directed to John Graveel at jgraveel@purdue.edu.
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The Nature and Function of Soil

Norman Borlaug, winner of the Noble Peace Prize in 1970, is known
as the father of the Green Revolution. His work with high-yield, disease-
resistant wheat is credited with saving as many as a billion people from
starvation worldwide. In 2009, Borlaug said, “Over the next 50 years, the
world’s farmers and ranchers will be called upon to produce more food
than has been produced in the past 10,000 years combined, and to do so
in environmentally sustainable ways” (Matz, 2009). We will need to pro-
duce that food with fewer soil and water resources, and that will be a
great challenge to future managers of our soil resources. This book will
help those managers understand how to deal with that challenge.

What is soil? A definition of soil may be given from several view-
points, depending on the function of the soil in which we are interested.
The geologist may consider soil to be the decomposed surface part of the
rocks. The engineer may stress the physical characteristics of soil in defin-
ing it, for instance its compressibility, its bearing strength, and its permea-
bility to water. To the pedologist soil is a natural body, occurring in
various layers, composed of unconsolidated rock fragments and organic
matter. The agronomist defines soil as the unconsolidated cover of the
earth, made up of mineral and organic components, water and air, and
capable of supporting plant growth. The latter definition seems to be the
most appropriate one for a farmer or a conservationist, since it includes
the most important function of the soil: to grow plants.

The growth of most plants is impracticable without soil (Fig. 1-1).
Plants grown in soil provide most of our food and clothing. It is obvious
that fish and water cultures can provide only a small fraction of the food
that people need. Our survival depends on the conservation of the body
and the fertility of the soil. We gauge, therefore, the value of the soil by its
capacity to produce crops.

A green plant has the ability to combine carbon dioxide from the air
and water from the soil into sugar, other carbohydrates and protein by
the process called photosynthesis. Light furnishes the energy necessary
1
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for this reaction. Nitrogen,
sulfur, and phosphorus
are required for the syn-
thesis of proteins along
with carbon, oxygen, and
hydrogen. Several other
elements are needed for
essential plant functions.

A typical green plant
is made up of about 80%
water and 20% dry matter.
The largest part of the dry
matter is composed of the
elements hydrogen, oxy-
gen, carbon, and nitrogen
which occur in air and
water, while the rest con-
sists of a great variety of
elements that originate in
the soil. In spite of the
small amounts of these
components, they are ab-
solutely essential and the
complete absence of only
one of them makes plant
growth impossible.

As a medium for plant growth, soil performs four functions:
• It serves to anchor the roots.
• It supplies water to the plant.
• It provides air for the plant roots.
• It furnishes minerals for plant nutrition.
How can soil perform this function of a storehouse for water, air, and

plant nutrients and be permeable enough for the tender root to penetrate
into it and yet so powerful to protect large trees from being blown over by
the wind? An understanding of the mineralogical, physical, chemical, and
biological processes that take place in soil will help clarify these mysteries.

Soil consists of solid particles, water, and air and, in addition, con-
tains a teeming population of minute plants, animals, and microbes. The
solids are both mineral and organic. The mineral particles are classified
according to their sizes into gravel, sand, silt, and clay. The organic matter
consists of fresh plant, animal and microbial residues, which are readily
decomposed, and of more stable humus. These soil particles do not lie
disorganized side by side but are usually associated into smaller or larger
groups. These aggregates may be small granules or large clods.

Figure 1-1 Plant growth is the main
reason for our interest in the soil.
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Of the solids, clay and organic matter are of major importance in the
nutrition of plants, since they are chemically active. Gravel, sand, and silt
are largely inert and contribute little to plant nutrition. Over many years,
however, some of these particles weather to release nutrient elements that
are held by clay and organic matter.

The pore space between the solids is occupied by water and air. The
water might more appropriately be called a solution because it contains
small quantities of numerous ions. These serve as nutrients for the plants.

Air occupies that part of the pore space not occupied by water. As the
water content increases, the air content decreases. The plant roots require
oxygen for their normal functions just as the above-ground plant parts
do. In respiration, plant roots use oxygen and give off carbon dioxide. For
this reason, soil air usually contains less oxygen and more carbon dioxide
than atmospheric air. A continuous replenishment is necessary to keep
the oxygen content sufficiently high. Large pores and an intermediate
moisture content are helpful for this.

Millions of microbes live in each gram of fertile soil. Without them
soils would be inactive and soon lose their capacity to support plants.
Microbes help to bring plant nutrients into available form and they make
soil aggregates stable and resistant to erosion. Creating a hospitable envi-
ronment for microbes in the soil is an important task of the land manager.

Yield and composition of crops depend to a large extent on the prop-
erties of the soil. Humans, who eat these crops and the meat from the ani-
mals raised on these crops, are truly a product of the soil and reflect in
their bodies—and minds—the wealth or the poverty of this land.

References

Matz, M. 2009. In defense of agriculture and science. Cedar Rapids (Iowa)
Gazette. October 11, 2009, page 19A. Accessed January 7, 2015, at
http://www.ofwlaw.com/CM/Custom/In%20Defense.pdf
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� 2

Soil Mineralogy and Chemistry

A mineral is a naturally occurring inorganic element or compound in
which the atoms occur in a definite order. Except for organic soils, all
soils are composed mainly of minerals, so it is appropriate to learn about
soil mineralogy.

ELEMENTS

We begin with chemical elements. Eight elements account for 98% of
the crust of the Earth by weight and 100% by volume (Table 2-1). The
crust of the Earth is 20 to 30 miles thick below the continents, but thinner
below oceans. Here we show how oxygen (O) and silicon (Si) fit together
to explain about 95% of the volume of the Earth’s crust. In nature, O has
gained electrons to become O2– anions, and Si has lost electrons to become
Si4+ cations.

Table 2-1 Abundance of major elements in the Earth’s crust.

Element Percent

Name Symbol Weight Volume

Oxygen O 46.1 94.04
Silicon Si 28.2 0.88
Aluminum Al 8.2 0.48
Iron Fe 5.6 0.49
Calcium Ca 4.2 1.18
Sodium Na 2.4 1.11
Magnesium Mg 2.3 0.30
Potassium K 2.1 1.42
All others 0.9 0.10

From Earth Science Reference Tables. n.d.
5



6 Chapter Two

Franzmeier et al 5E.book  Page 6  Friday, March 11, 2016  2:46 PM
The smaller silicon atom (Si4+) tends to bond with four larger oxygen
atoms (O2–s) that are equally spaced around Si4+ to form what is known
as a silicon tetrahedron. This structure is illustrated in three different
ways in Figure 2-1. Figures 2-1A and 2-1B show how spheres that repre-
sent Si and O fit together. Three O2–s are on the same plane (e.g., a table
top) with a Si4+ in the space between the O2–s on a higher plane (Fig. 2-
1A). Then another O2– is placed directly above the Si4+ (Fig. 2-1B). This
arrangement can be illustrated by placing three large oranges together on
a table top, putting a grape in the triangular space between the oranges,
and adding another orange on top.

In the ball-and-stick model (Fig. 2-1C), the balls represent ions and
the sticks represent bonds. The Si-O bond is very strong.

A polyhedron is a solid figure with many faces. If the centers of the
four O2– ions in figure 2-1D are connected with lines, the six lines form a fig-
ure with four faces, a tetrahedron. Since Si4+ is in the center, this representa-
tion is the one for which the silicon tetrahedron is named, and is the model
we will use to show how silica tetrahedra fit together in many minerals.

PRIMARY MINERALS

Primary minerals form when molten rock cools and solidifies. Most pri-
mary minerals are silicate minerals, those containing mainly Si and O. Sili-
cate minerals are widely distributed in the solar system and constitute about
90% of the crust of the Earth. The structure of the silicate minerals is based
on how silicon tetrahedra fit together. There are seven basic structures, six of
which are shown in Figure 2-2. A single tetrahedron (Fig. 2-2A) is the same
as shown in Figure 2-1. Where the points of two tetrahedra touch (Fig. 2-2B),
the O2– at the contact point is shared by two Si4+s. There are more shared O2–

s in ring structures (Fig. 2-2E). These structures (2A, 2B, and 2E) are com-
plete in themselves. The other structures extend indefinitely as shown by

O2–

A B C D

Sphere-packing models Ball-and-stick model Polyhedral model

Si4+

Figure 2-1 Three models of a silicon tetrahedron.



Soil Mineralogy and Chemistry 7

Franzmeier et al 5E.book  Page 7  Friday, March 11, 2016  2:46 PM
the dashed lines on the sides of the diagram. They are the single chain (Fig.
2-2C), double chain (Fig. 2-2 D), and sheet (Fig. 2-2F) structures.

The structures shown in Figure 2-2 are mainly two-dimensional—
they extend horizontally and vertically on the page. The seventh structure
(not shown) is three-dimensional—the structure extends toward the
viewer. Some of the more abundant silicate minerals, feldspars and
quartz, belong to this group. It has the most sharing of O2–s.

More information about the structure of silicate minerals is summa-
rized in Table 2-2 (on the following page). The unit composition column
in that table represents the number of Si and O ions in the structure,
reduced to simplest terms. In Figure 2-2A there is one O2– ion at each of
the four points and a Si4+ ion under the peak to give a unit composition of

Single

A
Pair

B

Single chain

C

Double chain

D

Ring

E

Sheet

F

Figure 2-2 Different arrangements of silicon tetrahedra in silicate minerals.
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(SiO4)4–. The pair has two Si4+ ions and seven O2– ions for a unit composi-
tion of (Si2O7)6–. The unit compositions of other mineral groups are listed
in Table 2-2. Compare them with the diagrams in Figure 2-2.

In the unit composition column of Table 2-2, note that all except
quartz have negative charges. This charge must be balanced by cations
(ions with positive charge). The major cations are listed in column three.
Often, small amounts of other cations are present. The arrangement of Si
and O in silicate minerals is so basic that mineralogists have used it to
classify the minerals of the Earth and the rest of the solar system. The
names of the mineralogical classes (e. g., nesosilicates) are in column one.

ROCKS

A rock is a naturally occurring solid composed of several minerals (or
rarely, one mineral). There are three major kinds of rocks:

• Igneous rocks formed when molten rock (magma) cooled and crys-
tallized.

Table 2-2 Structure and composition of common silicate minerals.

Common
minerals

Olivine
Garnet
Zircon

Epidote

Tourmaline

Pyroxene group
(Augite)

Amphibole group 
(Hornblende)

Mica group
Muscovite
Biotite

Orthoclase
Plagioclase group

Albite
Anorthite

Quartz

Arrangement of
silicon tetrahedral
(Silicate mineral class)

Single
(Nesosilicates)

Pair
(Sorosilicates)

Ring
(Cyclosilicates)

Single chain
(Inosilicates)

Double chain
(Inosilicates)

Sheet
(Phylosilicates)

Three-dimensional
(Tectosilicates)

Unit
composition

(SiO4)
4–

(Si2O7)
6–

(Si6O18)
12–

(SiO3)
2–

(Si4O11)
6–

(Si2O5)
2

(Si3O8)
4–

(Si3O8)
4–

(Si2O8)
8–

SiO2

Cations

Mg2+, Fe2+

Al3+, Ca2+, Fe2+

Zr4+

Al3+, Fe3+, Ca2+

Al3+, Fe2+, Mg2+,
Ca2+, Na+, Li+

Al3+, Fe2+, Mg2+,
Ca2+, Na+

Al3+, Fe2+, Mg2+,
Ca2+, Na+

Al3+, K+

Al3+, K+, Mg2+, Fe2+

Al3+, K+

Al3+, Na+

Al3+,Ca2+

(None)

From Schulze, 2002.
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• Sedimentary rocks formed from materials that settled in bodies of
water and became cemented together.

• Metamorphic rocks formed when other rocks were transformed
under heat and pressure deep within the Earth.

Igneous Rocks
Igneous rocks are composed mainly of combinations of about a dozen

common primary minerals. The combination of these minerals in a rock
and some properties of the rocks are summarized in Figure 2-3. In the
early 1900s, petrologist (rock scientist) N. L. Bowen melted rocks, allowed
the melt to cool, and observed the order in which minerals solidified
(crystallized) from the molten rock. He summarized the results in a Y-
shaped diagram called Bowen’s Reaction Series (Fig. 2-3). The right
branch of the diagram is called the continuous series because the plagio-
clase minerals grade gradually from one mineral to another as the pro-
portion of Ca and Na varies. The left branch of the diagram is called the
discontinuous series because the minerals are more discrete. As the melt
cools, olivine, pyroxenes, and Ca-rich plagioclase crystallize first to form
basalt; next amphiboles, biotite, and Na-rich plagioclase crystallize to
form diorite; and then orthoclase, muscovite, and quartz crystallize to
from granite. It is rare for a rock to contain both olivine and quartz, which
are at the top and the bottom of the diagram. The rocks represented by
the top of the diagram are rich in Ca, Mg, and Fe; are dark color; and are

M
ain m

inerals in three kinds of rock

Basalt

Diorite

Granite

C
olor

Dark

Light

High in
Fe, Mg, Ca
(mafic)

High in
Na, K
(felsic)

Olivine

Pyroxene

Amphibole

Biotite

Albite

Orthoclase

Muscovite

Quartz

Ca

Na

Plagioclase

O
rder of crystallization from

 m
agna

First

Last

Stability in soil

Least

Most

Anorthite

Figure 2-3 Bowen-Goldich diagram showing relationships among the 
major minerals in silicate rocks.
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called “mafic,” a word derived from Mg and Fe. Those near the bottom
are rich in quartz (SiO2) and orthoclase (K-feldspars), are lighter in color,
and are called felsic rocks (feldspar, Si).

Another interpretation of the diagram is significant to soil science. In
1938, S. S. Goldich studied the persistence of primary minerals in soils and
learned that the minerals at the top of the diagram were first to weather
(least stable in the soil), and those at the bottom were last to weather (most
stable). This interpretation is called the Goldich Dissolution Series. Soils
rich in minerals at the top of the diagram have the capacity to release more
plant nutrients, such as Ca, Mg, and Fe, than those farther down in the
diagram. Quartz, at the bottom of the diagram, is very resistant to weath-
ering and thus is abundant in many soils and sedimentary rocks.

Sedimentary Rocks
Throughout geologic time, land masses were uplifted and then eroded

down to base level (almost down to sea level). Sediments and soluble mate-
rials produced during these erosion cycles were carried away in streams,
deposited, and eventually were consolidated into sedimentary rocks. There
are three kinds of sedimentary rocks: clastic, chemical, and organic (or bio-
chemical). Clastic sedimentary rocks were formed from broken pieces of
older rocks. The streams carrying sediment eventually flowed into seas of
still water. As stream velocity decreased, finer and finer particles settled
out. First gravels dropped out, then sands, next silts, and finally clay settled
out slowly in still water. These materials eventually solidified into sedi-
mentary rocks called conglomerate, sandstone, siltstone, and shale, respec-
tively. Often, finer binding material helped hold coarser particles together.

Chemical sedimentary rocks formed by precipitation from sea water. As
an example, Oolitic limestone formed in water supersaturated with
CaCO3. Small fragments of shells or mineral grains acted as seeds around
which CaCO3 precipitated. Layers of new CaCO3 were added in concentric
layers to these fragments, and these particles were washed around by
water currents to form egg-shaped particles about 0.25 to 2 mm in diame-
ter (medium to coarse sand size) called oolites. When buried by more lime-
stone or other sedimentary rocks, pressure solidified the mass of oolites
into oolitic limestone. There are large deposits of oolitic limestone in
southern Indiana, where a small town is named Oolitic. The rock is quar-
ried for building and decorative stone, often called Bedford or Salem lime-
stone for towns near the quarries. Many well-known buildings are made
from this limestone: the Empire State Building in New York; the Pentagon
in Arlington, VA; the Holocaust Museum and other monuments in Wash-
ington, DC; the Constitution Center in Philadelphia; the Seattle Art
Museum; and most buildings on the Indiana University campus and in the
Indiana State capitol. Other chemical sedimentary rocks formed when
water in lakes evaporated and materials (evaporites) precipitated. Com-
mon evaporites are halite or rock salt (NaCl) and gypsum (CaSO4 · 2H2O).
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Organic sedimentary rocks form by the actions of living organisms.
Examples include limestone that originated as calcareous skeletons of
marine organisms, coal from plant material, and chert from siliceous skel-
etons of small organisms such as diatoms.

Metamorphic Rocks
These rocks formed when other rocks were subjected to heat and

pressure deep within the crust of the Earth. They contain a set of minerals
unique to metamorphic rocks, but may also contain the minerals in igne-
ous rocks that were changed little during metamorphism. Quartzite is a
hard, usually light colored metamorphic rock derived from sandstone.
Marble was derived from limestone and comes in many colors. Slate is a
dark-colored rock derived from shale, and is the material in the old black-
boards. Gneiss is a rock with alternating light and dark colored bands.
Schist contains large mica flakes and is foliated (flakey).

ROCK CYCLE

We often think of soil processes as they occur in a few months, such
as the ability of a soil to supply nutrients to a plant, or several years, such
as erosion in a field. Let’s switch gears and think about soil processes over
millions or even billions of years, as illustrated in the rock cycle diagram
(Fig. 2-4 on the next page).

Consider the land masses on Earth. For a long time, it was thought
that continents and oceans were fixed in place. But then people noticed
the close fit of the shape of the west coast of Europe and Africa with the
shape of the east coast of North and South America. The concepts of con-
tinental drift and then plate tectonics evolved. Plate tectonics is the theory
that the outer rigid shell of Earth is composed of several dozen plates, or
pieces that float on a more fluid mantle, like slabs of ice on a pond. These
plates move apart from each other, move toward each other, or the edges
slide along each other. In the zone where plates meet, there is much tec-
tonic activity such as earthquakes and volcanoes. The large North Ameri-
can Plate and Pacific Plate meet near the west coast of North America.

Where two plates move toward each other, the heavier plate slides
below the lighter plate, and moves downward into the Earth’s hot mantle
where it melts in a process called subduction. This process is essential in
the rock cycle.

In Figure 2-4, magma and the three kinds of rocks are represented by
rectangular diagrams. The diagram of an igneous rock represents a mag-
nified view of a slice of a rock thin enough to transmit light (thin section)
that shows its crystal structure. The well-formed crystals were first to
solidify. Then less distinct minerals crystallized. The metamorphic dia-
gram shows alteration of the igneous structure. The diagram for sedimen-
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tary rock represents a large cut that shows rock strata. Processes, shown
by dashed lines and boxes, include:

A Crystallization of magma to form minerals in igneous
rocks usually occurs at great depth, but can occur near
the surface via volcanic activity.

B Transformation of igneous rocks to metamorphic rocks
under high temperature and pressure occurs at great
depths.

C, D, and F Uplift of land masses, soil formation (see next para-
graph), soil erosion, transport of sediment, and forma-
tion of sedimentary rocks from sediments.

E Transformation of sedimentary rocks to metamorphic
rocks under high temperature and pressure.

G Subduction. All kinds of rocks are melted to form magma.

Magma

Igneous RockIgneous Rock

Sedimentary RockSedimentary Rock

Metamorphic RockMetamorphic Rock

*Losses includes leaching of soluble materials and erosion of solid materials

heat and
pressure

heat and
pressure

subduction
and meltingcrystallization

uplift,
transformations,

losses*

uplift,
transformations,

losses*

uplift, transformations, losses*

AA

G

B

F
E

D

C

Figure 2-4 The rock cycle.
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Through geologic process, large land masses of all three kinds of
rocks are lifted high above sea level. Once in that position they are sub-
jected to soil forming processes, fed by energy from the sun. These pro-
cesses include physical weathering, mineral transformations, dissolution,
leaching of soluble materials, and erosion of soil particles. Physical
weathering is the process that breaks rocks apart without changing their
chemical composition. It is caused by heating and cooling of rocks, wet-
ting and drying, rocks hitting each other in moving water, roots growing
in cracks and prying rocks apart, and similar forces. Through chemical
weathering, one mineral is transformed to another mineral or dissolved
entirely in the soil. Dissolved materials are leached through the soil and
into streams. Erosion detaches soil particles from soil aggregates and
transports them to streams. In summary, soil formation is an important
step in the rock cycle.

A sand grain in sandstone probably followed several pathways
through this rock cycle. Most of the sand grains are quartz, a resistant
mineral. These grains might have started out in association with other
kinds of minerals in an igneous rock such as granite. Perhaps, during sev-
eral trips through the rock cycle the less resistant minerals were weath-
ered and removed from the system, thus concentrating quartz. 

CLAY MINERALS

Silicate Minerals
There are many kinds of clay minerals in soils (Schulze, 2006) and

they greatly influence many chemical and physical properties as dis-
cussed in this and subsequent chapters.

We have seen the importance of the silicon tetrahedron in the struc-
ture of silicate rocks. The aluminum octahedron is of similar importance
in sheet silicates. As with the silicon tetrahedron in Figure 2-1, three mod-
els of the aluminum octahedron are shown in Figure 2-5 on the next page.
Figure 2-5A shows one O2– ion on a low plane and four O2– ions and one
Al3+ ion on a middle plane. Figure 2-5B shows a sixth O2– ion on a high
plane. Both are views straight downward. Figure 2-5C shows an oblique
view of the ball-and-stick model. The four O2–s connected with dashed
lines and the Al3+ in the center are all on the middle plane. Figure 2-5D is
also a straight down view. If lines are drawn through the centers of the
O2– ions in Figure 2-5B an eight-faced solid is created, an octahedron.

Thousands of Si tetrahedra link together to form tetrahedral sheets.
Also, thousands of aluminum octahedra link together to form octahedral
sheets. At this point, it is necessary to differentiate between sheets and lay-
ers. Several sheets combine to form a layer. For an analogy, assume that
gray sheets of paper represent Si tetrahedral sheets and white sheets of
paper represent Al octahedral sheets. These sheets can be stacked in dif-
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ferent combinations. Figure 2-6 shows side views of Si tetrahedral sheets
(gray) and Al octahedral sheets (white). A layer of mica, in the upper left
of the figure, consists of an Al octahedral sheet between two Si tetrahe-
dral sheets (gray-white-gray sheets of paper). Minerals with this structure
are called 2:1 clay minerals (two Si sheets: one Al sheet). A layer of kaolin-
ite consists of a Si tetrahedral sheet over an Al octahedral sheet (gay-
white). Kaolinite is a 1:1 clay mineral. The distance between similar posi-
tions on sheets is called the interlayer spacing. It is measured in nanome-
ters (nm), and is shown to the right of the mineral diagrams.

In nature, Al3+ ions can substitute for some Si4+ ions in tetrahedral
sheets, and Mg2+, Fe+2, and other divalent cations can substitute for some
Al3+ in octahedral sheets. Each substitution leaves an extra negative
charge within the clay mineral. In Figure 2-6, these charges are repre-
sented by minus signs (–) near the mineral surface and the balancing cat-
ions are represented by small circles surrounding the sheets.

Figure 2-2F shows that there are hexagonal-shaped holes, each sur-
rounded by six Si tetrahedra, on the face of Si sheets. The size of this hole
just accommodates a K+ ion. Figure 2-6 shows a side view of K+ ions in the
hexagonal holes of adjoining Si sheets of mica. The negative charges of the
layers attract the positive charge of K+ to lock the layers together. These K
ions constitute fixed K. The distance between layers of mica is 1.0 nm.

Smectite has a lower charge density (fewer minus signs (–) within the
mineral) than mica or vermiculite because of the nature of chemical sub-
stitutions within the mineral. Consequently, adjoining layers of smectite
can move farther apart than the layers of vermiculite. In some cases (not
shown in Fig. 2-6) aluminum compounds occupy the interlayers which
limits the interlayer spacing.

Interlayer spacing is measured in the lab by x-ray diffraction using
samples that have been prepared following specific treatments. Some are
dry when measured and some are moist. The measurements obtained,
however, represent the tendency of the minerals to swell when they are

Figure 2-5 Three models of an aluminum octahedron.

A B C D

Sphere-packing models Ball-and-stick model Polyhedral model

Al3+ O2–
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moistened. Mica swells very little; vermiculite has intermediate swelling
capacity, and smectite has great swelling capacity.

As shown in the lower part of Figure 2-6, kaolinite, a 1:1 mineral, has
little internal negative charge and has little swelling capacity. Gibbsite, a 0:1
mineral, has only Al sheets (no Si sheets). Silica sheets tend to be dissolved
from clay minerals during weathering. Consequently, vermiculite and
smectite weather to kaolinite, and kaolinite weathers to gibbsite, Al(OH)3.

Oxide Minerals
Oxides form another class of soil minerals that are especially impor-

tant in old soils and are responsible for the color of many soils. Iron (Fe),
which is common in many primary silicate minerals (Table 2-2), is
released in the weathering process and is free to form other minerals.
There are two main forms of Fe in soils, the oxidized form, Fe3+ (ferric
iron), and the reduced form, Fe2+ (ferrous iron). In well aerated soils, Fe3+

Figure 2-6 Diagrams showing the arrangement of silicon tetrahedral 
sheets and aluminum octahedral sheets in clay mineral layers, the negative 
charges in clay mineral layers, the fixed and exchangeable cations that 
balance these charges, and the layer spacing of major clay minerals.
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combines with oxygen (O2–) and hydroxyl (OH–) ions to form iron oxide
minerals which are insoluble. They appear to be a coating like paint on
soil particles, but under magnification they appear as small crystals that
cover the larger silicate minerals like sesame seeds on a bun. There are
three common iron oxide minerals.

• Goethite (FeOOH) is the most commonly occurring Fe-oxide in
soils. It is yellowish brown and its formation is favored by cool,
moist conditions and the presence of organic matter.

• Hematite (Fe2O3) is reddish and is favored by warm, dry conditions
with little organic matter in the soil.

• Ferrihydrite (5Fe2O3 · 9H2O) was thought to be an amorphous com-
pound (lacking crystalline structure), but now is known to be
weakly crystalline. It is yellowish brown, and it often transforms to
one of the other iron oxide minerals.

FORMATION AND LOSS OF CLAY MINERALS

Clay Formation
Some clay minerals form from simple changes to an existing mineral.

For example, the primary mineral biotite can be transformed to the clay
mineral vermiculite simply by the removal of a K ion from biotite (Fig. 2-
6). The basic structure of the sheet silicate remains intact. On the other
hand, other clay minerals may form from direct crystallization from ions
in solution. Kaolinite found inside a geode (hollow rock) has been cited as
evidence to support the later method of formation. The pore space in the
quartz-rich geode is so small that only ions in solution can move through
the pores. Apparently some form of Al in solution moved through pores
in a silicon-rich rock, and then Al and Si in solution precipitated to form
kaolinite. Between the extremes of slight modification of a mineral to pre-
cipitation from solution, there is a host of mechanism that might involve
reorganization of “silicate wreckage” from chemical weathering of vari-
ous silicate minerals.

Clay Loss
Clays are mainly lost from soils by erosion, which is discussed in

Chapter 11, but can also be dissolved and lost. This involves dissolution
of the mineral and leaching of the weathering products. If the products of
a weathering reaction are not removed, chemical equilibrium is estab-
lished whereby the dissolution reaction and the reverse of that reaction
(formation) progress at the same rate with no net change in the soil.
Weathering reactions proceed rapidly in conditions of high moisture,
high temperatures, and fast leaching rates. Thus, the most weathered
soils are in wet tropical climates on old well drained land surfaces that



Soil Mineralogy and Chemistry 17

Franzmeier et al 5E.book  Page 17  Friday, March 11, 2016  2:46 PM
provide a long time for weathering processes to proceed. The least weath-
ering occurs in very cold or arid areas in which the products of weather-
ing are not removed from the soil.

M. L. Jackson identified minerals in the clay fractions of soils formed
under a wide range of weathering conditions and created a list of miner-
als called the Weathering Index (Table 2-3). Minerals at the top of the list
are common in soils with some combination of young age, little or no
leaching, and cool temperatures. Minerals at the bottom of the list are
common in soils on old land forms, in areas with high temperature and
rainfall. From an analysis of the clay fraction of a soil, one can use this list
to determine the general stage of development of the soil. Note that the
listing order of primary minerals in the index approximates that of the
Goldich Series (Fig. 2-3).

Clay minerals in weathering index class 1 are abundant only in soils
of arid regions. Calcite (index number 2) is the main mineral in limestone
and is present in many soil parent materials. The depth to which calcite
content of parent material is dissolved during soil forming processes is
related to the time of soil formation. The minerals in index classes 3, 4, 5,
and 6 are primary minerals that are common in sand and silt particle size
classes but not in clay. They tend to disappear from the clay fraction in the
order listed. Quartz (index class 6) is very resistant to weathering and is
thus common in the sand and silt fractions of soils.

Clay minerals in weathering index classes 7 through 10 are common
in many soils of temperate climates. Clay minerals in classes 10, 11, and
12 are common in soils on old landscapes in tropical climates. Clay-size

Table 2-3 Jackson’s weathering index for clay-size mineral particles. 
Index 1 minerals are most weatherable; index 13 minerals are most 
resistant to weathering.

Index number Minerals

1 Gypsum and other soluble salts
2 Calcite
3 Olivine, pyroxenes, and amphiboles
4 Biotite
5 Orthoclase and plagioclase feldspars
6 Quartz
7 Vermiculite and interlayer 2:1 minerals
8 Al-interlayer and similar clay minerals
9 Smectite
10 Kaolinite
11 Gibbsite
12 Hematite
13 Zircon, garnet, anatase, and other very resistant minerals

From Marshall (1971).



18 Chapter Two

Franzmeier et al 5E.book  Page 18  Friday, March 11, 2016  2:46 PM
zircon, anatase and other very resistant minerals, if present in a parent
material, will survive a long time in soils. 

SOIL CHEMISTRY

Cation Exchange
The cations represented as small circles in Figure 2-6 can be replaced

readily by other cations, and thus are called exchangeable cations. The
total positive charge of exchangeable cations is called the cation exchange
capacity (CEC), and is expressed as centimoles of positive charge per kg
of sample, cmolc/kg [or cmol (+) kg–1], which is numerically the same as
milliequivalents of positive charge per 100 grams of sample [me/100 g].

The amount of charge on a certain clay particle is constant, so if one
cation is removed, other cations with the same charge must be added.
Exchangeable cations are a major source of plant nutrients. For example,
when a plant takes up a calcium ion (Ca2+), two H+ ions, furnished by
plant root exudates, replace the Ca2+ on the clay surface.

The CEC of the clay minerals depends on their internal structure. In
Figure 2-6, the minus signs (–) near the horizontal surfaces represent neg-
ative charges that originate from substitution of Al3+ for Si4+ or Mg2+ and
Fe2+ for Al3+. The minus signs near the vertical surfaces of the particle
come from other sources. Mica has great total charge, but much of it is
balanced by fixed K+. When the K+ is lost, the mineral becomes vermicu-
lite which has high CEC. Smectite has less CEC than vermiculite because
of less cation substitution within clay crystals. Kaolinite has low CEC
because the mineral has little internal substitution; the negative charges
are mainly at the edges of crystals. Gibbsite has practically no CEC.

Table 2-4 lists the CEC of “pure” clay minerals that came from under-
ground sources. These clay minerals are the classic ones from which clay
mineral criteria were mainly derived. Compared with these clay miner-
als, soil clays are usually not as well crystallized and one kind of clay
often grades to another kind (intergrade clay minerals). The CEC of soil

clay minerals shows the same general
relations as the geologic specimens. Table
2-5 contains data from the National
Cooperative Soil Survey (NCSS) soil
characterization data base (see Chapter
13). The table lists the two most abundant
kinds of clay in a soil sample as deter-
mined by x-ray diffraction peaks. In each
sample, there are other sources of CEC
such as less abundant clay minerals and
organic matter. The general trend in CEC,
however, is similar to that in Table 2-4.

Table 2-4
Cation-exchange capacity
of clay mineral samples.

Clay mineral cmolc/kg

Kaolinite 3–15
Illite 10–40
Smectite 80–150
Vermiculite 100–150

From Grim, 1968.
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Note, however, that some of the soils represented on Table 2-5 contain
very weatherable minerals (calcite), and some contain very weathering-
resistant minerals (anatase) according to the Jackson index (Table 2-3).
Clay mineralogy also has a great influence on soil swelling (Chapter 3).

For now you should know that two components contribute to soil
charge, clay and organic matter. Although organic matter is a minor com-
ponent in soils (soils typically contain 1%–5% organic matter), it influ-
ences many essential functions in the soil ecosystem far out of proportion
to the small quantities present. Especially in surface horizons, organic
matter is a significant source of cation exchange capacity. The exchange
capacity of soil organic matter is about 200 cmolc/kg at pH 7, even higher
than smectite clays. Organic matter will be discussed extensively in
Chapter 9.

A prevalence of exchangeable calcium is best for soil fertility and soil
structure. Too much hydrogen makes the soil acid and releases aluminum
ions to the soil that are toxic to many plants. Relatively small amounts of
exchangeable sodium make the soil too alkaline and cause it to disperse,
lose stable aggregates, and become impervious and sticky.

Soil Reaction
Most soil chemical and biochemical activities are sensitive to the acid-

ity in their environment. Soil reaction describes the level of acidity and is

Table 2-5 Cation exchange capacity (CEC) of soils with different kinds 
of clay minerals.

Pedon
number*

85P0731
81P0321
85P0723
88P0524
00P0866
92P0066
78P0382
82P0317
80P0391
96P0257
03N0658
94P0052

Soil series

Nipe

Gaston
Cecil
Bronaugh
Frederick
Creedmoor
Kelly
Houston
La Tea
Altamont

State/
country

Brazil
Puerto Rico
Brazil
NC
NC
MO
IN
NC
VA
TX
Puerto Rico
CA

Clay

%

42.0
48.2
73.3
64.0
68.0
62.7
88.0
60.5
66.6
69.3
69.2
54.0

soil

1.4
3.5
6.5

11.0
15.6
26.1
36.6
28.7
38.0
44.3
50.8
46.6

clay

3
7
9

17
23
42
42
47
57
64
73
86

Major clay 
minerals**

GI, AE
KK, GE
KK, GI
KK, GE
KK, VR
MI, MT
KK, VR
KK, VR
VR, KK
MT, CA
VR, KK
VR, MT

CEC
cmolc/kg of:

*Pedon number in that database.
**AE – Anatase; CA – Calcite; GE – Goethite; GI – Gibbsite; KK – Kaolinite; MI – Mica;

MT – Montmorillonite (smectite); VR - Vermiculite

Data from NCSS Soil Characterization Data, n.d.
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subject to change because of a variety of external environmental factors
associated with soil use. The amount of H+ in solution, and hence the
level of acidity, is expressed using the term pH. By definition, pH is the
negative logarithm of the H+ ion concentration expressed in equivalents/
liter (pH = –log[H+]) in soil solutions. For soils, a numerical pH value
describes the concentration of ionic (also called active, soluble, or dissoci-
ated) hydrogen in the soil solution dissociated from the cation exchange
complex. The greater the hydrogen pool on the exchange complex (rela-
tive to the pool of basic cations), the greater the number of H+ ions avail-
able to dissociate and the more acidic the soil solution becomes. Acid soil
are those with a pH less than 7, neutral soils have a pH = 7, and basic
(alkaline) soils are those with a pH greater than 7. Soil acidity (low pH) is
caused by an excess of hydrogen ions attached to the clay particles. This
condition can be remedied by the addition of lime (calcium carbonate) as
indicated by the equation in Figure 2-7.

Anions
Phosphate, sulfate, nitrate, chloride and bicarbonate are the impor-

tant anions (ions with negative charge) of the soil. The first four are essen-
tial plant nutrients, while bicarbonate helps to disintegrate soil minerals
and to bring plant nutrients into available form. Phosphate is held tightly
by soil colloids and has limited movement in all but the sandiest soils.
Sulfate, nitrate, chloride and bicarbonate are not adsorbed by clay and
move freely with the soil water.

Soluble Salts
There is a continuous formation of soluble cations and anions in the

soil, especially during the warm season, as a consequence of weathering
of soil and rock particles, the decomposition of organic matter, and the
addition of fertilizer. Where these ions are not removed by leaching
(washing them out with water), e.g., in dry climates and in greenhouses,
an accumulation of salts occurs that may inhibit plant growth. It is simple
to determine the presence of excess amounts of salts in the soil by evapo-

Figure 2-7 Equation that illustrates how CaCO3, a liming material, 
neutralizes acid clay or acid soil.
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rating and weighing a water extract or by determining the electrical con-
ductivity of the moist soil or of a soil extract. It is not always as simple to
remedy the situation because the water required to wash the salts out
may not be available.
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� 3

Soil Physical Properties

Soils consist of solid, liquid, gaseous, and biotic components. The
solid components are mineral and organic. This chapter deals mainly
with how these components are arranged in soils. While soil-water rela-
tions are mentioned in this chapter, they are explained in more detail in
Chapter 4.

SOIL PARTICLES

The mineral soil particles are classified according to size as shown in
Table 3-1. Sand and silt are merely broken rock fragments (Fig. 3-1 on the
following page); they consist of quartz, feldspar, mica, or other minerals.
Chemically they are essentially inert compared with clay and organic mat-
ter, which are responsible for most of the chemical reactions of the soil.
Sand and silt play an important role by providing a skeleton for the soil.

Clay particles are plastic and sticky when wet. They are highly
adsorptive of water, gas, and dissolved substances. Clays are minute,
plate-shaped, aluminosilicate crystals, consisting of silicon, aluminum,
iron, magnesium, oxygen, and hydrogen. They may also contain potas-
sium, calcium, and other elements. The biggest clay particle is less than
one ten-thousandth of an inch in diameter (0.002 mm).

Clay is a negatively charged colloid (see Chapter 2). This negative
charge is the reason that positively charged cations surround each clay par-

Table 3-1 Size limits and description of soil fractions.

Soil fraction Diameter Description

Gravel Larger than 2 mm Coarse
Sand 0.05–2 mm Gritty
Silt 0.002–0.05 mm Floury
Clay Smaller than 0.002 mm Sticky when wet
23
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ticle. The individual cations
can be exchanged for each
other. The hydrogen ions of
slightly acidic percolating
water or of the acids given off
by plant roots are absorbed
by the clay, while calcium,
magnesium, potassium, and
sodium are released in equiv-
alent quantities and become
available for plant nutrition.
If the cations can get close to
the surface of the clay, the
negative charge on the clay is
largely neutralized and the
clay particles will cling to-
gether; they are flocculated.
This is the case where cal-
cium and magnesium are the
dominant cations. These ions
are small and are effective in
holding clay particles to-
gether. Sodium ions, on the

other hand, are large because they are covered with a shell of water and can-
not get close enough to the surface of the clay to effectively neutralize its
negative charge. Such clay particles repel each other, and soils containing
sodium clay are dispersed, that is, they have no tendency to form aggre-
gates. Soils with calcium clay generally have a more desirable structure than
sodium soils.

Silt particles hold much water in the soil and most of this water is
available for use by plants. Over time, some silt particles break down and
release ions to the soil solution, so they also serve as a storehouse for
plant nutrients. Sand particles tend to keep the soil loose and, in this way,
counteract the tendency of clay particles to make the soil tight and imper-
meable to water and plant roots.

SOIL TEXTURE

The relative proportion of the various grain sizes in a soil is called
texture. To describe soil texture, names such as loamy sand, silt loam, clay
loam, and silty clay are used, as shown in Figure 3-2, the texture triangle.

The content of sand, silt, and clay for the twelve main soil texture
classes can be found on this triangle. For example, the soil represented by
point A is in the sandy loam texture class with 65% sand, 25% silt, and 10%
clay. The one at B is a silt loam with 20% sand, 70% silt, and 10% clay. The

Figure 3-1 The relative sizes of coarse 
sand, fine sand, and silt. The small 
speck near the center is the silt. An 
individual clay particle remains invisible 
even under this magnification.

½ millimeter
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best soils are generally those which contain 10 to 20% clay, with silt and
sand in approximately equal amounts, and a fair amount of organic matter

SOIL SURFACE AREA

In comparing clay with sand and silt, it is important to be aware of
the relative amount of surface area of these particle-size groups, because
it is on the surface that many chemical and physical processes take place.
The surface area of one gram (1/8 teaspoon) of spherical particles of dif-
ferent diameters is shown in Table 3-2 on the next page.

One gram of sand-size particles has a surface area the equivalent of
three lines on this page; one gram of silt has a surface area about the same
as four pages of this book; and one gram of clay-size spheres has about

Figure 3-2 Soil texture triangle. The content of sand, silt, and clay for the 
twelve main soil texture classes can be found on this triangle. For example, 
the soil represented by point A is in the sandy loam texture class with 65% 
sand, 25% silt, and 10% clay. The one at B is a silt loam with 20% sand, 
70% silt, and 10% clay.
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the same surface area as the wall of a large room in a house. Also, soil
clays are plate-shaped instead of spherical, and they may be smaller than
0.0002 mm and have internal surface area. Therefore, the surface area of
one gram of soil clay can be as large as the surface area of all the walls,
floors, and ceilings of a house. Organic matter also has a large surface
area. It is apparent that the greater the surface a substance exposes, the
greater will be its ability to enter into chemical and physical reactions.

SOIL STRUCTURE

One of the most important physical properties of a soil is the
arrangement of its individual particles in relation to each other, or its
structure. There is an infinite number of possibilities in which the parti-
cles can be arranged.

Soil structure is the arrangement of particles into small groups, or
aggregates. These aggregates may be bound together with other aggre-
gates into larger masses called peds (Fig. 3-3A). The peds come in differ-
ent shapes that roughly resemble spheres, blocks, columns, and plates.
They may have rounded or sharp edges and corners. The amount of pore
space within an aggregate depends mainly on the soil texture, and the
amount of pore space between the aggregates depends on their arrange-
ment with respect to each other, much as the size of the rooms of a house
depends on the arrangement of the walls. If the individual particles are
arranged in small aggregates with rounded edges, we speak of granular
structure. This is desirable for plant growth because it provides both large
and small pores.

Some soils lack structure. In very sandy soils the individual grains act
independently of each other. They lie in a random distribution, with
smaller grains filling the openings between the larger grains so that a
minimum of pore space exists. No binding substances hold the particles
together, so the soil has no peds. If some soils are tilled too much or
driven over when they are wet, their natural structure may be destroyed
and they become puddled (Fig. 3-3B). Their structure is called massive.

Aggregation of the individual soil particles occurs through various
natural agencies, such as root growth and decay, microbial activity, freez-

Table 3-2 Number of spherical particles and total surface area in one 
gram of material of different particle sizes.

Description

Medium sand
Medium silt
Medium clay

Diameter, mm

1.0
0.02
0.0002

Number of particles 
in one gram

720
90,000,000

9 × 1013

Surface area of 
one gram, cm2

23
1130

113,000

Particles
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ing and thawing, or swelling and shrinking of clay caused by wetting and
drying. Also, iron and aluminum oxides serve to cement particles together.

The growth and decay of grasses and legumes particularly stimulate
aggregation. Soil aggregates can be formed only if clay or organic mat-
ter—preferably both—are present. Most aggregates formed without
organic matter break down when submerged in water for some time.
Soils that are in optimum condition of structure and are made up of
water-stable aggregates are said to be in good tilth.

SOIL COMPOSITION

Soil is a unique arrangement of solids, liquids, and gases (Fig. 3-4 on
the following page). The liquid phase and the gas phase occupy voids in
the solid phase, called pores. The pore system in soil provides the con-
duits for air and water exchange with its environment and houses root
and microbial activities.

Soil porosity, the amount of pore volume, has a strong influence on
soil behavior. For example, a suitable balance and composition of liquid
and gas in the pores is necessary for plant growth. A medium textured,
well-aggregated soil will contain about 50% pore space and be in good
condition for plant growth when the pores hold an equal amount of nutri-
ent-rich water and well-oxygenated air.

SOIL BULK DENSITY

Soil bulk density is the mass (weight) of a certain amount of soil
divided by its volume. Many soil measurements are based on the oven

Figure 3-3 Schematic cross sections (A) through a porous well-aggregated 
soil, and (B) through a tight puddled soil. In a puddled soil there are only 
small pores, but in an aggregated soil there are also large pores that drain 
readily. Cross sections enlarged 30-fold.

(A) (B)
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dry (OD) weight of a soil sample. It is the weight of a sample that has
been dried in an oven at ~105o C. Bulk density is the OD weight divided
by a volume determined at a specified soil moisture condition.

Some representative weight and volume data for soil samples are in
Table 3-3. Substituting the data for a moist sample in the equation above
gives:

The solids include inorganic and organic materials; the volume
includes solid materials and pore space. Measured bulk density depends
on the water content of the soil, as explained in the Soil Swelling section.

The bulk density of mineral soil commonly ranges from 1.1 to 1.5 g/
cm3 in surface horizons. It usually increases with depth and tends to be
high in sands and compacted soil horizons, while low in soils with abun-
dant organic matter.

High bulk density is often a result of compaction or cementation.
Compaction may be natural or man-made. In glaciated areas, ice as much
as a mile thick compressed the glacial till below the ice resulting in very
high bulk density of the till. For example, in northern Indiana, the bulk
density of till is around 2.0 g/cm3. For comparison, a good top soil has a
bulk density of about 1.3 g/cm3 and granite has a density of 2.6 g/cm3, so
the density of till is closer to the density of granite than to the bulk den-

Bulk density
Oven dry weight of soil, g

Volume of soil soli
=

dds and pores, cm3

Bulk density
 g

 cm
g/cm= =

300
219

1 37
3

3.

Figure 3-4 Relative volume of the five principal components of a medium-
textured, well-aggregated soil.
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sity of a good topsoil. The high bulk density means that the soil has little
pore space for water to flow through, so the glacial till holds up water in
soils above it. Consequently, drainage systems must be installed on many
of these soils if they are to be farmed successfully.

Man-made compaction results from farming operations. The great
weight of tractors, combines, and other equipment compacts the soil
under tires and tracks. Also, the downward force under a moldboard
plow compacts the soil under the plow, creating a plow pan. Tillage oper-
ations can loosen the soil and temporarily lower the bulk density.

Variable Bulk Density
As stated above, bulk density is the oven dry (OD) weight of a soil

sample divided by its volume at a specified moisture condition. The mois-
ture condition could be the field condition when the sample was collected
or it could be a condition created in the lab.

There are two common ways to measure bulk density, cores, and
clods. With cores, a metal cylinder of known volume is pushed into the
soil and the oven dry weight of the soil in the core is determined. More
soil is contained in the cylinder when it is pushed into the soil when it is
dry than when it is pushed into the same soil when it is moist, so mea-
sured bulk density is greater when the sampling is done under dry condi-
tions. For cores, the volume is constant and the weight changes with soil
water content.

Natural soil clods about the size of a baseball are collected from a soil
pit and are coated with a flexible plastic coating that expands and con-
tracts with the soil. Soil water contents are adjusted in the lab and volume
is measured for each water content. For clods, the dry weight is constant
and the volume changes with water content.

Bulk density
Weight of OD sample, g

Volume at specified moi
=

ssture, cm3

Table 3-3 Representative laboratory data for physical properties.

Sample, moisture condition* Weight, g Volume, cm3

Natural clod, moist 395 219
Natural clod, OD 300 174
Sieved sample, dry 62.4
Sieved sample, OD 53.2

*Moisture conditions of samples:
moist—field capacity or 33 kPa (Chapter 4)
dry—permanent wilting point or 1500 kPa
OD—oven dry
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Here we use clod data for the data set (Table 3-3):

The bulk density values differ greatly, which shows that this soil
swelled when it took up water. The details of soil swelling are discussed
in a subsequent section. The moist-bulk density is the one usually
reported because it better represents field conditions.

SOIL POROSITY

Soil pore space determines the amounts of air and water contained in
the soil and it also is an important factor in root penetration, so it
deserves close attention. Pores larger than 0.06 mm diameter (macro-
pores) are readily drained of water and filled by air after a heavy rain.
They are valuable as an aeration system. Pores smaller than 0.06 mm
diameter (micropores) hold water against gravity and, in fact, pull water
up from a water table by capillary action. Therefore, they are necessary
for the water supply of plants. The structure is ideal where large and
small pores occur in a proportion that corresponds to the water and air
needs of the crop plants in a given climate and under the cultural condi-
tions employed. Under ordinary farming conditions in the humid tem-
perate zone the ratio between the volume of the large and small pores
should be about 1:1.

Many soil processes depend on pore-size distribution. Macropores
facilitate free-water drainage, aeration, evaporation, and gas exchange;
micropores provide water storage sites. Macropores are most prevalent in
sandy or well aggregated soils, but can be reduced to micropores by com-
paction. Organic matter and clay promote stable aggregates. Soils low in
organic matter and clay are most susceptible to compaction which
reduces pore space (porosity) Clays also increase water storage by pro-
viding an abundance of micropores—thus texture, organic matter con-
tent, and structure, plus the level of compaction, are the main properties
governing the amount and type of pore space.

Calculating Soil Porosity
Percent porosity is the volume of pore space relative to the total vol-

ume of soil:

Bulk density (moist)
Weight of OD soil

Volume of moist soil
= == =

300
219

1 37
3

3 g
 cm

 g/cm.

Bulk density (oven dry)
Weight of OD soil
Volume of OD soil

= == =
300

174
1 72

3
3 g

 cm
 g/cm.

Percent porosity
volume of pores
volume of soil

= ⎛
⎝⎜

⎞
⎠⎟

× 100
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The volume of pore space is calculated by subtracting the volume of
solids from the total soil volume:

To calculate the volume of solids, the density of solid particles is
needed; for many soils this density is about 2.65 g/cm3, the density of
quartz. For a soil volume of 1 cm3 and a bulk density of 1.37 g/cm3, sub-
stituting in the equation above gives:

This soil has about half solids and half pore space.
Pore porosity and bulk density are inversely related. Soils with high

bulk density have little pore space to hold air and water for plant use.
Also, because water moves through large pores readily, soils with high
bulk density have little total pore space and tend to drain slowly.

SOIL SWELLING

Many soils swell when moistened and shrink when dried. A virtual
experiment simulates soil swelling. Imagine a cube-shaped box, 16 cm ×
16 cm × 16 cm on the inside, filled with 64 cube-shaped blocks, 4 cm per
side. Each of the four layers has 16 blocks and the box is filled to the top.
Then, replace the 4 cm blocks with blocks 3.8 cm per side. Still, there are
16 blocks per layer. The extra side to side space in the box is made up by
spaces between adjoining blocks, but each layer rests on the layer below,
so there is 0.8 cm of space at the top. Now go back to the soil. When a soil
dries, individual soil masses shrink in all three directions. East-west and
north-south shrinking is accommodated by cracks (the earth’s circumfer-
ence does not change!), but the elevation of the soil surface actually falls.

Coefficient of Linear Extensibility (COLE)
Soils scientists characterize swelling by the coefficient of linear exten-

sibility (COLE), an estimate of the vertical component of soil swelling:

Percent porosity
volume of soil volume of solids

volume of 
= −

ssoil
⎛
⎝⎜

⎞
⎠⎟

× 100

Percent porosity
 cm  g  cm  g

 cm
=

− ×( )⎛

⎝⎜
⎞

⎠⎟
×

1 1 37 1 2 65
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Where Lm is the length along one direction of a soil cube when moist
and Ld is that length when dry. For the blocks, substituting large for moist
and small for dry, the equation becomes:

Calculating COLE
Clods are irregular in shape so length along one side cannot be mea-

sured. Instead, the bulk densities are used according to the cube root
equation:

where BDm = bulk density of a moist soil sample, and BDd = bulk density
of a dry sample. For the data above:

Significance of COLE
Soil swelling is a special problem for building roads, houses, and

other structures. Foundation walls may bow inward because of swelling
pressure, or the walls could collapse. In areas of swelling soils, road sur-
faces may be irregular and posts may slant at random angles.

Soils high in sand and silt swell little. Soils with moderate to high clay
contents swell more, depending on the amount and kind of clay (see
Chapter 2). Bulk density values (moist and dry) and COLE values for
soils with high clay contents are listed in Table 3-4. Data in this table is
from the National Cooperative Soil Survey database (Chapter 13).

Soils with much gibbsite, and goethite swell very little and those with
kaolinite swell a bit more. Soils with mica swell still more, and those with
vermiculite and especially smectite swell greatly.

Soil scientists classify the degree of soil swelling to help those who
use soil information decide the degree of swelling hazard (Table 3-5).
Some soils listed in Table 3-5 have COLE values well above the limit for
“very high” swelling. Such soils are important locally, but soils with more
than 50% clay, most of which is smectite, are not extensive.

Also, some soils are classified based on their swelling properties. Ver-
tisols (Chapter 7) are defined by the occurrence of cracks that open and
close periodically or have high COLE values.

COLE = − =4 0 3 8
3 8

0 05
. .

.
.

COLE
BD
BD
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COLE = − =1 74
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1 0 0743
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SOIL TEMPERATURE

The soil temperature is as important
to plant growth as air temperature. The
temperature of the surface soil fluctuates
greatly both during a 24-hour period
and with the seasons. The farther down
in the ground the temperature is mea-
sured, the smaller the fluctuations are.
At two to three feet in depth, daily
changes no longer occur, and at about 20
feet depth the soil temperature remains the same during winter and sum-
mer, at about the average annual air temperature. This temperature can
be estimated by measuring the temperature of water flowing from a deep
well. Where the soil is covered by a dense growth of plants or a thick
layer of mulch (plant residues), temperature variations are much less
severe and do not penetrate as deeply. Soil temperature has a direct effect
on plant growth and also influences microbial activity (e.g., nitrification).
Freezing and thawing of the soil water also affects soil structure. Slow
and occasional freezing and thawing, as under an insulating layer of
mulch, is beneficial for soil structure. Under rapid freezing and thawing,

Table 3-4 Influence of clay mineralogy on soil swelling. Soils with high 
values of COLE (coefficient of linear extensibility) swell the most when 
moistened.

Pedon*
No.

85P0731
81P0321
85P0723
00P0866
88P0524
82P0317
94P0052
92P0066
78P0382
03N0459
96P0257

Series,
State/Country

—, Brazil
Nipe, Puerto Rico
—, Brazil
Cecil, NC
Gaston, NC
Creedmoor, NC
Altamont, CA
Bronaugh, MO
Frederick, IN
Limrock, AL
Houston, TX

Clay
%

66.1
48.2
69.4
68.0
64.0
60.5
54.0
62.7
88.0
59.3
69.3

Major clay 
minerals**

GI, AE
KK, GE
KK, GI
KK, VR
KK, GE
KK, VR
VR, MT
MI, MT
KK, VR
VR, MT
MT, CA

moist

1.29
1.37
1.06
1.27
1.30
1.26
1.46
1.36
1.19
1.28
1.22

COLE

0.01
0.01
0.02
0.04
0.04
0.08
0.10
0.10
0.10
0.13
0.17

dry

1.33
1.43
1.11
1.41
1.46
1.60
1.92
1.80
1.59
1.86
1.93

Bulk Density

g/cm3

*Pedon number in the database.
**AE—Anatase, CA—Calcite; GE—Goethite; GI—Gibbsite; KK—Kaolinite; MI—Mica;

MT—Montmorillonite (smectite); VR—Vermiculite

Data from NCSS Soil Characterization Data. n.d.

Table 3-5 Limits of 
coefficient of linear 
extensibility (COLE) classes.

Class COLE limits

Low < 0.03
Medium 0.03–0.06
High 0.06–0.09
Very high > 0.09
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however, soil aggregates are generally broken down too much for good
tilth. Besides, frost action alone does not create water-stable aggregates.

Moisture movement, especially in the vapor phase, is brought about
by temperature differences in the soil or between the soil and the air.
When we speak of a cold soil we mean a soil that retains much water in
the spring and warms up slowly because of the high specific heat of water
as compared to that of air, which would otherwise fill the pores.

SOIL AIR

Air in the soil is needed for the respiration of plant roots and microbes.
It is also necessary for making nutrients available to plants. Without air in
the soil, few plants can survive. Soil air usually contains more carbon diox-
ide and less oxygen than atmospheric air because oxygen is constantly
used and is only replenished by movement of air or by diffusion. Air fills
all pore spaces in the soil not filled by water; the wetter the soil the less air
it contains. As the larger pores are freed of water, they are filled by air. The
amount of large-pore space is called aeration capacity. Sandy soils and
those that are well aggregated have large aeration capacities.

SOIL COLOR

The color of the soil tells us much about some of its other properties.
The color of a surface-soil horizon depends mainly on its organic matter
content. The darker the soil, the more organic matter it contains. This
organic matter imparts favorable properties to the soil, such as better
aggregation and a higher water-holding capacity. Also, dark soils absorb
more radiation during the day than light-colored soils and radiate more
heat during the night.

In subsoil horizons, soil color indicates the wetness and aeration con-
dition of the soil. In general, reddish and brownish subsoil colors indicate
good aeration and little water logging (Chapter 6). Grayish and olive col-
ors indicate much water logging and chemical reduction of iron. A mot-
tled subsoil, one with a splotchy pattern of brownish and grayish colors,
is indicative of a fluctuating ground water table. These properties are
important for plant growth because plants need oxygen. A soil that is
severely reduced and gray will have long periods when oxygen is defi-
cient, so the plants will suffer.

References

NCSS Soil Characterization Data. n.d. NCSS National Cooperative Soil Survey soil
characterization database. Access at http://ncsslabdatamart.sc.egov.usda.gov/
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� 4

Soil, Water, and
Climate Relations

Water is critical to life, and the soil’s ability to store water and supply
it to plants is one of its most important functions. In the first part of this
chapter, we zoom in to examine the relations of soil and water on the
scale of particles, samples, soil horizons, and soil profiles—a field-scale
view. In the second part we examine the relations of soil, water, and cli-
mate on a continental scale.

FIELD-SCALE VIEW

Soil Water Retention
When water is sprayed into the air it tends to form small spheres due

to the attraction that water molecules have for each other. This is called
surface tension. When a small glass tube is placed in a pan of water,
water will rise in the tube due to the attraction of water molecules to
glass, a property of water called adhesion (Fig. 4-1 on the next page).

Similarly, water molecules are attracted to the surface of soil particles.
Water molecules on the surface of soil particles are held very tightly.
Those near the surface of particles are held less tightly. Water is held
loosely in small pores, and most loosely in large pores. Conversely, water
is lost first from large pores, then from small pores, next from near parti-
cle surfaces, and lastly from particle surfaces. Water moves out of large
pores mainly by gravity. Plant roots take up water from large and small
pores, but they lack the energy to remove water held tightly on particle
surfaces. The expressions “tightly” and “loosely” are qualitative terms.
Quantitatively, matric potential is the energy required to remove water
from soil.
35
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Because water is held tightly on particle surfaces, the surface area of
soil is important in water retention. Clay has a very large surface area, silt
has smaller surface area, and sand has little surface area (see Table 3-2).
Much more energy is required to remove water from clay than from sand.

Now consider how these relations work in a soil that has a subsoil
horizon that restricts downward water movement. During a hard rain,
more rain falls on the surface than flows through the restrictive layer, so
eventually all soil pores above the restrictive horizon are filled with
water (soil is saturated) and water ponds on the soil surface. Eventually
ponding subsides as water runs off the surface or percolates through the
profile until there is no water on the soil surface. The soil is still saturated
with water. The water held loosely in the largest pores drains out first, by
gravity. This water is called gravitational water. In a day or two, the rate
of water loss slows considerably or stops and the soil is then considered
to be at field capacity. Plants continue to remove water from smaller and

Figure 4-1 Adhesion and surface tension lifts water in a glass tube or in 
the soil. The water molecules (represented by the triangles) are attracted 
more by the glass walls than by the other water molecules. Capillary 
moisture movement goes from the wetter to the drier part of the soil, 
regardless of the direction (up, down, or sideways).
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smaller soil pores and then from thick water films around soil particles
until they do not have enough energy to remove any more water. The soil
is then at the permanent wilting point. The water held between field
capacity and wilting point is called available water. In this moisture
range the soil is friable (easily crumbled with the fingers) and can readily
be worked by machinery without being puddled or powdered into a
poor structure.

At the permanent wilting point, the soil still contains water that is
held near particle surfaces, but this hygroscopic water is not available
to plants. At wilting point, clayey soils can hold much water, 35% by
volume in soil number 3 in Table 4-1, for example. Fine-textured soils
(e.g., clay loams and silty clays) are quite hard in this condition and
resist the penetration by tillage implements, especially if the soils are
deficient in organic matter. Dry soils can absorb moisture from the
atmosphere if the vapor pressure gradient is favorable (if the atmo-
sphere is relatively wetter than the soil). These moisture relationships
are diagramed in Figure 4-2.

Field conditions are simulated in the laboratory using devices that
remove water from soils with suction. A natural-fabric soil sample, one
that preserves the natural arrangement of particles and aggregates in the
soil, is collected in the field and taken to the lab where it is saturated with
water and weighed. Various matric potentials (measured in kilopascals,
kPa) are then applied as suctions (negative pressures). Low suction is
applied, and the sample is weighed again. Suction is increased in steps
and the sample is weighed at each step. Eventually the sample is dried in
an oven at 105 °C and the sample is again weighed to get the oven-dry
weight. This weight is subtracted from the weight of each moist sample
to get the water content of the sample. As suction is increased, more and

Matric
potential

0 kPa0 kPa

33 kPa33 kPa

1500 kPa1500 kPa

Oven dryOven dry

Kinds of water

Ponded water

Gravitational water

Capillary water

Hygroscopic water

Description

Free water 
on soil surface

Water held
in large pores

Water taken up
by plants

Not available
to plants;
evaporates

Field point

SaturationSaturation

Field capacityField capacity

PermanentPermanent
wilting pointwilting point

Figure 4-2 Kinds of soil water as related to field states and laboratory 
matric potentials.
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more water is removed. To relate kPa units to more familiar ones, 40
pounds per square inch (as in a bike tire) equals 275 kPa. Soil saturation is
simulated by no suction (0 kPa), field capacity is usually simulated by 33
kPa, and permanent wilting point by 1500 kPa. For sandy soils, poten-
tials of 6 kPa and 600 kPa may be used to simulate field capacity and per-
manent wilting point, respectively. A plot of water content versus matric
potential is called a water retention curve (Fig. 4-3).

Water Holding Capacity
The water holding capacity of soils depends greatly on particle size

distribution. Water retention for three soil samples is presented in Table 4-
1 and Figure 4-3 for soil samples differing in sand, in silt, and in clay. The
sand has relatively low water contents at 33 kPa (field capacity) and at
1500 kPa (wilting point); the clay sample has high water contents at both
matric potentials; and the silt sample has a moderately high water con-
tent at 33 kPa, and moderately low water content at 1500 kPa. In Table 4-
1, water content by weight is multiplied by bulk density to give water
retention by volume (see details of the calculation later). The difference
between water retention at 33 kPa and at 1500 kPa is called the water
retention difference (WRD), and is an estimate of available water in the

Figure 4-3 Water retention curves for soils with sand, silt, and clay 
textures. See Table 4-1 for source of data.
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field. According to Table 4-1, sand has a low WRD (5% by volume), clay
has an intermediate WRD (11%), and silt has a high WRD (24%).

The sand particle size class spans the range between gravel, which
holds very little available water, and silt, which holds much available
water, so it stands to reason that water content depends greatly on sand
size. This is shown in Table 4-2 (on the following page) for water content
and water retention. Actually, the WRD of very fine sand might be higher
than the WRD of silt. For these sandy samples, 6 kPa was used instead of
33 kPa, and 600 kPa instead of 1500 kPa. These lower kPa values are
believed to better represent plant available water holding characteristics
of sands.

In Table 4-3 (also on the following page), the water retention differ-
ence of individual horizons is multiplied by the thickness of the horizon
to give the available water for the horizon. These values are added to give
the available water holding capacity (AWHC) of a soil that is 1.5 m deep. The
AWHC values for the soils represented in the table range from 132 to 286
mm. Many shallow or very coarse soils have AWHC less than 132 mm.
Later in this chapter, AWHC values of 80 mm, 140 mm, 200 mm, and 260
mm (3.1, 5.5, 7.9, and 10.2 inches) will be used to illustrate the interaction
of AWHC, precipitation, and evapotranspiration across the U.S.

Table 4-1 Effect of soil texture on water holding properties.

Water holding properties

Texture class

Sand
Silt
Clay

Data from

Texture

Texture class

Sand
Silt
Clay

Clay

5
12
59

Silt

6
83
14

Sand

89
5

27

Particle class

Weight %

33
kPa

6.2
21.4
36.0

1500
kPa

3.3
5.1

27.4

Bulk
density

g/cm3

1.56
1.45
1.29

33
kPa

0.10
0.31
0.46

1500
kPa

0.05
0.07
0.35

Water
retention
difference

cm3/cm3

0.05
0.24
0.11

Water content Water retention

Weight % cm3/cm3

Data from NCSS Soil Characterization Data, n.d. Pedon numbers in that database are:
Sand—93P0035; Silt—99P0010; Clay—00P1187



Table 4-2 Effect of sand size on water retention.

Water content Bulk Water
difference density retention

Texture class 6 kPa–600kPa difference

wt. % g/cm3 cm3/cm3

Coarse sand 4.9 1.59 0.08
Sand 7.6 1.59 0.12
Fine sand 9.5 1.53 0.15

Loamy coarse sand 8.7 1.68 0.15
Loamy sand 9.5 1.51 0.14
Loamy fine sand 11.4 1.65 0.19
Loamy very fine sand 22.1 1.42 0.31

Coarse sandy loam 7.4 1.58 0.12
Sandy loam 9.2 1.61 0.15
Fine sandy loam 10.5 1.68 0.18
Very fine sandy loam 19.5 1.45 0.28

From Franzmeier, Whiteside, and Erickson, 1960.

Table 4-3 Available water in soils to 1.5 m depth.

Water Available
Horizon Depth Texture Ret. Dif. water

cm cm3/cm3 mm

Oshtemo, Michigan, Pedon no. 93P0035
Ap 0-19 SL 0.11 21
Bt1 19-39 SL 0.10 20
Bt2 39-59 COS 0.05 9
Bt3 59-150 COS 0.09 82
Available water holding capacity: 132

Alford, Indiana, Pedon no. 99P0010
A 0-10 SIL 0.16 16
E/B 10-25 SIL 0.24 36
Bt1 25-43 SIL 0.18 32
Bt2 43-76 SICL 0.19 63
Bt3 76-150 SIL 0.20 148
Available water holding capacity: 295

Cecil, North Carolina, Pedon no. 00P1187
Ap1 0-12 FSL 0.07 8
Ap2 12-45 FSL 0.07 23
Ap3 45-55 SCL 0.08 8
Bt 55-150 C 0.03 104
Available water holding capacity: 144

Data from NCSS Soil Characterization Data, n.d.
Listing by soil series, state, and pedon number in database.
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Soil Water Use and Management
Plants are on liquid diets; absorbing most of their nutrients from the

soil solution. That makes plants very heavy drinkers. They use from 200
to 1000 pounds of water for the formation of one pound of dry matter.
This ratio is called the water requirement. The water requirement varies
with species, the site, and climate. In fertile soil and in a moist climate
where growing conditions are good, the amount of water needed to pro-
duce one pound of dry matter is much less than in poor soil with inade-
quate moisture supply. It takes 20 to 25 inches (508 to 635 mm) of water to
produce a corn crop. This must come from the water stored in the soil and
from rainfall and irrigation during the growing season. A soil with a high
AWHC can store about half of the water needed for a corn crop.

Excess water can be removed from wet soils with drain lines, under-
ground perforated tubing placed at a depth of three to four feet. They
remove water from large pores, but do not remove enough water to bring
a wet soil down to field capacity. After the drain line has removed all the
water it can, only the larger pores (larger than 0.06 mm in diameter) of the
surface soil are freed of water and filled with air. Drain lines are often
called tile lines because in earlier times they were constructed of ceramic
or concrete cylinders called tiles.

A moist soil contains water and air in proportions that are conducive
to the growth of crop plants and microbes. In the moist range, between
field capacity and wilting point, water moves from wetter to drier loca-
tions through fine, hair-like pores essentially independent of gravity.
These pores, called capillary pores (capilla, Latin for hair), hold water like
the capillary tube shown in Figure 4-1.

It is the aim of soil water management to provide sufficient water
required by the crop plants for optimum growth without endangering the
health of the plants by a lack of soil air. Moisture needs during the main
growth period are usually in excess of the amount of rain falling at that
time; therefore, the soil must act as a storehouse and carry water over
from the dormant season or wet period. To make this possible two
requirements must be met: (1) The precipitation that falls must enter the
soil in a process called infiltration, and (2) the soil must have a large water-
holding capacity. Both these requirements call for porous soil with stable
aggregates. Soil in this condition also permits drainage of excessive water
and plentiful aeration of the pores. Soil in “good tilth,” as just described,
has the additional advantage of having only limited surface runoff and
therefore little erosion.

In addition to maintaining good tilth, there are other important meth-
ods of soil moisture management. Excessive moisture can be removed
from wet soils by drain lines, ditches, or surface furrows. Additional
water may be supplied by irrigation. Also, surface water may be slowed
down or arrested in its course to the river by contour cultivation, terrac-
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ing, or creating small depressions in the soil surface. These practices
allow more water to infiltrate into the soil. Crop residue may be left on
the ground for the same purpose, as well as to decrease evaporation from
the soil surface.

There are limits to the effects of these methods in managing water
supply. Where it is impossible to reach the ideal moisture conditions for
one crop, it is wise to use another more adapted one. Winter grain grows
during the part of the year when soil moisture is generally high and is
better adapted to dry sites than corn or soybeans. If it is impossible to
drain a soil adequately, it is better to be satisfied with a moderate yield of
crops that can tolerate wet conditions (such as alsike, red top and timothy
hay) than to risk losing the entire stand (as could occur with alfalfa).

Quantitative Relations
In this section we describe how water-related soil data are obtained

and used in calculations. In the field, a sample of soil that preserves the
natural condition of the soil (not squeezed, crushed, or ground) is col-
lected and coated with a flexible plastic film. In the lab, the soil is placed
on a plate or membrane that allows water to pass through, but not air. A
certain pressure (or suction) is applied to force water out of the sample
and then its weight and volume are determined. This is done at 33 kPa
and perhaps other suctions. The sample is then placed in an oven to dry,
and the weight and volume are again determined. At 1500 kPa suction,
water is held mainly on the surface of particles; therefore the geometry of
pores is not as important, so a crushed and sieved sample is used. The soil
moisture data in Table 3-3 will be used to illustrate the calculation of some
water-related soil properties. See Chapter 13 for an explanation of the fac-
tor-label method of calculation.

Water Content, Weight Percent
Water content by weight percentage is defined by this equation:

Note that the weight of the oven dry soil sample is in the denominator.
The weight of water is the difference in weight between a moist and an
oven-dry (OD) sample. Using the data in Table 3-3, water contents by
weight at 33 kPa and 1500 kPa are calculated as follows:

Weight % water
Weight of water, g

Weight of OD soil sample,
=

  g
× 100

Water content (weight) 33 kPa
 g  g

 g
=

−
× =

395 300
300

100 31 7. %

Water content (weight) 1500 kPa
 g  g

 g
=

−
× =

62 4 53 2
53 2

100 17
. .

.
.. %3
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Water Retention, Volume Fraction
Water content can be expressed on a volume basis by multiplying the

weight percent water by bulk density.

Volume % water = Weight % water × Bulk density

The details of how units cancel are shown in a subsequent equation.
Often, a decimal fraction (cm3/cm3) is used instead of a percentage.
Below, water retention is defined as a decimal fraction. The density of
water, 1 g water = 1 cm3 water, is also used in the calculation.

Note that the first term is weight percent water divided by 100 and
the second term is bulk density. In that equation, most units cancel:

For the data set:

Soil Saturated Hydraulic Conductivity
Water can move through soil at any water content, but it moves most

rapidly when the soil is saturated with water and is moving downward
through large pores in response to gravity. This rate of movement is char-
acterized by saturated hydraulic conductivity (Ksat), the ease with which
water moves through soil. The term permeability is used as a more gen-
eral term to convey the same concept, but Ksat is preferred technically. Ksat
largely determines how much water leaches through the soil and how
much runs off the surface. Often, the horizon with the slowest Ksat is not a
surface horizon but is lower in the profile. This layer still controls the
overall rate of downward water movement. During a heavy rain, water
soaks into the soil until all horizons above the limiting one are saturated,
and then much of the rain runs off the surface.

Knowledge of Ksat is important for designing systems that remove
water from soils and/or add water to soils. The best depth and lateral

Water retention
Weight of water, g

Weight of OD soil, g
Wei

=

×
gght of OD soil, g

Volume of moist soil, cm
 cm  water

 g3

31
1

×
  water

Water retention
Weight of water, g

Weight of OD soil, g
Wei

= ×

gght of OD soil, g
Volume of moist soil, cm

1  cm  water
 g3

3

1
×

  water
cm  water

cm  moist soil
=

3

3

Water retention, 33 kPa
 g  g

 g
 g

 cm
1 cm

=
−

× ×
395 300

300
300

219 3

33 3

31
0 43

43

 water
 g water

cm  water
cm  moist soil

 water by

=

=

.

%   volume
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spacing of perforated drain lines depends largely on Ksat. Homes in rural
areas beyond sewer systems use on-site sewage disposal systems to get
rid of liquid wastes. In these systems, effluent is absorbed and treated by
soils. Ksat largely determines if an on-site system is suitable for a given
soil, and if so, the size of the soil absorption field that is needed.

Ksat is measured in the lab using soil cores. A cylinder the same diam-
eter as the one holding the soil sample is fastened to the top of the soil
core sample, a certain head of water is maintained in the top cylinder, and
the rate of water flow through the cylinder is measured. In the field, Ksat is
measured in holes bored into the soil. If the water table is low, water is
added to the hole and the rate of addition to maintain a certain water
level is recorded. If the water table is high, water is pumped out of the
hole and the rate of water rise in the hole is measured.

CONTINENTAL SCALE VIEW (CLIMATE-SOIL INTERACTIONS)
Now we switch from a field-scale view to a continental-scale view.

The ever recurring conversion of ocean water to atmospheric water, to
precipitation, to ground water, to runoff, and to ocean water with its
many ramifications is called the water cycle or hydrologic cycle (Fig. 4-4).
Interactions of soil, water, and climate greatly influence the kinds of soils
formed and how the soils are used.

Ocean

Condensation

Atmospheric Water Vapor
Transpiration

Evaporat ion

Evaporat ion

Evaporat ion

Precipitation

Runoff

Soil
water

Soil
water

Percolation

Ground Water to Stream

Condensation
& Adsorption

Figure 4-4 The water cycle.
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Climate and Soil Formation
Climate and vegetation are two of the five major soil formation factors.

Vegetation depends largely on climate, which makes climate especially
important. The kind of vegetation (forest or prairie) greatly influences the
distribution of organic matter in a soil profile (Chapter 5).

Climate also influences the kind and rate of chemical reactions of soil
formation. Most reactions occur in solutions, so the reaction rate in dry
soils is slow. Also, for a reaction to proceed, the reaction products must
be removed, mainly by leaching through the soil column. To illustrate
these relations, consider the dissolution of table salt, NaCl. If we put a
handful of salt into a beaker, and add no water to it, no salt will dissolve.
Then if we add water to the beaker, some salt quickly dissolves (as indi-
cated by the salty taste of the solution). The process is shown by the
chemical reaction:

NaCl  Na+ + Cl–

The  symbol indicates that, instead of nothing happening in the
beaker, some solid NaCl dissolves (upper arrow) and some NaCl precip-
itates (lower arrow). After a short time, no more salt dissolves. If none of
the dissolved products are removed, the rates of the two reactions are
the same. Then, we carefully pour off some of the solution, but not the
solid salt in the bottom of the beaker, and add more water. More of the
salt dissolves. By repeating this operation enough times, eventually all
the salt will dissolve. To relate this analogy to soils, the dry salt in the
beaker is similar to a dry soil in the desert which contains salts such as
NaCl. The repeated addition of water to the beaker and removal of solu-
tion relates to a soil in a humid area such as in the eastern United States
in which any salt in the parent material is dissolved in the first few years
of soil formation.

Climate and Soil Use
The relation of precipitation to evaporation largely determines if a

soil can be farmed, and for those that are farmed, climate determines
how water is managed. In dry areas, soils may be irrigated or left fallow
some years. In humid areas, excess water might need to be removed by
drainage systems. Climate also influences the over-all consequences of
farming. Two examples illustrate the over-all effects of the relationship.
In the Midwest Corn Belt there is more precipitation than is used by farm
crops. Consequently some of the applied fertilizer runs off the soil, or
leaches through it to drain lines, and ends up in streams, lakes and
oceans (Chapter 12). In arid areas, on the other hand, applied fertilizer
rarely leaches through the soil. Over the years, it accumulates in shallow
soil layers where eventually the salt content could become too high for
good plant growth.
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Climate of the United States
The great variability in temperature and precipitation in the U.S.

results in a great variability in soil moisture regimes. Average annual pre-
cipitation (P) follows three different trends (Fig. 4-5). Across the eastern
third of the country, P increases from about 40 inches in the north to 60
inches in the south. In the central third of the country, P decreases regu-
larly from 30 inches in the Midwest to 12 inches in the western plains. In
the western third, precipitation depends mainly on elevation and dis-
tance from the Pacific Ocean; there the geographic variability is too great
to show on a small map.

In the eastern and central parts of the U. S., temperatures decrease
regularly from north to south (Fig. 4-6 on p. 48). Annual mean tempera-
tures range from less than 40 °F at the northern border to over 70 °F in
southern Texas and Florida. In the west, temperature depends greatly on
elevation with permanently frozen soils at high elevations to high aver-
age temperatures in the southern low areas such as Death Valley.

Water Balance
The relationship of precipitation, temperature, and water holding

capacity largely determine how a soil forms and how it is used. Water bal-
ance diagrams show the interaction of these factors. For an individual
soil, these diagrams illustrate the nature of the soil moisture regime for an
average year, such as the maximum amount of available water a soil pro-
file can hold, when (if ever) it reaches that amount, when (if ever) all
available water is used, when subsurface drain lines might start flowing,
and when plants might suffer from drought.

Across continents and around the world, the interactions of precipita-
tion, temperature, and water holding capacity are used to explain the geo-
graphic variability of important natural resources such as climate, natural
vegetation, and soils. The widely used Köppen-Geiger climate classification
system is based on P and T. Water balance diagrams are used to explain the
soil moisture classes of Soil Taxonomy as described in Chapter 7. We use
Thornthwaite water balance diagrams (Thornthwaite, 1948) to show how
soil moisture regimes through an average year are based on three factors:

1. Precipitation (P) is the total amount of rainfall and snowfall. It var-
ies widely in amount and pattern. In much of the United States,
monthly precipitation is relatively uniform during the year or has
a slight summer maximum, but in the Mediterranean climates of
western United States, precipitation has a definite winter maxi-
mum and summer minimum.

2. Potential evapotranspiration (E) is the amount of water evaporated
from the soil surface and transpired by plants if sufficient soil water
were available. It is calculated using mean monthly temperature (T)
and latitude of the weather station. Temperature reflects how hot
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the days were, and latitude determines day length which reflects
how long the warm temperatures lasted. Potential evapotranspira-
tion follows a regular pattern with a maximum in summer and a
minimum in winter.

3. Soil available water holding capacity (AWHC) of a soil profile is
the amount of water held between field capacity and permanent
wilting point as discussed earlier in this chapter. We use a profile
depth of 1.5 m to compare soils.

Based on the patterns of precipitation and these three factors, Thorn-
thwaite defined four soil water processes:

1. Utilization (Ut) represents an actual loss of soil water by evapora-
tion and transpiration through plants.

2. Deficit (Df) represents a potential loss of soil water by evaporation
and transpiration; the amount of water that could have been uti-
lized if the soil had not run out of water.

3. Recharge (Rc) represents an actual gain of soil water, with a maxi-
mum equal to the AWHC of the soil.

4. Surplus (Sr) represents an excess gain of soil water. It is the precipi-
tation that falls after the soils reaches field capacity. It runs off or
leaches through the soil.

The gains and losses are expressed as volumes of water or, as repre-
sented in the diagrams, the number of mm of water in a soil column 1
mm2 in cross section and 1500 mm deep.

Water Balance Diagrams. Water balance diagrams illustrate the rela-
tionships of P, E, and AWHC. They are complex and extra effort is required
to understand them. The water balance diagram for Chico, CA (Fig. 4-7 on
the next page), is used as an illustration because it includes the four pro-
cesses listed above. First, look at the relation of temperature (T) and poten-
tial evapotranspiration (E). They both show a regular pattern with maxima
in July and minima in January. The spread between T and E is small in July
because the warm temperatures last a long part of the day. Conversely, in
January the spread is large because the warm temperatures do not last very
long. Not shown in this diagram, but shown in some subsequent ones, E is
assumed to be zero when monthly temperature is less than 0 °C.

Visualize the four processes using a bucket with a certain volume that
represents soil AWHC. At the end of a dry summer the bucket is empty.
During the fall, as plants shut down, P becomes greater than E and soil
water is recharged (Rc) (bucket fills). This process continues until the soil
AWHC limit is reached in the winter as shown by a dashed vertical line in
January (bucket is full). Starting at that time, the surplus (Sr) water runs
off the soil surface or leaches through the soil (bucket overflows). In April,
E becomes greater than P and plants begin to utilize (Ut) stored soil water
(bucket empties). In late June, soil available water is used up as shown by
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another vertical line (bucket runs out of water). From that time on, plants
could have used more water, but it was not available. The amount of
water plants could have used, had it been available, is the deficit (Df).

In some cases, as shown in subsequent diagrams, the soil never gets
as wet as field capacity (the bucket never gets full). In other cases, the soil
never gets as dry as the wilting point (the bucket never empties).

Water balance diagrams represent an overview of average conditions.
Some years are much hotter, cooler, wetter, or dryer than the average.
They also represent an overview of moisture regimes, not a representation
of actual soil water us. For example, they show that the transition from
utilization to deficit is a sharp line. Actually the change is gradual.

Next, we show the individual effects of the factors—available water
holding capacity (AWHC), precipitation (P), and potential evapotranspi-
ration (E)—on soil water patterns in sets of diagrams (Figures 4-8, 4-9,
and 4-10). In each of the three comparisons, two factors are held constant
and the third factor varies. The data are summarized in Table 4-4 that
shows how each variable affects the deficit (Df in the figures). This table
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gives an overview of the relationships if one is not interested in under-
standing the details of the diagrams.

Variable Available Water Holding Capacity. Figure 4-8 (on pp. 52–
53) shows the effects of variable AWHC. The graphs represent the Lin-
coln, NE, area where the yearly totals of precipitation and evapotranspi-
ration are about equal, as shown in the upper left of each graph. In all
four graphs the E and P lines are the same and they cross at the same
places, but AWHC varies (different size buckets). The graphs differ in
where the vertical lines that represent AWHC are placed. The upper left
graph represents a soil that has a low AWHC, 80 mm. The 80 mm is used
up in July (Ut/Df line). In the winter, the soil is fully recharged in Febru-
ary (Rc/Sr boundary). The next graph represents a soil that holds 140 mm
of water. With this AWHC, available water lasts until August instead of
July, and it is recharged in April instead of February. The bottom two
graphs, representing 200 and 260 mm AWHC, show that the profile is
fully recharged shortly before the utilization period begins in May (the
bucket overflows a bit). There is no summer deficit.

Table 4-4 shows that in an average year a soil with 80 mm AWHC has
a deficit of 87 mm of water and a soil with 140 mm AWHC has a deficit of

Table 4-4 Effects of variable AWHC, variable P, and variable E on
water deficit.

Variable AWHC, constant P (735 mm), and constant E (730 mm)

Location AWHC Deficit
mm

Lincoln, NE 80 87
Lincoln, NE 140 27
Lincoln, NE 200 0
Lincoln, NE 260 0

Variable P, constant AWHC (200 mm), and nearly constant E (677 to 733 mm).

Location P Deficit
mm

Indianapolis, IN 1078 0
Norton, KS 579 153
Lovelock, NV 158 519

Variable E, constant AWHC (200 mm), and nearly constant P (562 to 579 mm).

Location E Deficit
mm

Crookston, MN 593 31
Norton, KS 732 153
Snyder, TX 920 343
McAllen, TX 1518 953
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27 mm, which suggests that plants growing on sandy or shallow soils
often suffer from drought. The table also shows that soils with AWHCs of
200 and 260 mm show no deficit. These numbers represent an average year
in which the soil with 260 mm AWHC contains 93 mm of available water
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Figure 4-8 Thornthwaite water balance diagrams for soils with different 
available water holding capacities in an area with the same precipitation 
and potential evapotranspiration, Lincoln, NE.
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and the 200 mm soil contains only 33 mm of available water at the end of
the utilization period (data not shown in the figure or table). In a dry year,
however, plants growing on the soil with 93 mm of water reserve will do
better than plants growing on the soil with 33 mm of water reserve.
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Variable Precipitation. The effects of the amount and annual distri-
bution of precipitation on water balance diagrams are illustrated in Fig-
ure 4-9. In this east to west transect across central U.S., AWHC is held
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Figure 4-9 Thornthwaite water balance diagrams for areas with different 
precipitation, similar potential evapotranspiration, and the same available 
water holding capacity. This series of graphs represents an east–west 
transect across the center of the U.S. (see Fig. 4-5).
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constant at 200 mm, potential evapotranspiration (E) is about the same
(677 to 733 mm), but precipitation (P) varies from 158 to 1078 mm. See
Figure 4-5 for location of the sites. Also, the pattern of precipitation varies
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from approximately uniform during the year to a distinct summer mini-
mum and winter maximum, a Mediterranean climate, in Grants Pass, OR.

The water balance diagram for Indianapolis is representative of much
of eastern U. S. In the spring, the soil is at field capacity (200 mm available
water) when the E line rises above the P line in May. Throughout late
May, June, July, August, and September, rainfall (P) supplies most of the
needed water so only 128 mm of the 200 mm of available water is used,
leaving 72 mm of available water when recharge begins. The water used
during the summer is quickly replaced and in January, the soil is again at
field capacity where it remains until May. During that time, precipitation
runs off the soil surface or leaches through the soil to eventually reach
streams or aquifers. This soil moisture regime is typical of the area in
which hardwood forest was the pre-settlement vegetation.

In Norton, KS, the available water content reaches a maximum of
only 116 mm in May, even though the soil can hold 200 mm. This 116 mm
is used during June and part of July. From late July through October, veg-
etation could use 153 mm of water but it is not available (deficit). From
November to May the soil is recharged with 116 mm of water. There is no
water surplus. Trees cannot survive the long dry spell, but prairie vegeta-
tion is adapted. This moisture regime is typical of the Great Plains where
irrigation is required for most crop production. Much of the irrigation
water is pumped from the underlying Ogallala Aquifer, but because there
is no surplus in the water budget, there is little recharge of the aquifer.
Some recharge, however, comes from depressions in the landscape in
which water ponds after heavy rains. Overall, the water level in the aqui-
fer drops every year. Around Norton, the native vegetation is prairie,
with much big bluestem and little bluestem grass.

In Lovelock, NV, in the desert, the budget pattern is similar to that in
Norton, but annual precipitation is only 158 mm. The maximum available
water content is only 46 mm, and the deficit is huge, 519 mm. The soils in
the area generally are high in salts, and in sodium. They support desert
plants that tolerate high-salt conditions.

Grants Pass, OR, has a Mediterranean climate with very dry summers
and very wet winters, different from the other three sites. During the
summer months water is supplied from stored soil water. The water bal-
ance diagram shows large areas of all four graph areas, utilization, deficit,
recharge, and surplus as discussed in more detail for Chico, CA. At
Grants Pass there is enough precipitation to support coniferous forest
with trees such as Douglas fir and ponderosa pine.

Table 4-4 shows large deficit increases as precipitation drops from 1078
to 158 mm. Data for Grants Pass is not included in the table because the
pattern of precipitation there is much different from the three other sites.

Variable Potential Evapotranspiration. Figure 4-10 on pp. 57–58
represents a north-south transect from northern Minnesota to southern
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Figure 4-10 Thornthwaite water balance diagrams for areas with different 
potential evapotranspiration, similar precipitation, and the same available 
water holding capacity. This series of graphs represents a north–south 
transect across the center of the U.S. (see Fig. 4-6).

(continued)
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McAllen, TX
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Texas in which AWHC is held constant at 200 m, precipitation is relatively
constant (562–579 mm), but potential evapotranspiration varies widely
(593 mm to 1518 mm). (See Figure 4-6 for location of the sites.) For all four
soils, the available water content never reaches the 200 mm limit, but all
have a deficit. Table 4-4 shows that this deficit increases from 31 mm
Crookston, MN, to 953 mm in McAllen, TX.

Soil Taxonomy Soil Moisture Regimes
In the U.S. soil classification system, Soil Taxonomy, classification of

soils depends greatly on soil moisture regime, and water balance dia-
grams are used to illustrate the regimes. Thus, an understanding of the
diagrams will help people understand the classification system (Chapter
7). The Soil Taxonomy soil moisture regimes that depend on regional cli-
mate are:

• Udic: Humid climate
• Ustic: Moderately dry climate
• Aridic: Desert climate
• Xeric: Mediterranean climate
In the first three regimes precipitation is fairly evenly distributed during

the year, but the xeric regime has very dry summers and very wet winters.
The moisture regimes of soils in the variable precipitation transect are:
• Indianapolis, IN: Udic (typical of many soils in Eastern U.S.)
• Norton, KS: Ustic
• Lovelock, NV: Aridic
• Grants Pass, OR: Xeric
The moisture regimes in the variable evapotranspiration transect are:
• Crookston, MN: Udic
• Norton, KS: Ustic
• Snyder, TX: Ustic
• McAllen, TX: Ustic (near aridic)
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� 5

Soil Formation

Soils differ greatly from one part of the world to another, and locally,
from the top of a hill to the bottom. If we are to care for our soils so they will
last forever, we should know how they formed and how they relate to their
environment. Soil properties depend on five factors. These soil formation
factors determine the kind of soil that forms, but they do not explain how it
forms. Soil forming processes explain the mechanisms by which soils form.

SOIL FORMATION FACTORS
The five factors of soil formation are climate, organisms, relief, parent

material, and time. They can be remembered by thinking of the expression
“clorpt.” Two factors, parent material and relief (topography), describe the
conditions when soil formation began. This system is acted upon by the
“active” factors, climate and organisms, during a certain length of time.

Parent Material
Parent material is the geologic material from which soils form. Below

are listed some important parent materials.
• Igneous rocks: Rocks that crystallized from molten lava, such as

granite, diorite, and basalt.
• Sedimentary rocks: Rocks formed by sedimentation from water,

such as sandstone, shale, and limestone.
• Metamorphic rocks: Rocks formed by alteration of igneous or sedi-

mentary rocks under conditions of high temperature and pressure,
such as gneiss, schist, and marble.

• Material deposited by ice, such as glacial till.
• Material deposited by water, such as glacial outwash, alluvium,

lacustrine (lake) deposits, coastal plain deposits, and beach deposits.
• Material deposited by wind, such as loess (silt-size particles), dune

sand, and volcanic ash.
61
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The kind of parent material imposes limits on the properties of the
soil that forms. If a certain kind of rock is especially low in calcium, for
example, the soil that forms from it will also be low in calcium. Further-
more, the soil might inherit some important physical properties from the
parent material. Glacial till deposits are often very dense and compact
because of the weight of the ice that overrode the till when it was wet. Soil
horizons forming in the till inherit this high density. In contrast, wind-
blown loess is laid down quite loosely and the soils that form from it
inherit this property. As a result, roots and water can move through soils
formed from loess much more readily than they can move through soils
formed from glacial till. Also, soil material, such as dune sand, that was
deposited by wind is prone to being picked up by the wind again, so the
soils which form from it are subject to wind erosion.

Relief
Relief, or topography, refers to the shape of the land surface. This fac-

tor determines how water moves in the landscape and the susceptibility
to erosion by water. Water carries sediment off steep slopes and deposits
it in depressions in the landscape. Also included in the relief factor is the
shape of the water table surface, or the depth to the water table. Many flat
landscapes have layers through which water moves slowly, and these
landscapes often have water-logged soils. The relief factor is significant to
crop production and many other soil uses such as forest productivity and
on-site waste water disposal. Depressional topography that leads to per-
manently waterlogged conditions may result in the occurrence of organic
soils that are composed entirely or dominantly of plant residues.

Climate
The climate of a region (Chapter 4) influences the nature and rate of

mineral weathering and soil forming processes. Soil temperature influ-
ences the rate of chemical and biological reactions. For every 18 °F (10 °C)
rise in temperature, the rates of biochemical reactions more than double.
Thus, minerals weather much faster in warm climates. Temperature also
influences the rate of water evaporation from the soil and the rate of tran-
spiration by plants. Precipitation is the other major component of the cli-
mate factor. Where precipitation is high, soluble materials will be leached
from the soil; where precipitation is low, soluble materials will accumu-
late in the soil or on the surface.

Organisms
This factor refers to plants, animals and microorganisms living on

and in the soil. The kind of vegetation under which the soil formed influ-
ences the pattern of organic matter accumulation in the soil (see the sec-
tion on “Accumulation of Organic Matter” below). Bacteria are dominant
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in soils under prairie vegetation, and fungi are dominant in soils under
forest vegetation. The kind of microbial activity influences aggregation
and nutrient cycling. The E horizons in acidic forest soils are the result of
organic acids generated by fungi in the O and A horizons.

Time
The time of soil formation is measured from the time the land surface

was exposed and plants began to grow on it, not from the time when the
parent material was deposited. The time of soil formation is a measure of
how long the active soil formation factors, climate and vegetation, have
acted on the parent material to form a soil. Some upland surfaces are very
old. Soils formed from flood plain deposits are usually quite young, as are
those that formed on steep slopes. Soil landscapes vary in age from a few
years to several million years old.

SIGNIFICANCE OF SOIL FORMATION FACTORS

Soil formation factors determine the properties of a soil. Soils formed
under the same conditions will have the same properties regardless of
where the soils were formed. Changing the conditions of any factor will
result in different soil properties.

Soil scientists study the influence of the soil formation factors by
observing the change in soil properties as one factor changes and others
are kept constant. For example, they might study the influence of relief by
measuring how soil properties change from the top to the bottom of a hill
when the parent material, climate, vegetation, and age of land surface are
held constant. They might also study the influence of climate by measur-
ing how soil properties change as rainfall decreases from eastern to west-
ern United States. Soil scientists deduce the effect of time on soil
formation when they observe that soils on old land surfaces have more
distinctive horizons than those on recent surfaces, such as flood plains.
Large geographic areas are needed to study the effects of regional climate
and vegetation differences on soil properties. 

SOIL FORMING PROCESSES

Processes of soil formation include the physical, chemical, and bio-
logical processes by which distinctive layers, called soil horizons, form in
the upper meter or two of the parent material. This section describes the
mechanisms, actions, or changes that take place as the soil forms from its
parent material.

Physical Weathering
Larger rocks and minerals are broken into smaller units by processes

such as wetting and drying, freezing and thawing, abrasion as by the
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action of streams and glaciers, and by other physical forces. These pro-
cesses break the rock into smaller particles that are more subject to chemi-
cal weathering.

Chemical Weathering
Silicate minerals consist mainly of oxygen, silicon, aluminum, iron,

magnesium, calcium, potassium, sodium, and hydrogen. Through chemi-
cal weathering these minerals are transformed into insoluble materials
that remain in the soil and soluble components that may be used by
plants or leached from the soil. New solid materials can be formed by a
minor alteration of the parent mineral structure (such as loss of potas-
sium ions), by weathering to small structural remnants and a recombina-
tion of them, or by dissolution to ions (or soluble molecules) and re-
precipitation into insoluble materials. Mineral weathering is accelerated
by acid soil conditions with high hydrogen ion (H+) concentrations.
Hydrogen ions are small and can invade mineral structures and replace
other cations such as potassium (K+), sodium (Na+), calcium (Ca2+), and
magnesium (Mg2+). With this replacement the structures become unsta-
ble. These unstable structures break into silicon-aluminum remnants,
which can form clay minerals, or they can break down all the way to their
component ions.

Leaching
Leaching is the removal of materials in solution from a soil horizon.

Cations such as Na+, K+, Ca2+, and Mg2+ are released to the soil solution
during mineral weathering. Some are adsorbed as exchangeable cations,
but many are leached from the horizon, that is, they remain in the solu-
tion as it moves down the profile. When the cations leach, they are accom-
panied by anions such as chloride (Cl–), sulfate ( ), hydroxide (OH–),
carbonate ( ), and bicarbonate ( ).

Silica (H4SiO4
0), a molecule with no charge, is the soluble form of sili-

con in the soil solution. It is less soluble than compounds composed of the
cations and anions described in the paragraph above, such as NaCl or
CaCO3, but more soluble than aluminum or iron oxides, Al2O3 or Fe2O3.
Therefore, silica tends to be leached from horizons over extended times. It
can move to lower horizons where it can precipitate by combining with
other ions or by evapotranspiration of water from the soil solution, or it
can be leached from the soil entirely. Also, silica tends to move
downslope in the landscape so the clay minerals formed in soils in
depressions tend to be higher in silica than the clay minerals of upland
soils. On the other hand, soils on very old landscapes have high contents
of iron oxides and aluminum oxides because most of the silica has been
leached out of the soil.

SO4
2−

CO3
2− HCO3

−
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If a chemical weathering reaction is to continue, the products formed
in the reaction must be removed from the system. A common mineral in
the soil is potassium feldspar, or orthoclase. In acid soil solutions (rich in
H+) it dissolves to release potassium ions (K+), aluminum ions (A13+), and
silica according to the reaction:

The equilibrium symbol ( ) indicates that the reaction can proceed
from left to right or vice versa. If the reaction is to proceed to the right, the
reaction products (those on the right side of the equation) must be
removed from solution. If they are not, the rate of the reaction to the right
equals the rate to the left and no net change results. Aluminum ions are
removed from solution when they combine with other ions and precipi-
tate to form insoluble materials. Potassium ions can be removed from the
system by leaching, plant uptake, and adsorption by clay minerals. The
main factor that controls the rate of the reaction is the fate of silica. If it is
removed by leaching, the reaction proceeds to the right. If it is not
removed, the reaction stalls.

The effects of the relative forward and backward rates of the reaction
are observed in the field where silica tends to move downslope. Compared
with soils high in the landscape, soils in low-lying depressions tend to con-
tain more feldspar and more silica-rich clay minerals such as smectite.

The overall progress of reactions such as the orthoclase reaction
depends on four main factors: 

1. The resistance of the mineral to weathering.
2. The conditions that determine the rate of the reaction such as tem-

perature.
3. The rate at which weathering products are leached from the horizon.
4. The length of time the reaction proceeds.

Accumulation of Organic Matter
Most parent materials are devoid of organic matter, but as soon as

plants begin to grow on the developing soil, organic matter begins to
accumulate, especially in surface horizons. As previously mentioned, the
pattern of organic matter accumulation is different in prairie soils than in
forest soils. In the forest, organic matter is added mainly as leaves that fall
on the surface. Grasses, however, have a fibrous root system, and every
year some of these roots die, resulting in addition of organic matter in the
soil. Thus, forest soils tend to have a thin, dark horizon over a leached
horizon, while prairie soils have a thick, dark surface horizon (Fig. 5-1 on
the following page).

KAlSi O
orthoclase

 H
hydrogen

ion

   H O   
water

K
potas

3 8 24 4+ ++ +´
ssium

ion

Al
aluminum

   H SiO
silica

+ ++3
4 43



66 Chapter Five
Fi

gu
re

 5
-1

D
ia

gr
am

 il
lu

st
ra

tin
g 

th
e 

ki
nd

s 
of

 s
oi

l h
or

iz
on

s 
th

at
 fo

rm
ed

 u
nd

er
 p

ra
iri

e 
an

d 
fo

re
st

 v
eg

et
at

io
n.

Franzmeier et al 5E.book  Page 66  Friday, March 11, 2016  2:46 PM



Soil Formation 67

Franzmeier et al 5E.book  Page 67  Friday, March 11, 2016  2:46 PM
Organic Soils
In most circumstances the majority of plant residue that is left in or

on the soil decays within a few years. However, if conditions are such that
decay is greatly retarded, the organic residues accumulate and may
become the dominate soil material. In that case an organic soil is formed.
We commonly refer to them as bogs, swamps, marshes, or fens. Organic
soils are most common in depressions in the landscape where the soil is
continually wet or submerged. In these conditions, oxygen is limiting and
residues tend to decay more slowly than they are added. The organic lay-
ers build slowly, but reach depths of tens of feet in a few thousand years.
In the glaciated regions of the U.S. the maximum depth accumulated is
about 10 meters (32 feet). Organic soils called blanket bogs are sometimes
found on uplands where the climate is wet and cool, usually at higher ele-
vations or latitudes. There the combination of wetness and low tempera-
ture slows decay processes. Examples are common in Ireland, Scotland,
Canada, and above the tree line in the Rocky Mountains. Lowland
organic soils are usually fertile and often drained to be put into produc-
tion of high valued crops. When drained, oxidation is accelerated, the
organic soil is slowly lost, and the surface elevation becomes lower (sub-
sides). Farmed portions of the Florida Everglades have subsided as much
as six feet after many decades of drainage and cultivation. Organic soil
material that shows little or no decay is called peat, and when it is par-
tially decayed it is called muck. In Soil Taxonomy the organic soils are
called Histosols (Table 7-2) and are subdivided into Fibrists (peat),
Hemists (mucky peat), and Saprists (muck).

Clay Movement
One of the processes that leaves a distinctive mark on soil morphol-

ogy is movement of clay particles from upper (E) horizons to lower (B)
horizons. During a significant rainstorm, water moves down through the
soil and picks up clay particles in upper horizons to form a suspension.
This suspension moves farther down through cracks and pores where the
water soaks into the surrounding soil and the clay is filtered out and plas-
tered on the surfaces of these cracks and pores as thin films. These films
of clay are called clay skins.

Clay skins are important for plant growth because they are on soil
interfaces that roots encounter as they grow downward. They are also
important in soil morphology where they are used in the definition of the
Bt horizon (Chapter 6) and in soil classification where they are used in the
definition of the argillic diagnostic horizon (Chapter 7). 

Complexation of Iron and Aluminum
In some soils, organic compounds combine with iron (Fe) and alumi-

num (Al) to form a soluble complex that moves from upper to lower hori-
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zons. This process is important in some sandy soils and results in a
distinctive morphology with light gray upper horizons, from which Fe
and organic matter have been removed, and reddish brown lower hori-
zons where the Fe-organic matter complex accumulates.

Oxidation-Reduction
In subsoil horizons, soil color is due mainly to iron oxide minerals, or

to the lack of these minerals. The brownish or reddish color of well-aer-
ated soils is due to iron oxide minerals that coat grayish minerals such as
quartz or feldspar. In waterlogged soils, however, there are few iron
oxides, so the soil color is due mainly to the grayish minerals.

In the process of respiration, soil microorganisms produce electrons
as they consume food, mostly soil organic matter. In well-aerated soils,
the aerobes, one set of microorganisms, utilize the organic matter they
feed on and oxygen from the air, and they give off carbon dioxide. In this
process electrons are transferred from carbon (C) of organic matter to oxy-
gen in the soil air to form carbon dioxide.

This process is illustrated by the oxidation of glucose:

In this reaction, C in glucose loses electrons and O in oxygen gas accepts
electrons.

Oxygen moves slowly through water, however, so when the soil
becomes waterlogged, oxygen is not available to plants and microbes.
Then another group of microorganisms, the anaerobes, take over. The
anaerobes transfer electrons from C of organic matter to other atoms, such
as nitrogen (N), iron (Fe), and manganese (Mn), and we say that C is oxi-
dized while the other atoms are reduced. Students remember the conven-
tion by using the mnemonic aid OIL RIG: Oxidation Is Loss and
Reduction Is Gain in electrons. The reduction of hematite, an iron oxide
mineral, is represented by the equation:

This chemical equation, which takes place in a saturated soil, illus-
trates that hematite (a red soil mineral) reacts with organic matter, carbon
dioxide and water in the soil to produce soluble reduced iron (ferrous)
and bicarbonate ions. In this reaction, C of organic matter loses electrons
and Fe of hematite gains electrons. This process leaves its mark on the soil
color pattern. Iron oxide minerals such as hematite and goethite (a
brownish mineral) are insoluble in aerated soils. The reduced form of Fe
(Fe2+), however, is more soluble. When a soil becomes waterlogged, Fe2+
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moves readily with the soil solution. It might move a short distance
within a soil horizon, or entirely out of the soil. If it moves a short dis-
tance it can re-precipitate to form an accumulation of iron oxide minerals
when the soil drains and becomes well aerated and oxidized. This gives a
mottled pattern with gray zones of Fe depletion and brownish zones of
Fe accumulation. If Fe2+ moves entirely out, the soil horizon appears gray,
the color of minerals like quartz and feldspar.

Manganese (Mn) is another element that can be oxidized and reduced
in soils. In its oxidized form Mn is black; in its reduced form it is soluble
and mobile in the soil.

Cementation
Cementation occurs when some of the weathering products are

leached from one horizon and accumulate in a lower one, where they
may precipitate and bind soil particles together to form a hard layer,
sometimes called a “pan.” Horizons can be cemented by calcium carbon-
ate (lime), gypsum, silica or iron oxides. Kinds of cemented horizons are
listed in Chapter 6.

Shrink-Swell
Certain kinds of clay minerals swell when they get wet and shrink as

they dry. If a soil with a high content of these minerals is in a climate that
has distinct wet and dry periods, the whole soil will swell and shrink
(Chapter 3). When the clay minerals are dry, deep cracks form in the soil.
When rains resume, the soil swells, the cracks close, and great internal
forces are produced within the soil. These forces push the soil up in some
places to form small knolls, leaving depressions between the knolls. The
resulting landscape is said to have gilgai relief. Swelling soils present spe-
cial problems for farming, and building roads and houses.

Salt Accumulation
In areas where evapotranspiration exceeds precipitation, soluble salts

are not leached out so they accumulate in the soil. The salts are composed
mainly of the cations Ca2+, Mg2+, Na+, and K+, and the anions Cl–, ,
and , or . In fact, salts might move upward from the ground
water into the soil, and they can accumulate to the point where they
retard plant growth. When the soil dries, the salts may precipitate on the
surface or in subsurface horizons.

CLASSIFYING SOIL HORIZONS

The soil forming processes discussed in this section produce distinc-
tive layers in the soil. These layers, or soil horizons, are assigned horizon
designations (Chapter 6). Some of these horizons qualify as diagnostic
horizons, as explained in Chapter 7.

SO4
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CO3
2− HCO3

−



Franzmeier et al 5E.book  Page 70  Friday, March 11, 2016  2:46 PM



Franzmeier et al 5E.book  Page 71  Friday, March 11, 2016  2:46 PM
� 6

Soil Morphology

Soil scientists have developed methods to describe soils in the field so
that information is easily transferred from one person to another and from
one place to another. The methods used to describe soil morphology, the
observable soil physical properties, have become formalized in manuals
and field books (Soil Survey Division Staff, 1993; Schoeneberger et al., 2012).

SOIL PROFILES AND PEDONS

The basic unit of soil in the field is called a pedon. It is a three-dimen-
sional body about one meter square by 1.5 to 2 meters deep (Fig. 6-1). A
collection of similar pedons comprises a delineation in a soil map (Chap-
ter 8). A soil profile is the face of a pedon, thus two-dimensional, but both
terms convey about the same concept. In order to make detailed descrip-
tions of a profile or pedon, one must first pick out different layers, or soil
horizons, using properties that can be seen, felt, or otherwise identified,
such as noticing how difficult it is to dig into the soil. An alphanumeric
designation is assigned to each horizon and the depth, color, texture, and
numerous other properties are recorded.

Horizon Designations
Horizon designations include several components, as illustrated in

Figure 6-2.
• The number before the upper case letter represents the sequence of

parent material, counting from the top. The symbol 1 is not used; if no
numeric symbol appears before the upper case letter, parent material
1 is assumed. The absence of numbers before any of the uppercase
horizon designators indicates that the soil formed in just one material.

• An upper case letter (one or more for every horizon) indicates the
major kind of soil horizon or master horizon. The letters, O, A, E, B,
C, and R are used, as explained in Table 6-1 (on p. 73).
71
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Figure 6-1 A delineation on a soil map with a small part on the left divided 
into pedons (Simonson, 1964).

Horizon
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Bx1

Bx2

2Btb

2C

2

4

6

8

0

10

Depth, feet Figure 6-2 Sketch of a soil 
profile—a two-dimensional 
view that shows various kinds 
of horizons and their 
designations.

Franzmeier et al 5E.book  Page 72  Friday, March 11, 2016  2:46 PM



Soil Morphology 73

Franzmeier et al 5E.book  Page 73  Friday, March 11, 2016  2:46 PM
• Following the uppercase letter, there might be a lower case letter
providing more information about the nature of the horizon, as
explained in Table 6-2.

• Finally, there may be a number that represents a subdivision of a
horizon.

Table 6-1 Master soil horizon designations.

Symbol Brief Description

O Horizon composed mostly of organic matter

A Uppermost horizon composed mostly of mineral material but is rich in 
organic matter

E Subsurface horizon from which some clay, Fe and/or Al have been 
removed; lighter in color than the A horizon

B Subsurface horizon that:
• has an accumulation of clay, organic matter, Fe and/or Al, or
• shows other evidence of alteration, such as distinctive color or structure

C Geologic materials, including partially weathered bedrock, that show little 
change due to soil formation

R Hard bedrock

From Soil Survey Staff, 1993.

Table 6-2 Selected subordinate horizon distinctions for mineral soils.

Symbol Brief Description

b Buried soil horizon

g Strong gleying (gray colors); indicates reduced (wet) soil conditions

h Illuvial accumulation of organic matter

k Accumulation of carbonates (lime), identified by fizzing on the addition of 
hydrochloric acid

o Residual accumulation of Fe and Al oxides

p An A horizon that has been tilled

q Accumulation of silica

r Weathered (soft) bedrock

s Illuvial accumulation of Fe and Al, with little or no organic matter accumulation.

ss Slickensides

t Accumulation of clay, identified by the presence of clay skins

w Weak B horizon development as indicated by color and structure

x Fragipan (weakly cemented horizon)

From Soil Survey Staff, 1993.
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In the example in Figure 6-2, the soil has a thin A horizon that is
enriched with organic matter. Below it is an E horizon from which clay has
been removed and deposited in the Bt horizon. Below the Bt horizon is a
fragipan that is divided into two subhorizons for sampling, the Bx1 and
Bx2 horizons. All these horizons formed in loess, 6.5 feet deep, which bur-
ied the Bt horizon of an older soil that had been eroded, now the 2Btb hori-
zon. This horizon was formed from glacial till, like the 2C horizon below it.

SOIL MORPHOLOGICAL DESCRIPTIONS

Several characteristics of each horizon are determined and re-
corded. Standard abbreviations are recorded on forms in which proper-

ties are in columns and
horizons are in rows. Im-
portant properties are
discussed below.

Color
Soil color is described

by comparing the color of
a soil horizon with a stan-
dard Munsell color chart
that looks something like a
paint color chart (Fig. 6-3).
In the Munsell system a
small sample of soil is
compared to a color chip.
Each chip is described us-
ing the three components
of color: hue, value, and
chroma. Hue is the domi-
nant spectral color or color
of the rainbow. Value rep-
resents the lightness or
darkness of the chip, and
chroma is purity of the
color. Soil color depends
on the kinds and amounts
of a few strong pigments in
soils. Most soil minerals
are colorless or light gray.
Organic matter and iron
oxide minerals are the
most common soil pig-
ments. Organic matter con-

Sample Munsell Color Chart
10YR Hue

7/

6/

5/

4/

3/

8/

2/

/5/4/3/2/1 /6

CHROMA

VA
LU

E

8/58/48/38/28/1 8/6

7/57/47/37/27/1 7/6

6/56/46/36/26/1 6/6

5/55/45/35/25/1 5/6

4/44/34/24/1

3/43/33/23/1

2/22/1

BROWNGRAY

BLACK

Figure 6-3 Representative Munsell color 
chart page showing the definitions of dark, 
gray, and brownish as used in this chapter. 
The definitions apply to all hues.
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tributes black or dark brown colors. The greater the amount of organic
matter, the darker the soil color. Iron oxide minerals contribute red and yel-
low hues. Goethite (FeOOH), a common iron oxide mineral, colors the soil
brown or yellow (hues of 7.5YR to 5Y). Rust, like that on a shovel left out-
doors, is goethite. Hematite (Fe2O3), another common iron oxide, colors the
soil red (hues of 5YR or redder). Soil that contains almost no organic matter
or iron oxide is usually gray because one sees the gray color of the common
silicate soil minerals.

Texture
Soil texture refers to the particle-size distribution of the soil. Texture

classes are illustrated in the triangular diagram in Figure 3-4. Texture
affects many other soil properties, such as the ability to retain plant nutri-
ents, the ease of tillage, the capacity to hold water for plant growth, and
the rate of water movement through the soil. These properties are all
important for plant growth and for other uses of a soil.

Soil scientists estimate texture in the field by moistening a small sam-
ple of soil and manipulating it in their hand and feeling it. Sand particles
feel gritty, silt particles feel floury, and clay particles feel sticky. They
squeeze the soil to see how well it holds together. For finer-textured soils,
they knead the soil to the consistence of modeling clay or putty and then
squeeze it between their fingers to form a ribbon. The longer the ribbon,
the more clay in the soil. Soil scientists and students calibrate their field
estimates using samples for which particle-size distribution has been
determined in the laboratory.

Structure
Soil structure refers to the manner in which individual particles are

held together to form aggregates, or peds, in the soil. Soil structure also
determines the kind of space between soil particles or soil peds, especially
the larger pore space through which water and air move readily. Three
aspects of structure are described: the size of the peds, the shape of the
peds, and how distinctly they are formed. Shape is illustrated in Figure 6-4
on the next page. Granular is found primarily in the A horizon, platy in
the E horizon and blocky; angular and subangular, prismatic, and colum-
nar usually in the B horizon. Size classes vary from a few millimeters to
tens of centimeters. Distinctly formed peds often have surfaces coated
with material somewhat different from the material inside them. These
peds are very visible in a soil profile, and they fall out when digging in the
soil, especially when it is dry. Weakly formed peds are barely discernible.

Consistence
Consistence refers to the strength of the soil. It varies from loose, like

in a sand dune, to cemented, a soil horizon so hard that it cannot be dug
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out by hand. Soil consistence depends on moisture content so one set of
terms is used for moist soils and another set for dry soils. Consistence is
estimated by how difficult it is to break a piece of soil, that is, whether it
can be broken with the fingers, between both hands, or by stepping on it.

Reaction
Reaction is a measure of the relative acidity or alkalinity of the soil

according to the pH scale, in which pH 7 is neutral, pH values less than 7
are acid, and values greater than 7 are alkaline. Soil pH can be estimated in
the field with simple indicator dyes or portable meters. Soil pH values
range mostly between 5 and 8.5. Many crops grow well in that pH range.
Horizons that have pH values less than 5 are likely to be so acidic that sol-
uble aluminum may become toxic to plant roots. Soil pH values greater
than 8.5 usually are due to high levels of soluble sodium; high sodium soils
often have adverse physical and chemical properties. Also, at high pH val-
ues some nutrient elements become unavailable to plants. The presence of
carbonate minerals (lime) is also noted in soil descriptions. Soil scientists
test soils in the field for carbonate minerals by dropping a weak solution of
hydrochloric acid (HCl) on them. If carbonates are present, escaping car-
bon dioxide gas (CO2) can be seen bubbling through the liquid (fizzing).

Figure 6-4 Shapes of soil structural units, or peds: A–prismatic; B–columnar; 
C–angular blocky; D–subangular blocky; E–platy; and F–granular (Soil Survey 
Division Staff, 1993).
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Other Horizon Properties
Soil scientists also determine the shape and distinctness of the bound-

ary between adjacent horizons. They describe the nature of ped surfaces,
which is significant because water moves mainly along these surfaces and
plant roots grow on them. They may also describe the nature of the visi-
ble pores and the size and abundance of roots in each horizon

NATURAL SOIL DRAINAGE

Natural drainage depends on soil permeability, slope position, and
precipitation. The depth to the water table (free water) determines the
zone that will have adequate aeration throughout the year. Many soils
have a slowly permeable layer that restricts downward water movement.
Common restrictive horizons include bedrock, fine-textured layers, com-
pacted zones, cemented horizons, and dense glacial till. Any layer that
has a limited amount of large pores that drain at field capacity (Chapter 4)
can be restrictive. Water may perch above the restricting layer for a time,
causing the water table to fluctuate greatly during the year and from year
to year. The depth and duration of a high water table is expressed in soil
morphology as the natural soil drainage which can be estimated by
observing the type and distribution of soil colors

Air moves readily through well-drained soil horizons and the iron
(Fe) released when primary minerals weather is oxidized (reacts with the
oxygen in air) to form goethite and/or hematite, giving rise to brownish
or reddish colors. Horizons in poorly and somewhat poorly drained soils
are water-saturated for part of the year causing oxygen to become limit-
ing. When oxygen is excluded, goethite and hematite dissolve out of
some areas of the horizon (iron is reduced), so one sees the gray colors of
the remaining soil minerals instead of the red and brownish hues of the
Fe oxides. When the water table goes down, oxygen again returns to the
horizon; iron is oxidized to form goethite in some areas and a mixed
brown and gray color pattern develops. This mottled pattern (mixed
brown and gray colors) is common in somewhat poorly drained soils.
Subsoils of poorly drained soils may be mottled or practically all gray.

Determining Drainage Class
Soil drainage class is reflected by the relative amounts of brown and

gray colors in the subsoil. In general, a soil with a uniformly brownish or
reddish subsoil is not saturated with water very often and thus has good
aeration. A soil with mixed brownish and gray colors (mottled color pat-
tern) has a water table that fluctuates often during the year and has brief
periods when oxygen is in short supply. A soil that has a uniformly gray
color has probably been saturated for a few months each year when the
soil is warm. Gray soil colors are due to chemical reduction processes, as
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discussed in Chapter 5. Dark colors, however, mask these lighter colors,
so soils with deep dark surface horizons are handled differently in deter-
mining drainage class.

The first step in determining drainage class is to decide which colors
on the Munsell color charts are brown, gray, and black. This is established
in Figure 6-3. The next step is to key out the drainage class using Figure 6-
4. The texts in the rectangles are questions that can be answered yes or no.
Start at the top and work downward until you arrive at the drainage class.
In general, the deeper to gray colors, the better drained the soil.

Significance of Drainage Class
Drainage class is important in making many soil management deci-

sions, such as selection of adapted crop or natural species, and in the def-

Well
drainedNoNo NoNo

Is the black
surface horizon
> 10 in. thick?

NoNoYesYes

Moderately
well

drained

Are there
gray colors

above 30 in.?

Are there
gray colors

above 30 in.?
YesYes YesYes

BeginBegin

NoNoNoNo

NoNo NoNo

Poorly
drained

Is 6-in. layer
below black
> 50% gray?

YesYes YesYes Is 10–18 in. layer
> 50% gray?

Somewhat
poorly

drained

Is 6-in. layer
below black
2–50% gray?

YesYes YesYes Is 10–18 in. layer
2–50% gray?

Figure 6-5 Key for determining natural soil drainage class.
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inition of wetlands and their preservation. In cultivated areas drainage
class is an important factor in deciding if a soil should be drained and in
designing a drainage system. It is also a key factor in determining if a soil
is suitable for on-site waste disposal.

USE OF SOIL MORPHOLOGICAL INFORMATION

Soil morphology information serves as the basis for mapping and
classifying soils. Soil interpretations (which judge the suitability of soils
for various uses) are also based mostly on morphological descriptions.
Because of extensive use of this information, soil scientists are trained to
describe soils accurately and in detail.
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Soil Classification

Classification is the process of putting things with similar properties
into groups called classes. People have been classifying natural objects as
long as they have been able to communicate. For example, an early plant
classification system might have had two classes: poisonous plants and
nonpoisonous plants. It is straightforward to identify an individual plant
or an individual animal to be classified, but it is not so with soils. Soil
properties change slowly with distance along the ground so there are no
sharp boundaries between individuals.

One of the main purposes of soil classification is to organize our
knowledge of soils. We have knowledge, through research and experi-
ence, about how a certain soil responds to a specific treatment, but we do
not have that knowledge for all soils. We can assume, however, that simi-
lar soils will respond similarly to the treatment. Soil classification tells us
which soils are similar and therefore likely to respond in a similar fashion.

The main use of soil classification in the United States is to support
soils surveys (Chapter 8). Soil classification tells us which soils are similar,
and soil surveys tell us where the soils are located.

SOIL TAXONOMY

The soil classification system used in the United States is Soil Taxon-
omy (Soil Survey, 1999). The section on soil keys in this publication is
updated frequently (Soil Survey Staff, 2014). Soil Taxonomy is designed to
include all the soils of the world, and therefore, is also used in other coun-
tries. Soil Taxonomy has six categories, or levels, within the system. From
highest to lowest they are order, suborder, great group, subgroup, family,
and series. There are twelve orders in the world and more than 25,000
series in the United States.

Soil Taxonomy defines several diagnostic horizons and diagnostic
materials. Most soil orders are defined on the basis of these horizons and
materials. Suborder definitions are based mostly on soil moisture
81
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regimes—that is, how wet the soil is throughout the year. Great group
and subgroup definitions are based on the presence or absence of certain
kinds of soil horizons and on other properties. Family definitions are
based mainly on particle-size distribution (texture), mineralogy, clay
activity, and temperature of subsoil horizons. Soil series definitions are
based on a wide set of properties, and are named for the local communi-
ties in which the soil was first identified. In most published soil surveys
the units used for mapping the soils are named for soil series, so this cate-
gory is the one most familiar to those who use soil information.

CLASSIFYING A SOIL

To classify a soil, one needs a morphological description and often
laboratory data. The steps to follow in classifying a soil are:

1. Identify the diagnostic soil horizons or diagnostic materials.

2. Determine the soil order.

3. Identify the soil moisture regime.

4. Follow the Keys to Soil Taxonomy to key out the lower categories.

DIAGNOSTIC HORIZONS AND MATERIALS

Certain soil horizons, called diagnostic horizons, are the result of dis-
tinctive soil formation processes. For example, the argillic horizon is a
clay-enriched horizon that formed by movement of clay from upper to
lower horizons. The mollic horizon forms by accumulation of organic
matter near the soil surface. Other horizons consist of unique kinds of
materials, such as organic materials, volcanic ash deposits, and high
shrink-swell materials. The most important diagnostic horizons and diag-
nostic materials are described in Table 7-1.

There is a distinction between horizon designations (Chapter 6) and
diagnostic horizons. Horizon designations (for example Bt) represent
some evidence of a distinctive soil forming process; diagnostic horizons,
on the other hand, must show strong evidence of that process. Thus, all
argillic horizons are Bt horizons, but not all Bt horizons are argillic hori-
zons. Table 7-1 also shows the relationship between diagnostic horizons
and horizon designations.

SOIL ORDERS

The twelve orders of Soil Taxonomy (Table 7-2 on p. 84) are defined
largely on the basis of having certain kinds of diagnostic horizons or
diagnostic materials. Soil orders occur in broad zones (Fig. 7-1 on p. 85)
that depend largely on the climate and organisms (vegetation) soil forma-
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tion factors, with the exceptions of the Andisol, Histosol, and Vertisol
orders, which are more related to distinctive parent materials.

Spodosols, Inceptisols, Alfisols, and Ultisols are the extensive soil
orders in the eastern part of the United States (Fig. 7-1). Spodosols are
found mainly on the sandy deposits in the northern Great Lakes States,
New England and Florida. They formed under forest vegetation, mostly
conifers. Inceptisols are weakly developed soils that are mainly on the
steeper slopes of the Appalachian Mountains and on the flood plains of
the larger rivers, especially the Mississippi. Alfisols and Ultisols formed
in humid climates where the downward percolating rainfall translocated
clay from upper to lower horizons. Alfisols formed on the younger parent
materials that were deposited by glaciers in the northern states. They are

Table 7-1 Major diagnostic horizons and materials in Soil Taxonomy.

Diagnostic horizons 
or materials

Surface horizons
Mollic epipedon

Ochric epipedon

Andic materials

Argillic horizon

Calcic horizon

Cambic horizon

Duripan

Fragipan

Natric horizon

Oxic horizon

Organic material

Shrink-swell material

Spodic horizon

Horizon
designation

A, Ap

A, Ap

(various)

Bt

Bk

Bw

Bqm

Bx

Btn

Bo

Oi, Oe, Oa

Bss

Bhs, Bs

Properties

Dark-colored surface horizon > 10 inches 
thick

Light-colored surface horizon, or thin, 
dark-colored surface horizon

Low bulk density, high-activity clay, high
P fixation

Accumulation of silicate clay

Accumulation of calcium carbonate; 
cemented horizon is a petrocalcic hori-
zon (caliche)

Weakly developed horizon

Pan that is strongly cemented by silica

Weakly cemented, brittle horizon with 
coarse prismatic structure

An argillic horizon that is high in sodium

Highly weathered, rich in Al and Fe 
oxides, little organic matter

More than 50% organic matter by volume

Material high in swelling clays that forms 
deep cracks when dry

Subsurface accumulation of Fe, Al and 
organic matter

From Soil Survey Staff, 1999.

Subsurface horizons and materials
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also in a narrow belt east of the Mississippi River where they formed on
silty material that was washed out of glaciers, carried down the river,
deposited on flood plains, and then blown onto upland areas as loess.
Ultisols formed on the older, nonglaciated landscapes and are more
leached than Alfisols because they formed for a much longer time and
under higher temperatures, in which chemical weathering reactions are
more rapid.

Mollisols, Entisols, Alfisols, and Aridisols are the extensive soil orders
of the western United States. Mollisols are found on the grasslands, mainly
in the Great Plains and the Columbian Plateau. They also extend eastward
through Iowa, Illinois, and western Indiana in an eastern extension of the
major prairie called the Prairie Peninsula. Aridisols are in the very dry
parts of the Great Plains and the range-and-basin areas. Entisols are soils
with very little development. They formed where the soil is very steep as
in the mountains, sandy as in the Sand Hills, or young as in the California

Table 7-2 Orders of Soil Taxonomy.

Order

Alfisols

Andisols

Aridisols

Entisols

Gelisols

Histosols

Inceptisols

Mollisols

Oxisols

Spodosols

Ultisols

Vertisols

Brief description

Soils with a subsoil accumulation of clay; mod-
erately weathered (high base saturation)

Soils formed from volcanic materials

Soils of arid environments

Very weakly developed soils, including many 
sandy soils

Soils in very cold regions that have perma-
nently frozen layers

Soils formed from organic deposits

Weakly developed soils, excluding sandy soils

Soils with thick, dark surface horizons that 
are high in organic matter content

Very highly weathered soils of tropical areas 
that are high in iron- and aluminum-oxide 
minerals

Soils with a subsoil accumulation of alumi-
num, organic matter and usually iron

Soils with a subsoil accumulation of clay that 
are highly weathered (have a low base
saturation)

Soils that undergo much shrinking and swelling

Diagnostic horizon
or material

Argillic horizon

Andic material

Natric horizon

(None)

Permafrost

Organic material

Cambic horizon

Mollic horizon

Oxic horizon

Spodic horizon

Argillic horizon

Shrink-swell material
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trough and current flood plains. Much of Alaska has soils with permafrost
(permanently frozen soil horizons), that are classified as Gelisols.

The Histosols, Vertisols, and Andisols are less extensive because they
formed on unique parent materials. Histosols are organic soils that form
in shallow lakes, swamps, and bogs. They are in the northern Lake States,
Florida, and the Mississippi Delta. Vertisols formed on certain deposits
that weather to form soil minerals that undergo much shrinking and
swelling. They are most extensive in Texas. Andisols formed on volcanic
deposits in the Northwest.

SOIL SUBORDERS AND SOIL MOISTURE REGIMES

The next major step in classifying a soil, after determining the soil
order, is to determine its soil moisture regime. Soil moisture regimes are
representations of moisture conditions in a soil profile during an average
year, as illustrated by water balance diagrams in Chapter 4. All moisture
regimes except aquic are based on regional climate (Table 7-3). Aquic mois-
ture regimes are based on the length of the period that the soil is saturated.
Soil moisture regimes are used as a soil classification criterion because they
affect soil formation, affect the use and management of soils, and can be
used to group soils with similar properties and morphology. They are used
at the suborder level of Soil Taxonomy. In the udic and ustic soil moisture
regimes, the rain is uniform throughout the year or it comes mainly in the
summer. The xeric regime is in Mediterranean climates where most of the
rain falls during the winter and the summers are dry. In the aridic regime
(Fig. 7-2) there is little rain during any season (Chapter 4).

The aquic soil moisture regime depends on local factors such as parent
material and topography that are responsible for maintaining high water
tables in soils. Soils with aquic moisture regimes receive water that runs
off higher areas of the landscape and/or have horizons with slow hydrau-
lic conductivity. They are scattered among soils with other moisture
regimes but are more common in udic areas than in ustic and aridic areas.

Table 7-3 Soil moisture regime classes of Soil Taxonomy.

Class Description

Controlled by landscape depression or impermeable layers
Aquic Wet soils due to high water tables

Controlled mainly by regional climate
Udic Humid climate (Uniform precipitation or summer maximum)
Ustic Semi-arid climate (Uniform precipitation or summer maximum)
Xeric Mediterranean climate (Wet summer, dry winter)
Aridic Desert climate (Very little precipitation)

From Soil Survey Staff, 1999.
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LOWER CATEGORIES OF SOIL TAXONOMY

A soil is placed in the lower taxonomic categories by following the
soil classification keys, similar to the way one keys out a plant using
botanical keys. Soil keys use the presence of many soil and physical prop-
erties. Soil series, the lowest category, are defined by a representative
pedon description and statements about the allowable range in soil char-
acteristics and how that series related to others in the landscape. The cen-
tral concept of a soil series and its range of characteristics that describe
the boundaries of properties are recorded in documents called Official
Series Descriptions (OSDs).

NOMENCLATURE

Soil Taxonomy uses nomenclature based largely on Greek and Latin
formative elements. Many of these formative elements are also used in
other words common in the English language. For example, names for
wet soils contain the formative element aqu, as in aquarium. Soils with
high base saturation, or high fertility, may contain the root eutr, which
also appears in the word eutrophication and describes the condition of
lakes when they become enriched with plant nutrients. The nomenclature
system of Soil Taxonomy is easy to learn and apply. Here are the system’s
main rules:

1. The twelve orders (Table 7-2) all have names ending in sol (e.g.,
Alfisol, Mollisol).

2. A suborder name has two syllables, the last being the formative
element of the order to which it belongs. For example, Aqualfs are
wet Alfisols, and Udolls are Mollisols of humid climates.

3. A great group name consists of a prefix added to a suborder name
(e.g., Ochraqualfs, Argiudolls).

4. A subgroup name is formed by adding an appropriate adjective, as
a separate word, to a great group name (e.g., Aeric Ochraqualfs,
Typic Argiudolls).

5. A family name is designated by modifiers that describe particle-
size distribution, mineralogy, clay activity, and temperature (e.g.,
fine-silty, mixed, active, mesic, respectively). Clay activity is based
on the cation exchange capacity per unit clay.

6. A series is named for the locality in which a particular soil was first
described, for example, the Cincinnati series.

Table 7-4 lists some of the formative elements used in names of subor-
ders, great groups and subgroups. By knowing the meanings of these forma-
tive elements and the general descriptions of the soil orders in Table 7-2, one
can deduce the important properties of a soil series from its classification.
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For example, here is the information about the Bartle soil that you can
infer from its soil family name, Aeric Fragiaqualfs, fine-silty, mixed,
active, mesic:

1. Order: Alfisol (-alf is the formative element of the Alfisol order)—
the soil has a B horizon of clay accumulation with a fairly high
base saturation.

Aeric Fragiaqualfs, fine-silty, mixed, active, mesic

234 1 5

Table 7-4 Some formative elements used in Soil Taxonomy.

Element

aeric

aqu

bor

camb

dys, dystr

eu, eutr

fluv

frag

hapl

lithic

ochr

orth

psamm

typic

ud

ust

xer

Derivation*

(G) aerios, air

(L) aqua, water

(G) boreas, north

(L) cambiare, to 
exchange

(G) dys, ill, infertile

(G) eu, good;
eutrophos, fertile

(L) fluvius, river

(Modified from L) 
fragillis, brittle

(G) haploius, simple

(G) lithos, stone

(G) ochros, pale

(G) orthos, true

(G) psammon, sand

(E) typical

(L) udus, humid

(L) ustus, burnt

(G) xeros, dry

Meaning

Freely drained (not waterlogged)

Reduction due to waterlogging

Cool

A cambic horizon (weakly 
developed B horizon)

Low base saturation

High base saturation

Flood plains

Presence of fragipan

Minimum set of horizons

Shallow to bedrock

Ochric epipedon (a light-
colored surface horizon)

The common ones

Sand textures

Typical of the great group

Udic (humid) soil moisture 
regime

Ustic (semi-arid) soil moisture 
regime

Xeric (Mediterranean) soil 
moisture regime

Common
English word

aerial

aquarium

boreal

change

dystrophic

eutrophic

fluvial

fragile

haploid

lithosphere

ocher

orthoscopic

psammite

typical

udometer

combustion

xerophyte

*G = Greek, L = Latin, E = English

From Soil Survey Staff, 1999.
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2. Suborder: Aqualfs (-aqu-; aqua, water)—the soil has evidence of
wetness.

3. Great group: Fragiaqualfs (Fragi-; fragilis, brittle)—the soil has a
fragipan, a subsurface layer that is brittle when moist and hard
when dry.

4. Subgroup: Aeric Fragiaqualfs (Aeric; aerio, air)—the soil is less wet
and, consequently, better aerated than most of the soils of the great
group.

5. Family modifiers:
fine-silty—subsurface horizons contain between 18 and 35% clay
and less than 15% coarser than very fine sand;
mixed—no single mineral predominates in the whole soil;
active—the ratio of cation exchange capacity to clay is 0.4 to 0.6;
mesic—the average annual soil temperature corresponds to that of
the Corn Belt.

SOIL TEMPERATURE REGIMES

The soil temperature limits for temperature regimes are listed in
Table 7-5. In the United States, temperature regimes range from hyper-
thermic in the south to pergelic in Alaska (Fig. 7-3). The thermic regime
corresponds approximately to the climatic zone in which cotton is grown.
The mesic regime comprises much of the Corn Belt. The southern bound-
ary of the frigid temperature zone is near the natural southern limit of
some forest species, such as white pine. In Alaska, many soil horizons are
frozen throughout the year, a condition called permafrost, and they are in

Table 7-5 Limits for soil temperature classes of Soil Taxonomy.

Mean annual soil temperature

Gelisol soil order:

< –10 °C
–4 °C to –10 °C
+1 °C to –4 °C

Other soil orders:

< 8 °C
8 °C to 15 °C
15 °C to 22 °C
> 22 °C

Soil Temperature Classes

Hypergelic
Pergelic
Subgelic

Soil temperature difference (summer–winter)

> 6 °C

Frigid
Mesic
Thermic
Hyperthermic

< 6 °C

Isofrigid
Isomesic
Isothermic
Isohyperthermic

From Soil Survey Staff, 1999.
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the pergelic temperature regime. In all of these temperature regimes there
is a large difference between winter and summer temperatures. In some
coastal areas, however, this difference is small, and hence the soil temper-
ature regimes have iso (equal) prefixes, as documented in the legend of
Figure 7-3.

USING SOIL TAXONOMY

There are essentially two ways to use Soil Taxonomy: (1) to classify a
soil and (2) to deduce the properties of a soil for which the classification is
known. More people will use Soil Taxonomy in the second way. For exam-
ple, assume that someone is trying to sell you a house lot and you deter-
mine from a soil survey that it is on a Fluventic Eutrochrept soil. Knowing
a few of the terms you can deduce major soil properties. From the infor-
mation in this chapter you deduce that the soil has weakly developed
subsoil horizons (Inceptisol) and a light-colored surface horizon (ochric
epipedon). It has high base saturation and high fertility (eutr) and is on a
flood plain (Fluventic). This soil might be a good one for a garden, where
occasional flooding could be tolerated, but not for a home site.
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� 8

U.S. Soil Surveys

The National Cooperative Soil Survey is the largest natural resource
information system in the world. The term “cooperative” means that the
survey is conducted cooperatively by several federal and state agencies
and universities. The lead agency is the U.S. Department of Agriculture,
Natural Resources Conservation Service. State land grant universities
have cooperated from the beginning of the program.

EARLY SOIL SURVEYS

One of the first surveys published was for the Salt Valley in Utah (Salt
Lake City area). In that survey, field work began in July 1899, soil maps
and descriptions were made, soil samples were collected, laboratory anal-
yses were completed, the survey report was written, and the survey was
published that year—an amazingly fast turnaround. Early surveys
included many of the components that are in modern published surveys.
The colored maps were at a scale of one inch on the map to one mile on
the ground (1:63,360). The text included sections on history, physiogra-
phy, and climate of the area; processes of soil formation; description of
soils; and use and management of soils, which are still major topics of
soils surveys. Over time, soil surveys became more technical and
included detailed information about use of soils.

LATER SOIL SURVEYS

From 1899 until around 2000–2010, surveys were published as hard
copies (printed on paper) and generally were for one county. A published
survey was the official document until a new survey was published. Since
2000–2010, soil surveys have been published electronically and delivered
online as the Web Soil Survey (WSS; http://websoilsurvey.nrcs.usda.gov/).
They are updated as new information becomes available. Soil survey
reports include detailed soil maps, soil descriptions, and tables of proper-
93



94 Chapter Eight

Franzmeier et al 5E.book  Page 94  Friday, March 11, 2016  2:46 PM
ties related to a wide range of land users. Soil surveys help farm managers
protect soils from erosion and promote optimum yields. They assist engi-
neers with designing roads, buildings, and farm ponds, and assist environ-
mental planning associated with hydrology, sanitary landfills, septic tank
sorption fields, and sewage lagoons. Soil surveys can assist foresters in
managing woodlands and assist property owners in the assessment of the
soils suitability for recreations purposes. Additional chemical and physical
analyses add to the surveys usefulness. All surveys—hard copies or elec-
tronic—have three main components: soil maps, information about soil
characteristics and properties, and information about using the soils. Soil
maps are discussed next; characteristics and uses will be discussed in the
Web Soil Survey section.

SOIL MAPS

Polygons, Delineations
A soil map consists of a collection of polygons. A polygon is a closed

plane figure bounded by three or more line segments. For soil maps the
“three or more” part of the definition is important. Most lines on a soil
map are curved, but a curve can be represented by many short straight
line segments. The “closed” part of the definition means that a line comes
back to its starting point. The term polygon is favored by cartographers
(map producers). A delineation is the same as a polygon, but delineation
represents the viewpoint of field soil scientists who consider many soil
profile and landscape features and then draw (delineate) a line on an air
photo that shows the location of similar soils.

Figure 8-1 is an illustration of a segment of a soil map. Other seg-
ments join this one on all four sides. The soil map of an area such as a
county is comprised of many such segments. The shape labeled CrA at
the right of the figure is a complete delineation. It is closed. All the other
figures are parts of delineations. They are not closed on this map segment,
but if viewed on this and other segments the delineation would close.

Soil Series
A soil series is a group of soils that have profiles that are similar. Series

is the lowest category in Soil Taxonomy (Chapter 7). Many are named for the
place where they were first recognized. An official series description
includes a description of the central concept of a series and its range of
characteristics—the boundary between this series and similar ones. It also
gives the classification in Soil Taxonomy, information about soil parent mate-
rials, landscapes, climate, and other information. Soil series connect the
conceptual realm of soil classification with the real world of soil maps. The
website Official Series Descriptions (https://soilseries.sc.egov.usda.gov/
osdname.asp) comprises descriptions for more than 25,000 soil series.
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Soil Map Units
A soil map unit is a collection of similar delineations. A soil map

unit name is usually the name of the dominant soil series in the delinea-
tion, the texture of the surface horizon, and the amount of soil erosion.
A soil map unit is represented on a soil map by a soil map unit symbol.
It is helpful to understand as much as possible from the symbols with-
out having to refer to the descriptions of the soil map units to get infor-
mation. In general, the symbol includes information about the series,
slope, and erosion, in that order, unless there is only one slope and one
degree of erosion for a series. The map in Figure 8-1 is from the Hamil-
ton County, Indiana, soil survey. The symbols from this small map are
explained in the upper part of Table 8-1 on the following page, and
some symbols for map units in other parts of the county are explained in
the lower part of the table. In some surveys (e.g., in Iowa and Illinois),
numbers instead of letters are used to represent soil type (series plus
surface texture), and in some surveys, soil type is represented by four
instead of three letters. Also, in some surveys an additional letter is
added at the end of the symbol to represent duration and frequency of
flooding. For example, in Fountain County, Indiana, the symbol SldAK
is the symbol for the map unit: Shoals silt loam, 0 to 2 percent slopes, occa-
sionally flooded, brief duration.

CURRENT SOIL SURVEYS

In most areas of the United States two versions of the soil survey are
now available to users, the most recent published soil survey (hard copy,
on paper) and the electronic version.

BrCrA

MmB2

Sh

MmB2

500 ft.

Figure 8-1 Segment of 
a soil map, Hamilton 
County, Indiana (Latitude, 
longitude of center: 
40.18692°, –86.15663°.
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Table 8-1 Explanation of the soil map unit names and symbols for the 
map units shown in Figure 8-1 (upper part), and for all Miami soils of the 
county (lower part).

Map units in Figure 8-1:

Symbol

Br

CrA

MmB2

Name

Brookston silty 
clay loam

Crosby silt loam, 
0 to 2 percent 
slopes

(See below)

Explanation

Brookston series; silty clay loam surface texture. 
The slope and erosion are not given in the name 
or symbol because all Brookston soils in the 
county have 0 to 2 percent slope and negligible 
erosion. This is stated in the map unit description.

Crosby series; silt loam surface texture. All Crosby 
soils in the county have negligible erosion, so 
erosion is not given in the name or symbol. 
Slope of 0 to 2% is given in the name and is
represented by “A” in the symbol because other 
Crosby soils in the survey area are steeper.

Miami series; silt loam surface texture; 2 to 6
percent slopes; (moderately) eroded. The table 
below compares this map unit with all other 
Miami map units in the county.

Map units for all Miami soils in the county:

Symbol

MmA

MmB2

MmC2

MmD2

MoC3

MoD3

Name

Miami silt loam,
0 to 2 percent slopes 

Miami silt loam,
2 to 6 percent slopes, eroded

Miami silt loam,
6 to 12 percent slopes, eroded

Miami silt loam,
12 to 18 percent slopes, eroded

Miami clay loam,
6 to 12 percent slopes, severely 
eroded

Miami clay loam,
12 to 18 percent slopes, severely 
eroded

Surface 
texture

Silt loam

Clay loam

Slope, %

0–2

2–6

6–12

12–18

6–12

12–18

Erosion

Slight

Moderate

Severe
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Published Soil Survey
Modern, published soil surveys include these kinds of information:
1. Documentation: Name of publication, author, date (when work was

done and when survey was released), and cooperating agencies.
2. General nature on the survey area (county): Location, original

settlement, etc.
3. General soil map: A map at a scale of around 1:190,000 (1 map

inch = 3 miles) and descriptions of map units. Often, three-dimen-
sional block diagrams are included to illustrate the map units.

4. Soil formation: A description of soil formation processes and fac-
tors. Climate data is presented.

5. Soil series descriptions: Morphological descriptions of soil profiles.
6. Soil classification: Classification of the series in Soil Taxonomy.
7. Detailed soil maps: A set of maps on air photo backgrounds at a

scale of around 1:15,840 (4 map inches = 1 mile) in agricultural areas.
8. Soil map unit descriptions: Narrative descriptions of map units.

The maps and descriptions are the heart of the survey and typi-
cally comprise over half of the publication.

9. Soil properties: Tables of physical and chemical data. These are
based on soil characterization data (Chapter 13).

10. Use and management of the soils: This section explains the suitabil-
ity of soils for various uses and how they are expected to perform.

Sections 4, 5, and 8 are technical in nature and meant for use mainly
by scientists. Understanding the material in those sections, however, is
not essential for using the survey for practical purposes.

Published soil surveys were the standard method of presenting soils
survey information for more than 100 years. During this time, many
counties had two or three surveys. Succeeding surveys became more
detailed. In agricultural areas, the scale of recent published soil surveys is
usually 1:15,840 (4 map inches = 1 mile). All published soil surveys plus
the current survey are listed in the Soil Survey by State website. For Ham-
ilton County, IN, three surveys are listed, 1914, 1978, and current. Select-
ing “1978” takes the user to an electronic (.pdf) copy of the most recent
published survey. Selecting “current” takes the user to the interactive soil
survey described below.

Updating Published Soil Surveys
Published soil surveys were updated in preparation for electronic

delivery, mainly in the years 2000 to 2010 in many states. Field studies
were done to learn more about the composition of the map units. Based
on these studies, the names of some map units were changed. In pub-
lished soil surveys, the same map unit might have had different symbols
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in adjoining counties. In the update process, the same map unit was
assigned the same symbol in all counties. Except near survey (county)
boundaries, few lines were changed on the surveys in the update process.
Data tables and soil interpretations (about how to use soils) were revised
to reflect new information. Generally, surveys were updated at a scale of
1:12,000 (5.28 map inches = 1 mile) in agricultural areas and 1:24,000 (2.64
map inches = 1 mile) in other areas.

Electronic Delivery of Soil Surveys
Recently, electronic methods of presenting soil surveys were devel-

oped as computer capacities improved and programs became more user-
friendly. This system came to be called the Web Soil Survey. Between 2000
and 2010 survey users transitioned from using mainly hard copy versions
to electronic versions. The Web Soil Survey (WSS) represents the most
recent information available.

Now, survey users have the option of using a hard copy of a survey
(1978 for Hamilton County) or the WSS. Generally, the WSS version is
more convenient and the information is more up to date. For example,
corn yield for the Brookston soil was listed as 145 bushels/acre in the
1978 publication and 175 bushel/acre in the current survey.

Some information, however, is available from the published soil sur-
vey but not the WSS, such as the names of the author and other mappers,
date when most of the basic field work was done, a section on the general
nature of the county, block diagrams, and soil profile descriptions.

USING THE WEB SOIL SURVEY

Readers need to use a computer connected to the Internet to under-
stand the following explanations. Reading them without carrying out the
actions will be fruitless. To use the Web Soil Survey, follow these steps to
get a soil map, legend, and information about using the soils of a specific
area. The words in italics refer to options on the WSS site.

1. Click on Start WSS.
2. Search for the general area you are interested in, such as the address,

state and county name, latitude and longitude, or other criteria.
3. Select view to see a map of the area.
4. Using the magnifying glass tab above the map, zoom in to your

area. This is a bit tricky. If you have not zoomed in far enough, the
resulting soil map will appear cluttered and not readable; if you
zoomed in too far, you get the message, “Warning! Soil map may
not be valid at this scale.” This means you have zoomed in beyond
the scale at which the soil map is intended to be used. To begin,
zoom in until the scale bar on the map registers about 1,000 feet.
Later you can zoom in or zoom out from your original selection.
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5. Select the Area of Interest (AOI) tab with a rectangle, and drag the
rectangle to fill most of the photo.

6. Select the Soil Map tab. You will get a soil map and a legend. The
soil map we selected is in Figure 8-1 and its legend is in Table 8-2.

7. Select the Soil Data Explorer tab. This section covers the information
about using soils. Under the Explorer tab are several sub-tabs:
a. Introduction to Soils. Textbook-type of information in narrative

style.
b. Suitabilities and Limitations for Use (examples in Table 8-3 on

the following page).
c. Soil Properties and Qualities (examples in Table 8-3).
d. Ecological Site Assessments. Significant for range land and for-

est land, but not agricultural land as in Hamilton County.
e. Soil Reports (examples in Table 8-3).

INFORMATION DERIVED FROM THE WEB SOIL SURVEY

Suitabilities and Limitations for Use
The sub-tab, Suitabilities and Limitations for Use, provides information

about land classification and soil management.

Land Capability Classifications. The Nonirrigated Capability Class
groups soil map units into classes that respond similarly to agricultural and
forestry practices. There are eight capability classes and their numbers indi-
cate progressively greater limitations and narrower choices for practical use.

• Class 1 soils have few limitations that restrict their use.

• Class 2 soils have moderate limitations that reduce the choice of
plants or that require moderate conservation practices.

• Class 3 soils have severe limitations that reduce the choice of plants
or that require special conservation practices, or both.

Table 8-2 Legend for the soil map shown in Figure 8-1.

Map unit Area of interest
symbol Map unit name Acres Percent

Br Brookston silty clay loam 2.0 12.2
CrA Crosby silt loam, 0 to 2 percent slopes 7.4 44.1
MmB2 Miami silt loam, 2 to 6 percent slopes, eroded 4.5 26.8
Sh Shoals silt loam 2.8 16.9

Totals for Area of Interest 16.7 100.0
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• Class 4 soils have very severe limitations that reduce the choice of
plants or that require very careful management, or both.

• Class 5 soils are subject to little or no erosion but have other limita-
tions, impractical to remove, that restrict their use mainly to pas-
ture, rangeland, forestland, or wildlife habitat.

• Class 6 soils have severe limitations that make them generally
unsuitable for cultivation and that restrict their use mainly to pas-
ture, rangeland, forestland, or wildlife habitat.

Table 8-3 Examples of information available from the Web Soil Survey, 
sequence of selections to access the information, and references to 
subsequent tables in this chapter.

↓ Major tab under Soil Data Explorer
↓ Subheading
↓ Specific table or report Table Is there
↓ Action number a map?

Suitabilities and Limitations for Use
Land Classification

Non-irrigated Capability Class
View Rating (no table) No

Sanitary Facilities
Septic Tank Absorption Fields

View Rating 8-4 Yes
Soil Properties and Qualities

Soil Physical Properties
Available Water Supply, 0 to 150 cm

View Rating 8-5 Yes
Soil Reports

AOI Interest inventory
Map Unit Descriptions (Brief, Generated)

View Soil Report 8-6 No
Building Site Development

Dwellings and Small Commercial Buildings
View Report (Dwellings with Basements) 8-7 No

Land Classification
Taxonomic Classification of the Soils (in Soil Taxonomy)

View Soil Report 8-8 No
Soil Chemical Properties

Chemical Soil Properties
View Soil Report 8-9 No

Soil Physical Properties
Physical Soil Properties

View Soil Report 8-10 No
Vegetative Productivity

Non-irrigated Crop Yields by Map Unit (select corn and soybeans)
View Soil Report 8-11 No
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• Class 7 soils have very severe limitations that make them unsuit-
able for cultivation and that restrict their use mainly to grazing, for-
estland, or wildlife habitat.

• Class 8 soils and miscellaneous areas have limitations that preclude
commercial plant production and that restrict their use to recre-
ational purposes, wildlife habitat, watershed, or esthetic purposes.

In general, soils in classes I through IV are suitable for crop produc-
tion, and I through VII are suitable for forestry. Except for class I, the
classes are subdivided into four subclasses based on the reason they do
not qualify for class I:

1. e: Erosion and runoff.
2. w: Excess water.
3. s: Root-zone limitations.
4. c: Climatic limitations.
The capability class and subclass for the map units in our area of

interest are: Br–IIw, CrA–IIw, MmB2–IIe, Sh–IVw. The class, but not the
subclass, was given in the WSS.

Soil Management. Much information about using soils is in the
form of ratings. Usually, three kinds of information are provided: rating
reason, rating class, and rating value

Rating reason explains the kind of problems that might encountered
in using a soil for a specific use. Some examples include flooding, high
water table, and soil acidity. Houses should not be built on soils prone to
flooding, but these soils might be used for crop production if the flooding
is mainly in the nongrowing season. Some drainage problems can be
overcome with drain lines. Usually land users can deal with soil acidity
by growing adapted species or liming the soil.

Rating class terms indicate the extent to which the soils are limited by
all of the soil features (reasons) that affect the specified use. Different sets
of terms are used such as good, fair, or poor; low, medium, or high risk;
and degree of limitation. There are three degrees of limitation:

• “Not limited” indicates that the soil has features that are very
favorable for the specified use. Good performance and very low
maintenance can be expected.

• “Somewhat limited” indicates that the soil has features that are
moderately favorable for the specified use. The limitations can be
overcome or minimized by special planning, design, or installation.
Fair performance and moderate maintenance can be expected.

• “Very limited” indicates that the soil has one or more features that
are unfavorable for the specified use. The limitations generally can-
not be overcome without major soil reclamation, special design, or
expensive installation procedures. Poor performance and high
maintenance can be expected.
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Rating value indicates the severity of individual limitations. The rat-
ings are shown as decimal fractions ranging from 0.01 to 1.00. They indi-
cate gradations between the point at which a soil feature has the greatest
negative impact on the use (1.00) and the point at which the soil feature is
not a limitation (0.00).

Houses beyond sewer systems use on-site waste disposal systems,
such as septic systems. The example in Table 8-4 shows that all soils in
our AOI are very limited for septic systems. The reasons for this limita-
tion are ponding, depth to saturated zone, and slow water movement, all
of which are very serious (1.00 rating). The accompanying map is com-
pletely red.

Soil Properties and Qualities
The sub-tab Soil Properties and Qualities provides information in tables

and maps. An example is the available water holding capacity of soils.
This property is important in comparing soil water regimes across the
country (Chapter 4). When this property is selected, WSS provides a tabu-
lar presentation (Table 8-5) as well as an interpretive map in which soil
map units with different water holding capacities are displayed in differ-
ent colors (not shown in this book).

Soil Reports
This sub-tab supplies tables but no maps (several examples follow). A

narrative map unit description of the Crosby silt loam, 0 to 2 percent
slopes (CrA) is in Table 8-6. More detailed versions are available on the

Table 8-4 Suitability of the soils shown in Figure 8-1 for septic tank 
absorption fields.

Map unit symbol and name

Br Brookston silty clay loam

CrA Crosby silt loam, 0 to 2 
percent slopes

MnB2 Miami silt loam, 2 to 6 
percent slopes, eroded

Sh Shoals silt loam

Rating reasons (Rating value*)

Ponding (1.00)
Depth to saturated zone (1.00)
Slow water movement (1.00)

Depth to saturated zone (1.00)
Slow water movement (1.00)

Depth to saturated zone (1.00)
Slow water movement (1.00)

Flooding (1.00)
Depth to saturated zone (1.00)
Seepage, bottom layer (1.00)
Slow water movement (1.00)

Rating

Very limited

Very limited

Very limited

Very limited

*Rating value: 0 = no negative impact; 1.0 = great negative impact.
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WSS. In the field, soils grade gradually from one kind to another, not
abruptly like suggested by soil delineations. Also, a soil scientist observes
soil areas that are too small to map at the mapping scale. Consequently a
soil map unit is not “pure.” The CrA map unit is comprised of 93%
Crosby soils, 5% Williamstown soils, and 2% Treaty soils.

Table 8-7 on the next page lists the suitability for building houses
with basements on soils of our AOI. All the soils have several limiting
features. Some of these might be overcome by special construction tech-

Table 8-6 Sample soil map unit description for a Crosby soil in 
Hamilton County, Indiana.

Map Unit: CrA - Crosby silt loam, 0 to 2 percent slopes

Component: Crosby (93%)
The Crosby component makes up 93% of the map unit. Slopes are 0 to 2%. This 
component is on Wisconsin moraines on till plains. The parent material consists of 
silty material or loess over loamy till. Depth to a root restrictive layer, densic material, 
is 24 to 40 inches. The natural drainage class is somewhat poorly drained. Water 
movement in the most restrictive layer is slow. Available water to a depth of 60 inches 
is moderate. Shrink-swell potential is low. This soil is not flooded. It is not ponded. A 
seasonal zone of water saturation is at 6 inches during January, February, March, 
and December. Organic matter content in the surface horizon is about 3%. Nonirri-
gated land capability classification is 2w. This soil does not meet hydric criteria. The 
calcium carbonate equivalent within 40 inches, typically, does not exceed 30%.

Component: Williamstown, eroded (5%)
Generated brief soil descriptions are created for major components. The William-
stown soil is a minor component.

Component: Treaty, drained (2%)
Generated brief soil descriptions are created for major components. The Treaty soil is 
a minor component.

Table 8-5 Amount of available water holding capacity (AWHC) in 1.5 m 
soil depth for the soils shown in Figure 8-1.

Map unit 
symbol

Br

CrA

MmB2

Sh

Map unit name

Brookston silty clay loam

Crosby silt loam, 
0 to 2 percent slopes

Miami silt loam, 
2 to 6 percent slopes, eroded

Shoals silt loam

Percent
of AOI

12.2%

44.1%

26.8%

16.9%

100.0%

Acres
in AOI

2.0

7.4

4.5

2.8

16.7

AWHC,
mm

253

178

164

279

Totals for Area of Interest
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niques. The high water table can be lowered with footing drains and a
sump pump. Soil swelling can be compensated for with stronger founda-
tions. Limiting features such as ponding and flooding, however, are very
difficult to overcome. The classification of the soils in Soil Taxonomy is
listed in Table 8-8. Information about soil classification is in Chapter 7.

Some soil chemical properties are listed in Table 8-9. Miami, Crosby,
and Brookston soils formed in loess over glacial till. Both materials were
calcareous (contained calcium carbonate) when they were first deposited.
During 20,000 years or so of soil formation, calcium carbonate dissolved
and the products were lost (leached) from the upper layers of soil.
According to the last column of Table 8-9, the leaching depths are 58
inches in Brookston, 29 to 36 inches in Crosby, and 31 to 36 inches in
Miami. Also, the profile maxima of cation exchange capacity reflects the
higher clay contents of the Bt horizons of Crosby (10–29 inches) and
Miami (13–31 inches).

Some soil physical properties are listed in Table 8-10 (on p. 106). Gla-
cial till was deposited under a thick layer of ice which greatly compacted

Table 8-7 Suitability of the soils shown in Figure 8-1 for houses.

Map unit symbol name

Br Brookston silty clay loam

CrA Crosby silt loam, 0 to 2 percent 
slopes

MmB2 Miami silt loam, 2 to 6 percent 
slopes, eroded

Sh Shoals silt loam

Rating class and
limiting features

Very limited
Ponding
Depth to saturated zone
Shrink-swell

Very limited
Depth to saturated zone

Very limited
Depth to saturated zone

Very limited
Flooding
Depth to saturated zone

Rating 
value*

1.00
1.00
0.45

1.00

1.00

1.00
1.00

*Rating value: 0 = no negative impact; 1.0 = great negative impact.

Table 8-8 Classification in Soil Taxonomy of some soils in Hamilton 
County, Indiana.

Soil name Family taxonomic classification

Brookston Fine-loamy, mixed, superactive, mesic Typic Argiaquolls
Crosby Fine-loamy, mixed, active, mesic Aeric Epiaqualfs
Miami Fine-loamy, mixed, active, mesic Oxyaquic Hapludalfs
Shoals Fine-loamy, mixed, superactive, nonacid, mesic Fluventic Endoaquepts
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the till. Note that at the same depth that soil horizons become calcareous,
the bulk density increases greatly. Most till has a density closer to the
upper part of the range (2.00 g/cm3).

Examples of expected corn and soybean yields are in Table 8-11 on
the next page. Yields for many other crops are also listed in this section.

ADAPTATIONS OF THE WEB SOIL SURVEY

Other systems have been developed to use the WSS database. Two
examples are discussed here, one from Indiana and one from California.

Soil Explorer
Soil Explorer (Reference: Soil Explorer, n.d.) is a system that displays

soil and other maps on a tablet computer for an area surrounding the
location of the user, like the navigation system in a car. It was developed
at Purdue University, and allows anyone anywhere to access information

Table 8-9 Some chemical properties of the soils shown in Figure 8-1.

Map unit
and soil Cation-exchange Soil Calcium
series Depth capacity reaction carbonate

In cmol (+)/kg pH %

Br—Brookston silty clay loam
Brookston 0–11 15–28 6.1–7.3 0

11–58 11–25 6.1–7.3 0
58–70 6–19 7.4–8.4 15–40

CrA—Crosby silt loam, 0 to 2 percent slopes
Crosby 0–10 4–14 6.0–7.9 0

10–17 10–24 5.4–7.6 0
17–29 8–26 5.8–7.6 0
29–36 8–19 7.4–8.4 0–40
36–79 8–18 7.4–8.4 15–55

MmB2—Miami silt loam, 2 to 6 percent slopes, eroded
Miami 0–8 6–17 5.6–7.3 0

8–13 16–25 5.1–7.3 0
13–31 9–20 5.1–7.3 0
31–36 4–11 6.6–7.8 0–20
36–79 2–9 7.4–8.4 20–45

Sh—Shoals silt loam
Shoals 0–11 9–24 6.1–7.8 0–10

11–39 9–24 6.1–7.8 0–10
39–56 6–17 6.1–8.4 0–30
56–60 1–8 6.6–7.8 0–30
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about the soils, landscapes, and natural and man-made features of Indi-
ana. Soil Explorer was originally conceived to support the soil, crop, and
environmental science teaching program in the Agronomy Department at
Purdue. Anyone interested in Earth Science, however, is likely to find Soil

Table 8-10 Some physical properties of the soils shown in Figure 8-1.

Saturated Available
Moist bulk hydraulic water Linear

Depth Clay density conductivity capacity extensibility

In % g/cm3 micro m/sec In/In %

Brookston silty clay loam

0–11 27–35 1.40–1.60 4.23–14.11 0.21–0.23 3.0–5.9
11–58 25–35 1.50–1.70 4.23–7.06 0.14–0.17 3.0–5.9
58–70 15–30 1.60–1.75 1.41–4.23 0.02–0.04 0.0–2.9

Crosby silt loam

0–10 7–26 1.30–1.60 4.23–14.11 0.17–0.26 0.4–2.6
10–17 18–45 1.30–1.60 4.23–14.11 0.14–0.21 1.4–5.6
17–29 16–48 1.45–1.65 4.23–14.11 0.07–0.17 1.2–6.2
29–36 16–37 1.55–1.75 0.42–1.41 0.07–0.17 1.1–4.0
36–79 16–37 1.75–2.00 0.07–1.41 0.01–0.03 0.9–3.9

Miami silt loam

0–8 78–26 1.30–1.60 4.23–14.11 0.20–0.24 0.9–2.9
8–13 24–35 1.40–1.60 4.23–14.11 0.16–0.20 3.0–5.9
13–31 27–35 1.40–1.70 4.23–14.11 0.07–0.21 3.0–5.9
31–36 15–25 1.60–1.80 1.41–4.23 0.07–0.17 0.0–2.9
36–79 10–20 1.75–2.00 0.07–1.41 0.01–0.03 0.0–2.9

Shoals silt loam

0–11 18–27 1.40–1.50 4.23–14.11 0.22–0.24 0.0–2.9
11–39 18–33 1.40–1.60 4.23–14.11 0.15–0.22 0.0–2.9
39–56 12–25 1.50–1.60 4.23–14.11 0.15–0.21 0.0–2.9
56–60 5–10 1.70–2.00 4.23–14.11 0.02–0.05 0.0–2.9

Table 8-11 Estimated yields of corn and soybeans for the soils shown in 
Figure 8-1.

Map unit 
symbol

Br
CrA
MmB2
Sh

Map unit name

Brookston silty clay loam
Crosby silt loam, 0 to 2 percent slopes
Miami silt loam, 2 to 6 percent slopes, eroded
Shoals silt loam

Yield
Corn Soybeans

Bushels/acre

173 51
151 50
142 49
140 46
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Explorer interesting. Also, it has been expanded for use in several states
other than Indiana. Soil Explorer uses the Web Soil Survey database and
displays soil information on Google Earth air photography. In addition to
the basic soil map, Soil Explorer can display information derived from the
soil database such as maps of soil parent material, drainage class, and soil
orders. Databases other than soil surveys also have been included so users
can display maps of elevation, geology, land cover, and other attributes.

SoilWeb
SoilWeb is an interface to Web Soil Survey and related databases cre-

ated by the University of California at Davis, Soil Resource Lab (SoilWeb,
n.d.). It displays soil information in a manner different from the WSS. The
user selects a specific point on a soil map and the program displays a dia-
gram of the soil profile at that point and a host of profile data.

LIMITATIONS OF SOIL SURVEYS

Soil surveys can be used for general farm, local, and wider area plan-
ning. On-site investigation is needed in some cases, such as soil quality
assessments and certain conservation and engineering applications. For
more detailed information, contact your local USDA Service Center or
local Cooperative Extension Office. For on-site soil investigations, consult
a registered or certified soil scientist.
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� 9

Soil Organic Matter and Microbes

CLASSIFICATION OF SOIL ORGANIC MATTER

All organic substances in the soil, living or dead, fresh or decom-
posed, are part of the soil organic matter. Soil organic matter is not a sin-
gle, readily definable entity. It includes all carbon-based components
found in soil including the biotic, or living, component comprised of
plant roots and countless micro- and meso-flora and fauna. The nonliving
portion represents material of plant and animal origin in various stages of
decomposition. Although organic matter is a minor component of soils
(surface soils typically contain 1% to 5% organic matter), it performs and
influences many functions in soil far out of proportion to the small quan-
tities present. Practically all physical, chemical, and biological processes
in soil are influenced by organic matter. In a sense, organic matter is the
“lifeblood of soils.”

COMPOSITION OF HUMUS

The origin of most soil organic matter is plant tissue. Soil organisms
decompose plant tissue and synthesize from it a dark, amorphous com-
pound called “humus” Humus is the brown to black active component of
soil organic matter largely responsible for water retention, nutrient sorp-
tion, aggregate stability, and pesticide sorption. It has fairly definite
chemical and physical properties and does not decompose as quickly as
plant residues. It is a combination of modified lignin (the most decay-
resistant constituent of the mature cell walls of plants), amino acids (the
components of proteins), and other nitrogenous compounds. Humus is a
colloidal substance containing about 58% carbon, 3% to 6% nitrogen, and
0.5% phosphorus. The carbon/nitrogen/phosphorus ratio for humus is
approximately 100/10/1. Humus is a relatively stable form of carbon, but
it too can be lost by microbial processes. About 2% to 5% of humus per
year can be decomposed depending on the climatic conditions.
109
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Humus is thought to have a netlike, three dimensional structure that
coats mineral particles and can be electrochemically bound to clay and
metal oxides in soil. A hypothetical model of clay-humus complex is illus-
trated in Figure 9-1.

Humic Substances
Humic substances are defined by chemical fractionation procedures.

When a soil is extracted with a strong base (0.5 M NaOH), the insoluble
organic residue is called humin. When the highly basic solution is acidi-
fied to pH 1.0 with HCl, the precipitate is called humic acid and the
organic material in solution is called fulvic acid (Fig. 9-2 on p. 112).

Humic substances vary greatly in their composition and chemical
properties (Table 9-1 on p. 112). Compared to humic acid, fulvic acid is
lighter in color, has a lower molecular weight, greater cation exchange
capacity, and smaller contents of C and N. Usually, soils formed under
forest vegetation are high in fulvic acid, and soils formed under prairie
vegetation are high in humic acid. Fulvic acid is responsible for the
brownish-yellow color of many natural waters.

FACTORS AFFECTING THE FORMATION OF HUMUS

The amount and type of humus depend both on the amount and
types of plant residues available to microorganisms and on the conditions
under which the humus was formed. Moist and cool climates favor
humus formation; dry and hot climates do not. Prairie soils tend to be
richer in humus than soils formed under forest vegetation. Forested soils
have a considerable amount of humus near the surface, but little in the
subsoil, while prairie soils are enriched in humus to a depth of one or
even two feet due to the decay of prairie grass roots.

Cultivation of the soil exposes new surfaces of soil organic matter to
microbial oxidation thus increasing the rate of soil organic matter decom-
position. Hence, cultivated soil usually has a lower humus content than
in its virgin condition. Because a high content of organic matter is of
value to soil fertility, soil structure, and erosion control, it should be the
aim of farmers to increase the organic matter content of their soil to a
point where these benefits will accrue. Plant residues are the major sub-
strate in soil organic matter formation. Therefore, allowing these plant
residues to decompose at a slower rate will enhance soil fertility, soil
structure, and reduce soil erosion. The practice of no-till or minimum till
crop production increases the soil organic matter content in the surface
horizon compared to conventional tillage. In conventional tilling there is
more mixing which incorporates oxygen into the soil which, in turn,
enhances the aerobic decomposition of organic matter. This concept will
be discussed later in the section on “Microbes in the Soil.”
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FUNCTIONS OF SOIL ORGANIC MATTER

Cation Exchange and Soil Organic Matter
Cation exchange takes place on the surfaces of clay and humus. Cat-

ions (positive ions) are attracted to soil colloids (clays and organic matter)
due to the negative charges within the colloid’s structure. The ions on
these exchange sites are major factors in determining soil fertility, acidity,
salinity, environmental contamination, and aggregate stability.

The cation exchange capacity of a soil is determined by the amount
and type of clay and humus present. The approximate cation exchange
capacity (CEC) of clay minerals varies from 5 to 150 cmolc kg–1 (Chapter
2). Humus, although present in a small amounts compared to clays, has a
significant impact on the total CEC by virtue of its high exchange capac-
ity, which is pH dependent. At high pH values the CEC for humus, 150–
300 cmolc kg–1, far exceeds the value for clay minerals. Cation exchange
reactions on humus are similar to those on silicate clays. The layer of

Soil sample

Insoluble material Solution

SolutionPrecipitate

Humin

Humic acid Fulvic acid

Acidify to pH 1 with HClAcidify to pH 1 with HCl

Extract with strong base (NaOH)Extract with strong base (NaOH)

Figure 9-2
Flow diagram 
for the extraction 
of humic acid 
and fulvic acid 
from soil.

Table 9-1 Selected properties of humic acid and fulvic acid.

Property Humic acid Fulvic acid

Color Dark brown to black Yellow to brown
Molecular weight 20,000–100,000 300–2,000
Carbon content, % 50–60 40–50
Nitrogen content, % 2–6 < 3
Acidity (related to CEC) 500–870 cmolc/kg 900–1,400 cmolc/kg

From Stevenson, 1982
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water around the humus colloid contains the adsorbed cations, calcium
(Ca2+), magnesium (Mg2+), hydrogen (H+), potassium (K+), and sodium
(Na+) which exchange with cations in the soil bulk solution.

Aggregate Stability and Soil Organic Matter
Soil organic matter plays an important role in binding sand, silt, and

clay particles into water-stable aggregates. The polysaccharide compo-
nent of soil organic matter is credited with initiating aggregate stability
while other organic compounds lead to longer term stability. Aggregation
is necessary to create and maintain conductive pore space in the soil
which is vital for aeration and drainage.

Pesticide Sorption and Soil Organic Matter
The environmental impact of pesticides is affected by their mobility

within the soil profile which depends on whether it becomes sorbed onto
soil particles or remains in solution. The tendency for a chemical to sorb
to soil can be described numerically with partitioning relationships. The
partition coefficient, Kd, is the ratio of the amount of a chemical sorbed to
soil particles to the amount of the chemical remaining in solution.

The more strongly a pesticide sorbs to the soil, the less likely it is to
move away from the site of application. A Kd value of 1 indicates that the
pesticide is equally distributed between the soil and the soil solution.
Therefore, it has a high leaching potential and may contaminate ground
or surface waters. If the Kd is greater than 1, the pesticide has a preference
to remain in the soil. Kd values of 100–1000 indicate strong sorbtion to the
soil. An example of a herbicide with a high Kd is Paraquat, and a herbi-
cide with a low Kd is Atrazine.

Since many pesticides sorb most strongly to the organic fraction, the
Kd relationship can be focused on the soil organic matter content through
an organic carbon partition coefficient, or Koc, value.

Koc describes sorption per gram of organic carbon in soil instead of
per gram of soil, as Kd reports. Koc values are useful because soil organic
matter, which contains about 50% carbon, is by far the dominant sorbing
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surface for most pesticides. Much of the variation in a chemical’s sorption
properties among soils can be eliminated if Kd values are replaced by Koc
values. In either case, the higher the partitioning coefficient, either Kd or
Koc, the less likely a pesticide will contaminate ground or surface water.

Water-Holding Capacity and Soil Organic Matter
Organic matter increases the total soil water holding capacity and

may also increase the strength by which water is held. The water holding
capacity of humus on a mass basis is 4 to 5 times that of silicate clays.
Hence, any method used to increase the soil organic matter, i.e., conserva-
tion tillage, may improve water storage capacity and crop productivity.

MICROBES IN THE SOIL
Microorganisms play a significant but inconspicuous role in many

beneficial soil activities. Their role in energy cycling, nutrient transforma-
tions, and humus formation are of vital importance to life on earth. These
actions often go unnoticed because changes occur too slowly or are
obscured within the soil mass. Close examination of a decomposing log in
a forest shows it to be teaming with macro- and microorganisms employ-
ing an array of biochemical reactions to extract energy and release nutri-
ents into the forest floor. Further along in the decomposing process the
log undergoes changes leading to the formation of soil humus, an essen-
tial ingredient of healthy soils. Table 9-2 lists the major types of microor-
ganisms in the soil and their relative abundance.

No soil is without microbes. The more fertile a soil is, the more
microbes it contains and the more active these organisms are. It is said
that the carrying capacity of a pasture is equal to the weight of the
microbes in its soil. The requirements of microbes are similar to those of
the higher plants. They need moisture, air, a favorable temperature
range, and about the same plant nutrient elements. However, as microbes
(at least most of them) cannot create organic matter through photosyn-
thesis, they depend on the residues of other plants and animals for a

Table 9-2 Relative number and biomass of soil organisms found in the 
surface 15 cm of soil.

Organism Number per gram Biomass g/m3

Bacteria 108–109 40–500
Actinomycetes 107–108 40–500
Fungi 105–106 1,000–1,500
Algae 104–105 1–50
Protozoa 104–105 2–20
Nematodes 1–102 1–15
Earthworms 0–1 10–150



Soil Organic Matter and Microbes 115

Franzmeier et al 5E.book  Page 115  Friday, March 11, 2016  2:46 PM
source of energy. Striving for a high number of active microbes (good soil
health) is, therefore, identical with striving for a soil condition favorable
for crop plants.

Microbial Decomposition
Microbial decomposition is accomplished by a series of processes that

reduce the complexity of a material. For organic material in soil, this
means the constituent parts will be released or synthesized into new com-
pounds. Microbes not only prepare the material locked up in the dead
plant parts for further use, but they also help to create a good soil struc-
ture by excreting gelatinous material called glomalin which serves to
bind the soil minerals together. Some of the microscopic animals are cred-
ited with creating humus in their digestive tracts.

Nitrogen exists in many oxidation states, and there are many forms of
N in soils (Table 9-3). Soil microorganisms, mainly bacteria, are responsi-
ble for conversions among the several forms of N. The terms below
describe some functions and environments of bacteria.

• Oxygen need: Bacteria that require oxygen are called aerobic, and
those that can function without oxygen are anaerobic.

• Host organisms: Symbiotic bacteria are associated with specific
hosts in an arrangement in which the bacteria help the host and the
hosts help the bacteria. Other bacteria are nonsymbiotic. Nitrogen-
fixing bacteria in nodules on the roots of soybeans are symbiotic.

• Energy source: Heterotrophic bacteria derive energy from organic
materials. Autotrophic bacteria derive energy from inorganic com-
pounds, such as ammonium.

Table 9–3 Forms and oxidation states of nitrogen compounds in soils.

Ion or molecule name

Oxidized forms:
Nitrate ion
Nitrite ion
Nitric oxide gas
Nitrous oxide gas

Intermediate form:
Nitrogen gas

Reduced forms:
Ammonium ion
Ammonia gas

Process
Oxidation 

state

+5
+3
+2
+1

0

–3
–3

Formula

NO
N2O

N2

NH3

NO3
−

NO2
−

NH4
+

Oxidation

Reduction
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These terms will be used in the discussions that follow. Unless stated
differently, the bacteria mentioned are aerobic, nonsymbiotic, and hetero-
trophic.

Nitrogen Cycle
Nitrogen is important to all life on Earth. The nitrogen cycle describes

how nitrogen is converted to various forms in the soil and in the air,
mainly by soil bacteria. In the nitrogen cycle diagram (Fig. 9-3) different
forms of N are in rectangles and the processes that convert one form of N
to another in the cycle are represented by solid lines identified by num-
bers in circles. Processes by which N leaves the cycle are shown by
dashed lines. The processes are described below.

1. Biological nitrogen fixation is the conversion of nitrogen gas (N2)
to ammonia (NH3) by soil organisms. About 78% of the atmosphere
is N2, but most plants cannot use this form of N. The process of bio-
logical N fixation has evolved to supply N to most plants. The main
nitrogen fixing microorganism is the symbiotic Rhizobium bacteria
which reside in nodules on roots of legume plants such as alfalfa
and soybeans. The host plants furnishes food for the bacteria and
the bacteria furnish N for the plant in a mutually beneficial
arrangement. Rhizobia convert N2 to NH3, and the host plant uses
NH3 to make amino acids which become part of the plant tissue. In
time plant tissue dies and is the starting point of process 2. Some
nonsymbiotic microorganisms such as cyanobacteria (blue-green
algae) also fix N. Nitrogen is also fixed by nonbiological processes,
such as lightning, internal combustion engines, and chemical fixa-
tion which is described for N fertilizer in Chapter 10.

2. Mineralization or ammonification is the conversion of dead
plants and animals and animal waste to plant-available forms of N
such as ammonium ( ). This process is carried out by a variety
of microorganisms. Ammonium, which can be taken up by plants,
is adsorbed by clay and organic matter and thus is not subject to
leaching.

3. Plant uptake (assimilation) is the process by which plants absorb
N through their roots. They absorb the  and  forms of N.

4. Nitrification is the conversion of  to . It occurs in two
steps. Step 4a, conversion of  to nitrite ( ), is done by the
autotrophic bacteria such as Nitrosomonas and Nitrosolubus. They
use  as their energy source rather than organic matter. The
chemical reaction is:

NH4
+

NO3
− NH4

+

NH4
+ NO3

−

NH4
+ NO2

−

NH4
+

NH    O  NO   H  H O

3                          

4 2 2 21 5 2+ − ++ → + +.

-      +3 (oxidation state of N)
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Nitrite is not held tightly by soils and is thus subject to leaching.
Step 4b, conversion of  to , is carried out by the autotro-
phic bacteria such as Nitrobacter. The reaction is

 can be taken up by plants, and is also subject to leaching.
5. Denitrification, conversion of  to N2, is done by anaerobic bac-

teria in water-logged soils where organisms are unable to obtain
oxygen. The formation of N2 completes the nitrogen cycle. Under
some conditions,  can be converted to nitrous oxide (N2O), a
potent greenhouse gas, as shown by the dashed lines in Figure 9-3.
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Both nitrification and denitrification are temperature dependent and
do not occur when the soil is cold (less than about 5 °C).

Soil Water Bioreactor
A soil water bioreactor is a buried trench filled with a carbon source

(commonly wood chips), through which water from drain lines flows.
The wood chips provide material upon which microorganisms colonize
and they serve as a food for the microorganisms that convert nitrate in the
water to nitrogen gas in the denitrification process. The bioreactor has no
adverse effects on crop production and is designed in a way that it does
not restrict drainage. A control structure determines the amount of drain
line flow that is diverted into the bioreactor. During periods of high flow,
excess water bypasses the bioreactor and continues to flow through the
existing drain line.

IMMOBILIZATION AND MINERALIZATION OF NITROGEN

In addition to being an energy source, decomposing residues are a
source of nutrients for microbial growth. Nutrients not available in the
soil must be obtained from the residue. In a nutrient rich environment,
more residue carbon is used for microbial growth. A short nutrient sup-
ply means more energy consumption and a greater evolution of carbon
dioxide (CO2). The distribution of carbon between these two pools is
determined by the nitrogen pool available to the microbes from the resi-
due, since the carbon (C) content of most plant residues is approximately
40%. The variability in N content can be described using the C to N ratio
(Table 9-4).

The addition of high-C organic residues to the soil causes a change in
its CO2 and N status. Initially there is an increase in CO2 evolution fol-
lowed by a decline as the available carbon source becomes limited (Fig. 9-
4). Carbon dioxide evolution during the decomposition process is a mea-

Table 9–4 Carbon to nitrogen ratio of typical soil organic residues. 

Organic material Carbon Nitrogen C:N Ratio

% %

Chicken manure 32 4.5 7.1
Soil organisms 50 5 10:1 (narrow)
Soil humus 10 1 10:1
Compost 30 2 15:1
Legumes 40 2.0 20:1
Corn stover 40 0.7 57:1
Wheat straw 40 0.5 80:1
Wood chips 40 0.1 400:1 (wide)
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sure of the microbial activity. During the period of stimulated microbial
activity, the metabolic demand for nutrients is high. Because sufficient N is
seldom available in the decomposing material the microbes will utilize soil
sources for their needs. The process by which microbes incorporate inor-
ganic forms of N, such as  and  from the soil into their bodies to
make proteins is called immobilization (Fig. 9-4). Immobilization reduces
the amount of N in soil that is available for plants. Crops growing in a soil
with a residue that has a wide C:N ratio are likely to be N deficient.

As an example, Figure 9-4 illustrates the changes in available N and
CO2 when wheat straw or any other residue with a wide C:N ratio is
added to soil. Microbial activity increases as evidenced by an increase in
CO2 evolution and a corresponding decrease in available inorganic N in
soil. During the immobilization period, nitrates are being consumed by
microbes to make amino acids and proliferate and are not available for
crop uptake. The rate of decomposition is dependent on moisture, temper-
ature and the type of organic residue added. The length of immobilization
will be shorter for narrow C:N materials and longer for wide C:N residues.
Mineralization takes place when organisms die, organic compounds are
broken down, and nitrate and ammonium are released (Fig. 9-4).

When fresh plant residue is incorporated into the soil, readily avail-
able energy material of carbohydrates (sugars and starches) is utilized by
microorganisms. This increased activity and growth results in a high
demand for plant nutrients, especially N. Much of this is quickly tied up
in the bodies of the microorganisms and a temporary shortage is created

NO3
− NH4

+

Figure 9-4 Carbon dioxide evolution and nitrogen transformations 
following addition of wheat straw to soil.
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in the soil. Crop plants may respond with slow growth and a pale color
(indication of N deficiency). After the ready supply of carbohydrates is
exhausted, the microorganism population decreases and release minerals
and N, and the crops prosper once more. One should either incorporate
organic matter when its decomposition does not coincide with the maxi-
mum nutrient requirements of the crops or supply extra N in the form of
commercial fertilizer when incorporating carbonaceous (low-N) residues
into the soil. Where the ratio of C:N in the material added is 25:1 or less,
no serious tie-up of the soil N occurs.

SMALL ANIMALS IN THE SOIL

The small animals living in the soil that can readily be observed with
the naked eye include insects, spiders, mites, springtails, and earth-
worms. Of these, earthworms have gotten the most publicity, and proba-
bly with justification. Earthworms dig countless tunnels that help to
distribute water and air in the soil. They mix the materials of the different
horizons, they transform plant and animal waste into humus, and they
help to increase the amount of available plant nutrients in the soil. Earth-
worms are truly valuable cooperators of the farmer. However, there are
areas in the world where no earthworms exist, yet they are fertile and
productive. We give credit to earthworms for soil improvements that may
be due to some of the microscopic small animals such as mites, spiders,
springtails, and ants because a casual observer does not notice these tiny
creatures. The effects of termites and the mounds that they build is dra-
matic in some regions of the world and studies of ants in Northeastern
forested soils indicate they may completely renew the surface inch with
new material from below in a period of 250 years (Lyford, 1963).
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� 10

Soil Fertility and Plant Growth

CHEMICAL COMPOSITION OF SOILS

We know that plants require certain elements from the soil, so it is
important to be acquainted with the chemical composition of a soil in
order to be able to gauge its crop-producing capacity and to determine
what adjustments may have to be made. An overall (total) analysis of a
surface soil is given in Table 10-1. The first nine elements in this table
include the eight elements most abundant in the Earth’s crust (Chapter 2)
plus carbon (C), which is added to the soil as organic matter.

Five elements account for 95% of the weight of a soil. Oxygen (O)
alone represents half of the weight and because of its large size and rela-

Table 10-1 Average composition of a mineral soil of the northeastern U.S.

Element Symbol Wt. %

Oxygen O 50.0
Silicon Si 36.5
Aluminum Al 5.3
Iron Fe 2.0
Potassium K 1.7
Carbon C 1.0
Sodium Na 0.8
Calcium Ca 0.7
Magnesium Mg 0.5
Titanium Ti 0.4
Hydrogen H 0.2
Manganese Mn 0.1
Nitrogen N 0.1
Phosphorus P 0.05
Sulfur S 0.02
Other elements Trace amounts
121
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tively small weight, O also makes up more than 95% of the entire volume
of the soil. The other elements take up so little space that they often fit
between the oxygen atoms.

AVAILABILITY OF NUTRIENTS TO PLANTS

The greatest part of the soil is made up of elements that are needed by
plants in very small quantities or not at all. Potassium (K), an important
plant nutrient, occurs in rather large amounts; however, plants still
respond to K fertilization on many soils. That is because most of soil K is
contained in rock fragments or minerals such as mica that are practically
insoluble in soil solutions and are of no immediate value to plants. This
situation is similar to that of many other plant nutrients and, therefore, it
is more valuable to determine how much is readily available to plants
than to determine how much of an element exists in a soil.

COMPOSITION AND LIFE FUNCTIONS OF PLANTS

Plants are made up of a wide array of chemical compounds. The
average composition of a green plant is:

Water 80%
Carbohydrates and fat 14%
Protein 4%
Minerals 2%
Five functions are essential to plant life:
1. Absorption of water and nutrients by the roots and to a limited extent

through the leaves.
2. Transpiration of water from the plants (mostly the leaves) into the

atmosphere. Great amounts of water are required for the plant to
take up minerals from the soil and to sustain its other life functions.

3. Photosynthesis, the creation of plant material through the chemical
combination of carbon dioxide from the atmosphere and water
from the soil:

This synthesis is possible only in the presence of light and with
green chlorophyll as the activating agent.

4. Synthesis of complex organic compounds. Carbohydrates, fats, protein,
lignin, and many other compounds are formed from simple sug-
ars, nitrogen compounds and nutrients from the soil. The energy
required for this synthesis is produced in the respiration process.
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5. Respiration. Like all living things, plants respire. Both their tops
and their roots take in oxygen and release carbon dioxide. Chemi-
cally, respiration is the reverse process of photosynthesis.

Except for carbon dioxide for photosynthesis and oxygen for respi-
ration, the largest portion of the other plant nutrients enters the
plants through the roots and must come from the soil. This
includes water and oxygen for respiration of the roots.

PLANT NUTRIENT ELEMENTS

There are 18 essential elements for plant growth (Table 10-2). Addi-
tional elements such as silicon (Si), vanadium (V), and sodium (Na) play
a role in the growth of certain crop species such as sugarcane, lettuce, and
kale, respectively. The first three essential elements, C, O, and hydrogen
(H), are derived directly from the unlimited supplies in the atmosphere.
Molecular nitrogen (N2), although it makes up 78% of the air, has first to
be changed into a simple compound (e.g., nitrate or ammonia) before it
can be used by the plants. In nature this is accomplished by various types
of bacteria, some that are associated with higher plants (legumes and
alders), and some that live independently in the soil. Whether this nitro-
gen fixation is sufficient to ensure large crop yields depends on the
nature of the soil, the supply of other nutrients, and especially on the
amount and species of legumes in the crop rotation (the sequence of vari-
ous crops in the same field).
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Table 10-2 Elements essential for plant growth.

Nutrients from 
air and water

Carbon (C)
Oxygen (O)
Hydrogen (H)

Primary nutrients

Nitrogen (N)
Phosphorus (P)
Potassium (K)

Secondary nutrients

Calcium (Ca)
Magnesium (Mg)
Sulfur (S)

Micronutrients

Boron (B)
Chlorine (Cl)
Cobalt (Co)
Copper (Cu)
Iron (Fe)
Manganese (Mn)
Molybdenum (Mo)
Zinc (Zn)
Nickel (Ni)

Nutrients from soil, lime, and fertilizer
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Nitrogen (N), K, and P are the elements most frequently limiting crop
production and are therefore the three main fertilizer elements or primary
plant nutrients. Calcium (Ca), magnesium (Mg), and sulfur (S) are the
secondary nutrients. They also are needed in fairly large amounts by
plants, but many soils contain sufficient quantities of these elements, or
they are supplied as lime or as incidental ingredients of other fertilizers.

The elements listed in the fourth column of Table 10-2 are the minor
plant food elements, also called the micronutrients. The word “minor”
refers to the amounts that are needed for the plants, not to their impor-
tance. They are just as essential for plant growth as the other elements.
Most of these nutrients are adequately supplied in the soil, but occasion-
ally some are deficient and need to be added.

NUTRIENT LEVELS AND CROP YIELDS

Soils gain fertility by material brought down in the rain, by nitrogen
fixation, by decomposition of crop residues, by the slow weathering of the
soil and, of course, by the addition of manure and fertilizers. On the other
hand, they lose fertility by removal of crops, erosion, leaching, and by a
conversion of nutrient elements from the available to the unavailable form.
To maintain the fertility status of a soil, the gains must equal the losses; to
increase the fertility status, the gains should be larger than the losses

For crop plants to produce the maximum yields, each of the growth
factors must exist in optimum amounts including the physical growth
factors and levels of each of the nutrients. The needed amount of the vari-
ous nutrient elements can be determined through experiments in which
the level of only one element is varied and all other nutrients are well
supplied. This is illustrated for K in Figure 10-1, which shows that the
first increments of available potassium give the greatest yield increases.
As the maximum yield is approached, increases in the level of the nutri-
ent bring about smaller and smaller yield increases. This is called the law
of diminishing returns. Because of diminishing returns, it is usually best
to fertilize for somewhat less than the maximum yield.

WHY FERTILIZE?
Under undisturbed, natural conditions most elements that are taken

up by the plants from the soil are returned when the plants die and
decompose. However, in farming, a part of the plant, sometimes the
entire above-ground portion, is removed year after year. Eventually the
store of nutrients in the soil is diminished to such an extent that plant
growth suffers. In their natural condition the productive capacity of soils
vary greatly. Some soils are so rich that only the plant food elements
removed by the crops will have to be replaced to maintain large yields.
Other soils are inherently poor and require large amounts of fertilizer to
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increase their yield capacity. The elements most commonly deficient are
N, P, and K, but insufficient amounts of any of the essential elements may
cause low yields.

DETERMINING THE NEEDS FOR FERTILIZATION

Fertilizers are usually needed wherever agriculture is practiced to
correct plant nutrient deficiencies and to produce satisfactory yields.
How does one determine which elements are required in a given field
and how much should be applied? We answer the question by analyzing
the plant and the soil to determine the nutrients reaching the plant and
the amount stored in the soil.

Plant Testing
The most direct method to make sure crops are receiving enough

nutrient elements from the soil is to analyze the plants themselves. The
results, however, are useful primarily in planning for the following crop.
Two approaches can be used: laboratory tests or “quick” tests in the field.

In laboratory tests, certain leaves of the plant are collected and sent to
a laboratory where the elemental composition is determined. These
results are then compared with standards previously established for the
given crop. Spectrographic determination of 10 or more elements in plant

Figure 10-1 The effect of potassium level in the soil on crop yield. 
“Maximum yield” is the yield the crop can achieve under given conditions of 
all other growth factors if potassium is available in optimum amounts.
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material can be done quickly and inexpensively by laboratories set up for
this service. This procedure is particularly valuable to determine micro-
nutrient problems and plan for their correction in following crops.

Quick tests are done directly in the field. Sap is pressed out from the
plant tissue and its content of nitrate, P, K, and other elements determined
semi-quantitatively. Test kits are available to test for three or four ele-
ments of one plant in a few minutes. Plant tissue testing can quickly tell
whether the supply of a nutrient is “high,” “medium,” or “low.” It is
important to test the plants in the right stage of development and to
choose the right part of the plant. Interpretation of the results of the tissue
tests is frequently more difficult than conducting the tests themselves.

In recent years some progress has been made in assessing N status of
crops by sensing the color of the foliage using aircraft, drones, or other
means to position light sensors that can measure wave length of light
reflected from the canopy.

Soil Sampling
Soil sampling, extraction, analysis, and interpretation are four steps

in the soil testing process. Collecting a representative sample is difficult
and is the most common source of error in the process. A grower in con-
sultation with a crop advisor may collect his own samples or frequently
will allow a crop service company to collect the samples, determine the
nutrient status, and make fertilizer recommendations.

With current fertilizer application technology, fertilizers can be
applied at different rates to specific areas within a field. These areas are
determined when taking soil samples, so the fertilizer application process
should be considered when deciding on a sampling pattern. A soil sam-
ple should represent an area with uniform soils. That is accomplished by
selecting a sampling area that approximates a polygon (delineation) on a
soil map, which means that the size of a sampling area depends on the
complexity of the soil map. For the eastern Corn Belt that size is about 10
to 15 acres. A composite sample composed of 10–15 sub-samples should
be collected to represent that area. In selecting areas to be sampled one
should also consider the crop to be grown, cropping history, and soil type.
For their convenience, some contractors take samples that represent 5 to
10 acres on a grid pattern regardless of the soil pattern. We believe, how-
ever, that the extra effort needed to sample fields based on soil pattern
will benefit the farmer and the environment.

To take a soil sample for analysis, use a clean spade or soil probe
inserted to a consistent depth to collect small cores throughout the area to
be represented. These are then mixed and a portion placed in the con-
tainer for shipping to the laboratory. Depth of sampling will vary
depending on cropping system. The guiding principle is to represent the
area that will be fertilized and from which most of the nutrient uptake
will occur. For that reason turf areas are normally sampled to 4–5 inches
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and cultivated fields to the mixing depth caused by plowing chiseling or
other cultivation. In no-till fields and forage stands we recommend sam-
pling the top 8 inches and occasionally taking shallower (0 to 4 inch) sam-
ples because pH and nutrients tend to become stratified with depth in
long term no-till fields. It is best to sample in the fall after harvest and
when the soil is moist and friable. If sampled when wet or muddy, air-dry
the subsamples before mixing on a clean surface at room temperature.
Oven drying may change the soil test results. It is important to carefully
record the location and date of each sample, preferably on a field map.
Most soils should be sampled every 3 or 4 years, however soils with low
cation exchange capacity (light colored, sandy soils) should be sampled
every 1 or 2 years because their nutrient status may change rapidly.

Soil Testing—Extraction and Analyses
The general procedure used in soil testing laboratories to determine

the amount of available nutrients in a soil is to place a soil sample in a
flask, add an extracting solution, shake the resulting suspension for sev-
eral minutes, pour the suspension through filter paper in a funnel, and
determine the concentration of the element in the clear solution. For phos-
phorus (P), the extracting solution is commonly a mixture of weak hydro-
chloric acid and ammonium fluoride (Bray P-1). These chemicals extract
an amount of the P proportional to that available to plants. Exchangeable
K, Ca, and Mg are determined by extracting the soil with ammonium ace-
tate. The added ammonium (NH4

+) cation displaces cations (e.g., K+) held
on the exchange sites of clay and humus, and the concentration of cations
in the solution is determined. The results are reported in parts per million
(ppm) of available P, K, Ca, and Mg. A descriptive ranking ranging from
very low (deficient) to very high is also reported.

Organic matter content usually is estimated from the color of the soil
and texture as estimated by feel. Soil acidity (pH) is measured by placing
electrodes in a suspension of soil and water and reading the pH with a
meter. If the soil pH is acid (pH < 7.0), buffer pH is measured. A solution
with a pH of 7.5 (buffer solution) is mixed with the acid soil sample, and
the pH is again measured. The buffer pH is greater than the soil pH, and
the difference between the two pH values determines the reserve acidity
of the soil and the amount of lime required to neutralize soil acidity.

Fertilizer recommendations are commonly included with the report
of soil test values. For P and K, they are in pounds of P2O5 and K2O per
acre for farm crops and pounds per 1,000 square feet for lawns.

FERTILIZER LABELS AND KINDS OF FERTILIZERS

In general, a fertilizer label lists the N-P-K (nitrogen-phosphorus-
potassium) contents. Specifically, the N value is the total percentage of
nitrogen by weight in the fertilizer. The P values represent the percentage



128 Chapter Ten

Franzmeier et al 5E.book  Page 128  Friday, March 11, 2016  2:46 PM
of available phosphorus expressed as phosphorus pentoxide (P2O5), and
the K value represents the percentage of soluble potassium expressed as
the oxide (K2O).

The amounts of plant nutrients taken up by crops and removed from
the field vary greatly from soil to soil and from year to year (see Table 10-
3 for typical estimates). In this table values of the oxides, P2O5 and K2O,
are listed instead of the elements, P and K, following the convention used
for fertilizers, so growers can calculate directly how much fertilizer must
be added to replace the nutrients removed by crops. The use of oxides
reflects the custom of reporting results as oxides in older gravimetric
chemical analysis. In chemistry, P2O5 is called phosphorus pentoxide, and
the  anion is called phosphate, but in fertilizer terminology, P2O5 is
called phosphate. In chemistry, K2O is called potassium oxide, but in fer-
tilizer terminology, it is called potash. This term has its origin in antiquity.
Early people learned they could make some useful chemicals by leaching
water through wood ashes. They collected the solution in a large pot and
then evaporated the water off, leaving “pot ash” which was high in potas-
sium salts such as KCl and K2SO4. The residue, also called “lye,” con-
tained NaOH and KOH and was used to make soap as well as a fertilizer.

Fertilizer products, whether delivered in a bag, tanks, or other con-
tainer, are required to have a label that provides basic information about
the product as shown in Figure 10-2. Fertilizer labels must list total N,
available phosphate (P2O5), and soluble potash (K2O) in the product. To
calculate the elemental percentages, the conversion factor from percent
P2O5 to percent phosphorus is 0.44, and that from percent K2O to percent
potassium is 0.83 (the calculations are shown in the “Fertilizer Calcula-
tions” section of this chapter). A 10-10-10 fertilizer according to the label
designation method (N-P2O5-K2O) would be a 10-4.4-8.3 fertilizer accord-
ing to the elemental method (N-P-K). The more common fertilizers are
listed in Table 10-4.

PO4
3−

Table 10-3 Nutrients in harvested crops.

Crop Removal per Unit Harvested

Crop Unit N P2O5 K2O

Pounds

Corn Grain bu 0.75 0.37 0.27
Corn Silage ton 8.30 3.30 8.00
Soybeans bu 4.00 0.80 1.40
Wheat bu 1.50 0.63 0.37
Alfalfa ton 56.00 13.00 50.00
Grain sorghum 100 lb 0.84 0.39 0.39

Example: A 150 bu/acre corn crop removes 112 lb N per acre

Purdue Extension (2015).



Table 10-4 Composition of common N-P-K fertilizers.

Product N P2O5 K2O Form1

% % %

Ammonium nitrate, NH4NO3 34 0 0 sld
Ammonium sulfate, NH4(SO4)2 21 0 0 sld
Urea, CO(NH2)2 46 0 0 sld
Urea ammonium nitrate, UAN soln 28–32 0 0 liq
Anhydrous ammonia, NH3 82 0 0 gas
Conc. Superphosphate, CSP 0 45 0 sld
Monoammonium phosphate, MAP 11 52 0 sld
Diammonium phosphate, DAP 18 46 0 sld
Ammonium polyphosphate, APP 10 34 0 liq
Potassium chloride, KCl 0 0 60–61 sld
Potassium nitrate KNO3 13 0 44 sld
Potassium sulfate K2SO4 0 0 50 sld
Blend, DAP and KCl 9 23 30 sld
Blend, DAP, KCl, Urea 12 12 12 sld

1Form of application, sld = solid; liq = liquid; gas = gas.

Product Brand
and Name

N-P-K rating

Guaranteed analysis,
the minimum content
of nutrients

Chemistry of nutrients

Name and address
of manufacturer

Weight

ACME GREEN TURF
LAWN FERTILIZER

30-0-3

Guaranteed Analysis

Total nitrogen (N)

Available Potash (K2O)
Sulfur (S)
Boron (B)
Copper (Cu)
Iron (Fe)
Manganese (Mn)
Molybdenum (Mo)
Zinc (Zn)

Ammoniacal Nitrogen
Water Insoluble Nitrogen
Urea Nitrogen
Other Water Soluble Nitrogen

3.6%
2.2%

20.4%
3.8%

30.0%

3.0%
4.0%

0.02%
0.05%
2.00%
0.05%

0.0005%
0.05%

Derived from: Ammonium Sulfate, 
Methylene Ureas, Urea, Muriate of 
Potash, Sodium Borate, Copper 
Sulfate, Ferrous Sulfate, Ferric 
Oxide, Manganese Sulfate, 
Manganese Oxide, Molybdic 
Oxide, Zinc Sulfate, and Zinc Oxide

Manufactured by XXXX Corp.
1600 E Elm St., Podunk, USA

Net Wt. 45 lbs.

Figure 10-2
A typical fertilizer 
label and an 
explanation of its 
components.
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THE ESSENCE OF A FERTILIZATION PROGRAM

The principles of fertilization for increased crop production are sum-
marized here. Bring the soil into the best physical condition by use of
adapted rotations, cover crops, and minimum tillage. Leave as much of
the residue in the field as practical and return residue that has been used
as bedding for livestock together with the manure back to the fields.
Apply sufficient lime to bring the pH of the soil to the level recommended
for that crop (pH 6.0–7.0 for many crops) and add enough fertilizer to
make up for any losses due to crop removal and other causes.

The soil is the main working capital of the farmer. Remember that
you have to replenish your bank account if you want to continue to write
checks; a well-supplied account permits much greater financial flexibility
and a better chance to make use of business opportunities than one that
limps along near the zero mark. The same is true of a soil well-supplied
with nutrients.

Fertilizer should only be applied to land that has sufficient produc-
tive potential. Land that is too wet, too subject to drought, too acid, or has
other physical factors limiting crop production should only be fertilized
after these limitations have been rectified. Over-fertilization may result in
pollution of ground water by leaching through the soil or pollution of
surface water from runoff and erosion. This condition may be more seri-
ous because it is only slowly corrected by removing some of the fertilizer
elements through the crops. Once the plant nutrient status of the soil is
known, it must be decided how large a crop can be reasonably expected
under the given conditions of soil management and climate. The larger
the potential productivity, the larger the amount of fertilization required.
If the soil is low in plant nutrients, it may not be practical to bring it up to
the desired status all in one year. In such a case, ample row fertilization
(for the row crops) is best. This may not give maximum yields but will
give satisfactory results, economically. After a few years this type of fertil-
ization can raise the nutrient level high enough that a broadcast fertiliza-
tion can bring the entire body of the soil to the ideal level. Even on fairly
rich soils, it is sometimes desirable to apply some row fertilizer. Many of
the important row crops have only a limited ability to absorb nutrients
while they are young. Row fertilizer is best placed only to the side of the
row of plants and about an inch or two below seed level (Fig. 10-3). This
gives the young roots a chance to obtain the necessary nutrients without
suffering from a high salt concentration in the soil solution.

Yield Levels and Deficiency Symptoms
Yield levels are a helpful guide to determine the general fertility sta-

tus. Where the yields are as high as the climate and the physical condi-
tions of the soil permit, no major nutrient deficiencies are likely to exist.
Unsatisfactory yields, however, do not indicate which of the nutrients are
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deficient, or even if any are deficient in the soil. Drought, excessive wet-
ness, poor physical conditions of the soil, diseases, and pests are other
factors that may reduce yields.

If the deficiency of certain plant nutrients is pronounced, plants
exhibit signs of this specific starvation. Nitrogen deficiency turns the cen-
ter of corn leaves yellow, especially the bottom leaves. Phosphorus defi-
ciency stunts corn plants and frequently turns them purplish. Potassium
deficiency causes “marginal firing” (yellowing of the rim) of corn leaves.
Magnesium deficiency shows in parallel, light streaks on corn leaves.
Similar hunger signs have been noted in practically every crop, but they
usually only occur after the deficiencies have become serious. Visible
deficiency symptoms and reduced crop yield cannot be used to correct
soil fertility problems in the present year, but they are a guide for future
fertilization. Color photographs of leaves that show nutrient deficiencies
are available through state cooperative extension services (such as Pur-
due Extension, 2015) and on the Internet.

Timing of N, P, and K Application
It is best for the plant and for the environment to apply fertilizer as

close as possible to the time the plant needs it. This is especially true for
N, which tends to be mobile in soils. Application of N is best near the
time of rapid growth and uptake. For corn this is in the early growth
stages in the spring or early summer. For wheat, it is just before planting
and again during the development of tillers. It helps turf to add some N
in the fall to encourage spreading of the rhizomes and growth of roots.
Fall application of N for row crops has been practiced because N could be

Figure 10-3 A combination of row and broadcast fertilization.
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purchased cheaper in the fall and to reduce the spring work load, but is
strongly discouraged because of excessive loss of N over winter and the
potential to pollute surface and ground waters.

Phosphorus and K are not lost rapidly from the soil. For that reason
timing of their application is flexible. It is common in corn-soybean rota-
tions to apply most of the P and K needed for both crops in one applica-
tion if the soil is reasonably fertile. Where available levels are low, it may
be advantageous to apply some P and K at planting time in addition. The
combining of some N with P in row fertilization is sometimes beneficial.
Erosion and surface runoff are the major causes of P and K losses. There-
fore, good conservation practices and avoiding application on frozen
ground is important.

Fertilizing with Nitrogen
Practically all non-legume plants require nitrogen fertilizers to give

maximum crop yields. Plants take up N mostly as the nitrate ion ( )
and as the ammonium ion ( ). Microbial reactions change the N com-
pounds that occur in the soil to the  and the  forms (Chapter 9).
The  ion is held by the exchange sites, similarly to the K+ and Ca2+

ions, and therefore is not easily lost from the soil. In warm, moist, well-
aerated soils,  is quickly changed, first to  and then to . In
the  form, N is liable to be washed out of the soil. In the summer the
danger that this will occur is not great, since most of the rain is either
evaporated from the soil or transpired by the plants. Another reason that
N losses in the summer are generally not serious is that this is the most
active period of N utilization by green plants and microorganisms. In the
nongrowing seasons or when fields are fallow much leaching occurs, and
large amounts of  may be lost.

Nitrogen in fertilizer is produced by the Haber-Bosch process in
which atmospheric N2 gas is combined with H2 gas to make ammonia,

N2 + 3 H2 → 2 NH3

This appears to be very simple when looking at the equation, but the pro-
cess requires a special catalyst and great heat and pressure, which con-
sumes much fossil fuel. Chemical fertilizers contribute about half of the
nitrogen input into global agriculture, while biological nitrogen-fixation
taking place in leguminous plants contributes most of the other half. Per-
haps no other human invention has had a more dramatic impact on our
food supply than Haber-Bosch chemistry (Ritter, 2008).

The main forms of N fertilizers (Table 10-4) are anhydrous ammonia
(NH3), urea [CO(NH2)2], and ammonium nitrate (NH4NO3). These basic
forms are used to compound other products such as diammonium phos-
phate (commonly called DAP) and urea-ammonium nitrate solutions
(commonly called UAN). Ammonium nitrate fertilizer should be handled
with caution because the compound is explosive.
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Urea is often applied as a solid, especially in lawn fertilizers. Urea
granules dissolve rapidly and become immediately available to plants as
the urea is converted to NH3. The rate of solubility can be reduced by
coating urea with less soluble material such as sulfur or a polymer to pro-
duce a slow release form of N fertilizer. Urea is also mixed with ammo-
nium nitrate and water to form a solution known as UAN which may be
applied on the soil surface as a solution or injected. For convenience of
application, some herbicides can be mixed with UAN solution. Urease, an
enzyme found in soils, transforms urea into NH3 which may volatilize if
not washed into the soil or incorporated. The loss is minimized by apply-
ing urea with irrigation water or just before rain or irrigation is expected.
Under these moist conditions, urea is transformed to , which is
adsorbed as a cation. Another way used to reduce loss of N is to add a
urease inhibitor to the fertilizer especially if applied prior to planting.

Anhydrous (without water) ammonia is liquid when it is under pres-
sure. It is stored and transported in this form. In the field, it is injected
about six inches deep into the soil. As it is injected, pressure is lost and
NH3 converts to a gas. Immediately, NH3 combines with soil moisture to
form  which is adsorbed on the soil as a cation. This strongly alkaline
reaction kills the nitrifying bacteria in the immediate vicinity of the
applied NH3 and thus reduces the rate of change to . In this way, N
remains in the form of  and is retained on cation exchange sites in
the soil and is protected from leaching. As the pH is gradually lowered,
microbes reenter the zone and begin to convert the  to . Nitra-
pyrin, a nitrification inhibitor, is commonly added to NH3 fertilizers to
slow the conversion to the more leachable form, . It is important to
time NH3 application so that the  becomes available when needed by
plants, but not far in advance, which increases risk of leaching losses.

Determining Nitrogen Application Rates. There is no widely used
test for available nitrogen, so N fertilizer recommendations are based on
other criteria. If too little N is applied, crop yield will be reduced. If too
much N is applied, the excess may leach into the ground water or surface
water. There are two approaches for determining the amount of N to
apply. One is to add about as much N as is removed by the crop. The rule
of thumb for corn is to add one pound of N for every bushel of yield, so
for an anticipated corn yield of 150 bushels per acre, one would add 150
lb N/acre. Somewhat less N should be used if corn followed soybeans in
a rotation because there is some residual N in the soil after soybeans are
grown. Corn grain contains about 1.3% N on a dry matter basis, and one
bushel of corn weighs 56 pounds, therefore 150 bu. corn will remove
about 110 lb N (Table 10-3) which is less than the 150 lb application rate,
but utilization of applied N is always significantly less than 100%.

The other approach, used in most of the Corn Belt states, is the Maxi-
mum Return to N (MRTN) approach. It considers the cost of N fertilizer
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and the value of the corn crop. In Figure 10-4, the lower line is the cost of
fertilizer. It is a straight line because every pound of N added costs the
same. The upper line is the value of the crop which equals the bushels of
corn per acre multiplied by the price of corn per bushel to represent
income in dollars per acre. Since the price of every bushel of corn is the
same, the shape of the curve represents the yield per acre. The first incre-
ment of N fertilizer, say 25 lb N/acre, results in great yield increase, but
the last increment results in no yield increase. The difference between the
gross return (top line) and the cost of N fertilizer (bottom line) is the net
return. In this example, the difference between the two lines is greatest at
a nitrogen rate of about 160 lb N/acre. This would be the maximum
return to N, the recommended application rate for the conditions repre-
sented in the graph. In graphs representing other soil and cropping con-
ditions, the general shape of the curves would be about the same, but the
MRTN would be at a different point. The law of diminishing returns men-
tioned earlier describes the relationship N application to yield well.

Nitrogen recommendations for crops consider the species, the previ-
ous crop, the yield goal and the native fertility of the soil in addition to the
current prices of N fertilizer and the value of the product. Most legumes
have symbiotic N fixing organisms on their roots and do not need N fer-
tilizers. Crops following legumes require less N fertilizer. Highly produc-
tive soils, those with adequate levels of other nutrients, well aerated, and
with adequate water supply, will respond better to N fertilization than
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soils with other limiting factors. Yield goals will be higher when irrigation
is planned and therefore higher N rates will also be appropriate.

Sometimes a test to determine the soil  nitrate content at plant-
ing time is used. Samples for this test might be taken to a depth of 24
inches. Check with your State Cooperative Extension Service about N,
and other, fertilizer recommendations in your state.

Fertilizing with Phosphorus
Phosphorus (P) is taken up by plants in much smaller amounts than

N and K, yet frequently so little of it is in a form available to plants that
the plants suffer and produce poor yields. Phosphorus is taken up mostly
as dihydrogen phosphate ( ) and to a small extent as monohydro-
gen phosphate ( ). When P combines in the soil with Ca or Mg to
form calcium phosphate or magnesium phosphate, as happens when the
pH of the soil is 6.0 or higher, it remains fairly available to the plant roots.
In an acid soil, however, the fertilizer P soon changes to iron phosphate or
aluminum phosphate both of which are practically unavailable for plant
absorption due to their low solubility. On acid soils, it is best not to broad-
cast the P fertilizer, but to apply it in bands near the seeds to make it more
available to plants. To make phosphate application effective, it is well to
first lime the soil to a pH of at least 6.2 and to use it in combination with
N or an organic fertilizer. As long as the level of available phosphate is
low, band or hill placement of P fertilizer is preferable to broadcast appli-
cation. Under any conditions only 10% to 15% of the applied P is taken up
by the crops in the first season.

When the soil test shows that P is needed, more P has to be applied
than the amount missing from the desired level. As an example, if the test
shows 40 pounds of available P per acre and the level desired for the next
crop is 100 pounds per acre, it is necessary to apply considerably more
than 60 pounds of fertilizer P. The reason for this is that part of the fertil-
izer P is fixed in unavailable form, at least for the time being.

Practically all P fertilizer comes from phosphate rock which is a natu-
rally occurring sedimentary rock composed largely of calcium phosphate
minerals such as apatite. Most P fertilizers are made by treating this rock
with sulfuric acid to produce phosphoric acid. The phosphoric acid is fur-
ther combined with ammonia to produce monoammonium phosphate
[NH4H2PO4] and diammonium phosphate [(NH4)2HPO4] (Table 10-4).

Determining Phosphorus Application Rates. Application rates of P
are usually based on crop species, the yield potential (due to soil depth
and other factors) and the results of soil analysis. An example of a pub-
lished table of P fertilizer recommendations is given in Table 10-5 (on the
next page). In this table and subsequent ones, nutrient levels are given in
parts per million (ppm, g P/1,000,000 g soil). Multiply those values by two
to get pounds nutrient per acre. The calculation is explained in Chapter 13.

NO3
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HPO4
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Note that the soil test levels, based on an extractant known as Bray P1,
are grouped in five levels and assigned descriptors of deficient, adequate,
high, or very high. For example 31–39 ppm would be considered high and
40 or more, very high. Note that the fertilizer recommendations are given
in pounds of P2O5 per acre and generally increase from left to right as the
yield potential changes, unless the soil is already very high in P.

The example of a soil test report given in Table 10-6 will be used to
illustrate determining P application rates. The results in the table are for

Table 10-5 Phosphorus (P2O5) recommendations for soybeans in the 
Eastern Corn Belt.

Soil test, 
Bray P1

ppm P*

< 10
10–14
15–30
31–39
≥ 40

Descriptor

deficient
deficient
adequate

high
very high

50

90
65
40
25
0

60

100
75
50
25

0

70

105
80
55
30

0

80

115
90
65
32

0

40

80
55
30
15
0

Yield potential, bushels/acre

*P in pounds per acre is two times ppm P.

Purdue Extension (2015).

lb P2O5 per acre to apply

Table 10-6 A soil testing laboratory report with fertilizer 
recommendations for soybeans with a yield potential of 50 bushels/acre.

Sample

Field 1
Field 2
Field 3

Field 1
Field 2
Field 3

OM*

%

5.5
1.5
2.0

N
Ib/acre

0
0
0

P, Bray P1

ppm†, descriptor

36, high
12, deficient
20, adequate

P2O5
Ib/acre

25
65
40

K, exchangeable

ppm†, descriptor

150, very high
105, adequate
70, deficient

K2O
Ib/acre

0
90

130

pH

6.6
7.1
5.4

Lime
Tons/acre

0
0
1.2

Buffer

pH

6.9
nd
6.8

Soil Test Results

Fertilizer Recommendations

*Organic matter
†P or K in pounds per acre is two times the ppm value
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three fields and show the test results for % organic matter, P2O5, K2O, pH
and buffer pH. In the lower portion of the table, recommendations are
given for P, K, and lime applications. For field 1, note that the P level is 36
ppm (high) and the resulting P2O5 recommendation is 25 lb/acre. Field 3
has an adequate level of P, therefore the P2O5 recommendation is the
amount that is expected to be removed by harvesting 50 bushels of soy-
beans. Using the estimated P2O5 content in a bushel of soybeans (0.8 lb/
bu) from Table 10-3 and multiplying that by the potential yield (50 bu) we
see that 40 lb P2O5/acre would be required to replace the P removed. The
recommendation for Field 2 is much higher (65 lb P2O5 /acre) since it is
considered deficient in P.

Fertilizing with Potassium
Potassium is absorbed by plant roots as the potassium cation, K+.

Potassium fertilization presents only a few problems. It neither changes
to a form that is readily washed out with the drainage water, as is the case
with NO3

-, nor is it held as tenaciously as phosphate. Fixation of K into
unavailable forms is rarely a problem. Potassium fertilizer comes mainly
from sedimentary rocks formed by evaporation of water. The minerals in
these rocks commonly contain potassium chloride (KCl), potassium sul-
fate (K2SO4), and potassium nitrate (KNO3). The most common K fertil-
izer is potassium chloride (KCl). If a concentrated form of this fertilizer is
placed near a seed or a root, the high osmotic pressure created in the soil
solution will be injurious to plants. Potassium is adsorbed by the negative
sites on clay and organic matter fractions of the soil and can be exchanged
for other cations in the soil solution or for cations given off by plant roots.
In this way it is available to plants. If K fertilizer is placed on top of the
ground, practically all of it stays in the surface inch of the soil unless it is
tilled and is used by the roots in this layer. Smaller amounts can be placed
in bands with the N and P to start the crop growing.

Determining Potassium Application Rates. As with P, the fertilizer
recommendations for K are based on soil test results, crop species, and
yield potential. Hay crops in general and alfalfa in particular remove
large amounts of K. Potassium fertilizer recommendations are sometimes
also adjusted slightly upward with increasing cation exchange capacity.
An example of a published set of K recommendations for soybeans on
medium texture soil (=10) is given in Table 10-7 on the following page. It
is arranged in six levels of K, with corresponding recommendations of
K2O that increase with yield potential or yield goal. If we use the soil test
report given in Table 10-6 we see that Field 1 with a very high K level
does not need any K for this crop of soybeans. Field 2 with a K level of 105
ppm, is considered adequate, but should receive 90 lb/acre of K2O for
maintenance, to compensate for crop removal of K.
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Secondary and Minor Elements
Calcium (Ca) and magnesium (Mg) are usually supplied in sufficient

quantities where liming to a pH level of around 6.5 is practiced. If the Mg
level is found to be low, liming should be done with dolomitic limestone
which contains CaCO3 and MgCO3.

Formerly, sulfur (S) was supplied in superphosphate and ammonium
sulfate fertilizers. These fertilizers have been largely replaced by other
phosphate and N compounds. Today, only small amounts of S are added
to the soil as incidental ingredients of other fertilizers. If it is found defi-
cient, S may be applied as gypsum (CaSO4) or, in soils of high pH, as ele-
mental S. Elemental sulfur is sometimes used to lower the pH of soils in
preparation for acid-loving plants such as blueberries.

Wherever minor elements are needed they can either be mixed with
other fertilizer materials or they can be applied dissolved in water as a
spray on the soil or directly to the plants. Great care has to be taken not to
use too much, as even a small excess of some of the elements can be toxic
to the plants.

Liming
It is of great importance to the growth of crop plants that the soil reac-

tion (pH, the condition of acidity or alkalinity) be maintained at the
proper level. Most crops thrive best in a slightly acid soil (pH 6.5–6.8),
while some plants such as alfalfa and sweet clover grow better in neutral
soils (pH 7.0), and other plants thrive in definitely acid media (pH 4.0–
5.5). Recommended pH values for specific crops are generally available
from Cooperative Extension Service publications.

Table 10-7 Potassium K2O recommendations for soybeans on medium 
textured soils in the Eastern Corn Belt.

Exchangeable Yield potential, bushels/acre

K Descriptor 40 50 60 70 80

ppm K* lb K2O per acre to apply

< 50 deficient 190 205 215 230 245
50–74 deficient 150 165 180 195 210
75–99 deficient 115 130 140 155 170
100–129 adequate 75 90 105 120 130
130–149 high 40 45 50 60 65
≥ 150 very high 0 0 0 0 0

Exchangeable K in pounds per acre is two times ppm K.

Purdue Extension (2015).
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The purpose of liming is fourfold:
1. To neutralize soil acidity (to raise pH),
2. To supply Ca (and sometimes Mg) to the plants,
3. To make other nutrient elements more available to plants,
4. To create an environment optimal for soil microorganisms.
Soils in humid climates tend to slowly become more acidic as natural

acidity in rainfall, H+ released by plants and by decay of organic materials
replaces the basic cations on the exchange sites. This and the addition of
ammonia and ammonium-containing fertilizers lead to soil acidity in
regions where precipitation is sufficient to leach out the basic ions
released. Ammonia’s acidifying effect is illustrated here. As explained in
Chapter 9, NH3 is generally oxidized to nitrate ( ) via several steps.
The overall change can be represented by the equation,

For every mole of NH3 oxidized, one mole of H+ is created. Thus, the
soil becomes more acid. Fertilizers containing urea also tend to make
soils more acid via the same process after the urea is converted by urease
to NH3.

It is generally recommended that acid soils be limed to a pH of 6.8 for
legume crops and to 6.0–6.5 for corn and most agronomic crops. At this
soil pH most of the plant nutrient elements are more readily soluble than
at more acid or more alkaline conditions. Also, beneficial microbes, such
as N fixing rhizobia are most active at this pH. It must be remembered that
some plants such as blueberries and rhododendron thrive better under
more acid conditions. Soil pH can be estimated in the field with liquid
indicator dyes or with paper or plastic strips on which the dyes are
absorbed. Soil test reports such as the one in Table 10-6 include a lime rec-
ommendation to bring the soil to an adequate acidity level based on the
current pH and the buffer pH.

Because calcium carbonate (CaCO3) and magnesium carbonate
(MgCO3), the essential ingredients of limestone, are only slightly soluble,
it is important that lime be applied as a fine powder and that it be distrib-
uted throughout the soil. To be effective in the near term limestone
should be ground sufficiently fine that most will pass an 8 mesh sieve and
at least 50% of it can pass through a 60-mesh screen (about 0.2 mm open-
ings). Adjustments in the recommended lime application can be made to
compensate for differences in fineness and purity.

FERTILIZER CALCULATIONS

This section shows how to do calculations related to plant nutrition
and fertilizers. Data for atomic masses are in Table 10-8. Most calculations
are done using the factor-label method (Chapter 13).

NO3
−

NH  + 2 O   NO  + H  + H O3 2 3 2→ − +



140 Chapter Ten

Franzmeier et al 5E.book  Page 140  Friday, March 11, 2016  2:46 PM
Elemental to Oxide Conversions
Earlier, it was pointed out that fertilizer labels give the percent of ele-

mental N, but oxides of P and K. The equations below show how to con-
vert from oxide to elemental to form.

P/P2O5. Calculate the mass ratio needed to convert P2O5 to P:

grams of P in one mol of P O
grams of P plus grams of O in

2 5

  one mol of P O

 mol P
 g P

mol P

 mol P
 g P

mol

2 5

2
31 0

2
31 0

=
×

×

.

.
  P

 mol O
 g O

mol O

 mol P
 g P

mol P

 mol P

+ ×

=
×

×

5
16 0

2
31 0

2
31

.

.

.00
5

16 0

62 0
62 0

 g P
mol P

 mol O
 g O

mol O

 g P
 g P + 80 g 

+ ×

=

.

.
. OO

 g P
 g P O

=
0 44

1 00 2 5

.
.

Table 10-8 Atomic masses of elements found in fertilizers.

Name Sym. Atomic Mass

Hydrogen H 1.01
Carbon C 12.01
Nitrogen N 14.01
Oxygen O 16.00
Sodium Na 22.99
Phosphorus P 30.97
Chlorine Cl 35.45
Potassium K 39.10
Calcium Ca 40.08
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K/K2O. Calculate the mass ratios needed to convert K to K2O (the
steps above are condensed):

Fertilizer Problem 1
Based on a soil test it is recommended that 110 pounds of K2O per

acre be applied. How much muriate of potash (0-0-60) should be applied?
Two approaches to solving the problem are presented.

Fertilizer Equation Method. The following equation is a helpful
tool to remember for fertilizer calculations:

Pounds of fertilizer × analysis expressed as a decimal =
pounds of nutrient

Substitute in the equation above.

Factor-Label Method. All steps, explained in Chapter 13, are used
below. With practice in using the method, some steps may be combined.

Step 1, known: Rate = 110 lb K2O/acre. Calculate: Pounds muriate of
potash/acre

Step 2, equalities: 1.0 lb muriate of potash = 0.60 lb K2O.
Step 3, possible fractions:

Step 4, start with known value, select fractions so the units cancel, set
up the equation:

Step 5, cancel units and complete the calculation:

grams of K in one mol of K O
grams of K plus grams of O in 

2

oone mole of K O

 g K
 g K  g O g K O

2

2

2 39 1
2 39 1 16 0

0 83

=
×

× +( )

=

.
. .

.   g K
 g K O1 00 2.

Pounds of muriate of potash   pounds of K O

Pounds

× =0 60 110 2.

  of muriate of potash  pounds= =110
0 60

183
.

1 0
0 60

0 60
1 02

2.
.

.
.

 lb muriate of potash
 lb K O

or
 lb K O

 lb muriiate of potash

110 1 0
0 60

2

2

 lb K O
acre

 lb muriate of potash
 lb K O

lb muri
× =

.
.

aate of potash
acre

110 1 0
0 60

2

2

 lb K O
acre

 lb muriate of potash
 lb K O

183 lb 
× =

.
.

mmuriate of potash
acre
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Fertilizer Problem 2
A consulting agronomist recommended the following nutrients for

your 120-acre field of corn:
• 160 lb N per acre
• 110 lb P2O5 per acre
• 120 lb K2O per acre
How much urea (45-0-0), DAP (18-46-0), and KCl (0-0-60) should be

applied to the field?

Potassium. All five factor-label steps are shown.
Step 1, known: 120 acres. To be calculated: lb KCl/acre
Step 2, equalities: 120 lb K2O = 1 acre; 60 lb K2O = 100 lb KCl (0-0-60)
Step 3, possible fractions:

Step 4, select the fractions that cancel

Step 5, cancel units and calculate:

Phosphorus. DAP furnishes both N and P, and is the only source of
P, so we do that calculation next. The steps are condensed

Nitrogen. Some of the N requirement comes from DAP:

Total N required:

The rest of the N must come from urea:

120
1

1
120

60
100

2

2

2 lb K O
 acre

or
 acre
 lb K O

and
 lb K O
 lb KCl

or
1100
60 2

 lb KCl
 lb K O

120
120 100

60
2

2

 acres
 lb K O
acre

 lb KCl
 lb K O

× ×

120
120 100

60
24 0002

2

 acres
 lb K O
acre

 lb KCl
 lb K O

 lb KCl× × = ,

120
110 100

46
28 7002 5

2 5

 acres
 lb P O
acre

 lb DAP
 lb P O

 lb D× × = , AAP

28 700
18

100
5 165, , lb DAP

 lb N
 lb DAP

 lb N× =

120
160

19 200 acres
 lb N

acre
 lb N× = ,

19 200 5 165 14 035, , , lb N total  lb N from DAP  lb N from ure− = aa

14,035 lb N
 lb urea
 lb N

 lb urea× =100
45

31 200,
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Fertilizer Problem 3
Calculate the cost of fertilizer for 60 acres of a crop that requires:
160 lb per acre of 82-0-0 ($550 per ton)
100 lb per acre of 0-44-0 ($890 per ton)

References

Purdue Extension. 2015. Corn and soybean field guide. ID-179. Purdue University,
West Lafayette, IN.

Ritter, S. K. 2008. The Haber-Bosch reaction: An early chemical impact on sustain-
ability. Chemical & Engineering News, Vol. 86. Accessed February 2, 2015, at
http://cen.acs.org/
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� 11

Soil Erosion and Its Control

Soil erosion is the process of detaching and removing soil materials
from their original sites. Wind, rain, and moving water are the main
forces responsible for this phenomenon. In humid areas, water is the
major cause of erosion; in semi-arid areas, both water and wind are
responsible for erosion damage.

SOIL EROSION BY WATER

Processes
Soil particles are first detached from aggregates, which tend to

remain in place, and then the particles are transported away.

Detachment. Detachment is the process by which particles are
removed from the soil mass. It is caused mainly by the impact of raindrops
on soil aggregates. Raindrops hit the ground with velocities as great as 10
to 20 miles per hour and hit the aggregate with force sufficient to remove
particles (Fig. 11-1 on the following page). Other factors, such as freezing
and thawing, wetting and drying, and tilling the soil also contribute to soil
detachment. In all cases, energy must be expended to detach soil particles.
When the soil is covered by live plants or plant residue, the raindrop
impact is absorbed by plant material and the soil aggregates are protected
(Fig. 11-2, also on the following page).

Transport. Transport is the process by which soil particles are car-
ried away from their original site. When the rainfall rate is greater than the
infiltration rate, water moves on the soil surface and carries suspended
particles with it. Surface water moves at velocities much less than the
velocity of falling rain, but often rapidly enough to transport particles. The
smaller the soil particles, the slower they settle and the more readily they
are washed away. This trend is at times countered by the tendency of some
soil particles to cling together to form aggregates. Clay particles and
145



Figure 11-1 Raindrops falling on unprotected soil. Soil aggregates are 
broken apart and soil particles are contained in the splashed water.

Figure 11-2 Raindrops falling on soil protected by crop residue. Residue 
absorbs the impact.
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organic matter aid this binding process. Silt particles tend to act individu-
ally. For this reason, soils high in silt are most erodible. Organic substances
are also easily transported by water because of their low density. Water
transports individual detached particles more readily than aggregates.

Types of Water Erosion
There are three types of water erosion (Fig. 11-3):
1. Sheet erosion is the removal of soil in thin layers without the

development of conspicuous channels. Soil loss is so gradual that
the erosion usually goes unnoticed, but the cumulative impact
accounts for large soil losses. Water flowing on the soil surface
rarely moves more than a few yards before it concentrates into rills.

2. Rill erosion is the removal of soil through the cutting of numerous
small but conspicuous water channels or tiny rivulets. They
develop when surface water concentrates in depressions on the
soil surface. The rills are usually less than 6 inches deep and can be
removed by plowing the soil.

3. Gully erosion is the removal of soil through the formation of rela-
tively large channels, more than six inches deep, cut into the soil
by concentration of runoff. Gullies cannot be removed by normal
plowing. They are spectacular to look at, but may cause less soil
loss than sheet and rill erosion.

Factors Affecting Soil Erosion by Water
The rate of erosion is affected by five factors: climate, soil properties,

slope, surface cover, and land use. These are the factors used in the Uni-
versal Soil Loss Equation, USLE (Wischmeier et al., 1971), which has been
used to design soil management systems that reduce erosion.

Figure 11-3 Types of soil erosion by water.
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Climate. The most important climatic factor is the rainfall. Intensive
rainfall with large drops is a serious erosion hazard. Intensive rain
detaches much soil (Fig. 11-1) and is not absorbed as fast as it falls, so it
runs off and transports soil. The total annual precipitation is of little sig-
nificance in this respect. Gentle rain, even if of long duration, causes little
erosion. Wind may drive raindrops against the soil surface at high veloci-
ties; otherwise, wind is of only indirect importance in erosion by water.
High temperatures tend to dry out surface soils and to make them readily
detachable. In arid areas plant growth is so scant that erosion is an ever-
present menace, even without the interference of people. Also, freezing
and thawing detaches soil particles and exposes them to removal by run-
off. As long as the soil is frozen solid, no erosion occurs. This is one rea-
son there is less erosion in the northern states. Also, southern states
receive more of their rain as intense thunderstorms. The climate of an
area also dictates to a certain extent the type of land use and vegetative
cover and therefore affects the potential erosion.

Soil Properties. As stated above, the two main processes of soil ero-
sion are detachment and transport of soil particles. To resist detachment,
the soil must be made up of water-stable aggregates, that is, the ultimate
soil particles must be grouped into masses that cling together even when
they are submerged in water. Clay acts as the binder for coarser soil parti-
cles, but it takes the glue provided by the microbes (glomalin) as they
decompose organic residues to keep these aggregates together under the
impact of water. All the factors that contribute to production of organic
matter and its ready decomposition help to make the soil resistant to
detachment. Also, to be resistant to transport, soil particles or aggregates
must be large enough so they cannot be floated off easily. The larger a soil
particle, the faster it sinks in water. Soil aggregates of sand size do not
stay in suspension long. Silt particles, on the other hand, may be carried
far before they settle out. Non-aggregated clay remains in suspension
almost indefinitely. Another factor affecting transport is the infiltration
capacity of the soil, that is, its ability to absorb water. Where more water
enters the soil, less runoff is available to transport soil particles.

Slope. Steepness, length, and shape of the slope affect the rates of
runoff and erosion. Increasing the steepness of the slope increases the
velocity of runoff and hence the rate of erosion. Also, the transportation
by splash erosion increases with the steepness of the slope. With increas-
ing length of slope, the amount of runoff water accumulates creating
more erosion hazard by collecting in draws and forming gullies. More
sheet erosion occurs on convex (bulging) slopes than on concave
(depressed) slopes, because the convex part of the slope is usually drier,
less vegetated, and lower in organic matter. Another reason for this is that
on the concave surfaces, the steepness decreases downslope. This slows
down the moving water and some of the suspended load is deposited on
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the lower part of the slope. On convex slopes, the steepness increases
downslope and the velocity and carrying capacity of runoff flow increase
toward the lower end of the slope.

Surface Cover and Land Use. A dense cover of vegetation with
plant residue on the ground, as found under undisturbed natural condi-
tions in forests or prairies, provides extensive protection from erosion
(Fig. 11-2). Plant roots also hold the soil in place. Only where the soil is
exposed along creeks, by uprooted trees, through landslides, or through
any other natural cause can significant erosion occur in forest or prairie
land—that is, until humans upset the natural equilibrium. Clean tillage
systems leave the soil unprotected for considerable periods of time and
cause more rapid decomposition of organic matter. Therefore, clean till-
age favors accelerated erosion.

The effect of agriculture on soil erosion depends largely on the
amount of surface cover and the intensity of tillage. It is obvious that a
cultivated field without any cover of plants or plant residues represents a
much greater erosion hazard than a dense bluegrass pasture or undis-
turbed woodland. Many intermediate conditions of soil cover exist. These
include, in order of increasing protection for the soil:

• Fallow
• Row crops with clean tillage
• Row crops with strip tillage
• Row crops with no till
• Small grains
• Hay crops
• Pasture
• Permanent vegetation
The erosion hazard created by a certain land use depends on the

plants and the plant residues covering the ground, and on the manage-
ment of the plants and soil that go together with the particular land use.
Such items as the rate of growth (as affected by soil fertility and climate),
the period the crops are on the ground, and the disposal of the crop resi-
dues determine to quite an extent the effectiveness of the land use system.
The sequence of clearing the land, clean tillage up and down the slope,
gully formation, and soil conservation farming is illustrated in Figures 11-
4 through 11-7 on pp. 150–151.

SOIL DEPOSITION BY WATER

Soil deposition or sedimentation is the process of depositing eroded
soil material. Soil that is carried from its original location in the field is
frequently deposited not far away, only to be picked up in another storm
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Figure 11-4 Our ancestors cleared land to produce food and made it 
more vulnerable to erosion at the same time.

Figure 11-5 Clean tillage up and down a slope, a combination of bad 
practices.
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Figure 11-6 Gully formation—exhausted land.

Figure 11-7 Soil conservation farming using strip cropping on the contour.
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and carried on farther down toward the sea. The finer the soil particles,
the farther they are carried each time. Only clay, dispersed into its ulti-
mate particles, can stay in suspension indefinitely—until the salt content
of the sea or some other similar agent coagulates the clay particles and
causes them to settle out.

Sedimentation of eroded material may be beneficial or detrimental,
depending on the nature of the sediment and on the place of deposition.
Sediment deposited on a flood plain soil, for example, may add to its
depth and its fertility. In most cases, however, sedimentation is detrimen-
tal, such as when it covers roads and fills reservoirs.

SOIL EROSION BY WIND

Wind also causes severe soil erosion. When the wind blows across a
bare, dry soil, it picks up some particles. The particles are accelerated into
the air stream. Some also fall toward the surface, where they strike other
particles and aggregates with great force and dislodge more particles into
the wind. These particles are also accelerated so once soil particles start to
move, the process is self-perpetuating (Fig. 11-8). The process, by which
particles move by a series of impacts and jumps, is called saltation. Soils
that are high in fine sand, very fine sand, and silt, and low in organic mat-
ter are most subject to wind erosion. Coarser sand particles are too heavy
to be picked up easily, and finer particles tend to cling together in aggre-
gates, especially if moisture is present. Wind erosion is especially severe
during times of drought, when the soil lacks moisture and the vegetative
cover is sparse. One of the most spectacular examples of wind erosion
occurred in the 1930s in the Great Plains, which became known as the Dust
Bowl. Farming had spread to that area during previous wetter periods, and
vast areas were plowed. When the drought hit, vegetation withered, and
the soils blew. They covered fences and houses and choked animals and
people. Huge clouds of dust were carried all across the continent, to the
extent that they blotted out the sun in New York City and Washington, DC.

Partial
Vacuum

Wind
Direction

Pressure

Direction
of Saltation

Figure 11-8 Effect of wind on movement of soil particles.
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SOIL CONSERVATION

Practically everywhere, topsoil grows better crops than subsoil. There
are several reasons for this. Plant residues accumulate on top of the soil
and, upon decay, enrich the surface soil. In the course of soil develop-
ment, clay usually washes down the profile and organic matter accumu-
lates in the surface layer (A horizon), bringing about a friable structure
that is readily permeated by plant roots, water, and air. Much of this clay
is deposited in the subsoil (B horizon), making the subsoil more dense
and more resistant to root penetration. Roots do penetrate through the
voids around structural aggregates and have access to the moisture
stored in the subsoil, but this moisture is not as readily available to plants
as the topsoil moisture. For ages, plant roots have foraged throughout the
soil. This combination of friable, fertile soil on top and heavier, water-
retentive soil below, as created by nature, is the best medium for plant
growth we can imagine. Erosion can remove the A horizon and expose
the B horizon. The B horizon, as stated above, is low in organic matter
and plant nutrients and is frequently high in clay and slow in absorbing
water. Much of the rain falling directly on soil B horizons runs off over the
surface because of surface sealing. The result is that crops suffer from lack
of nutrients and lack of water. Crop yields on slightly eroded soils are
much greater than yields on severely eroded soils, so controlling erosion
benefits the farmer directly and preserves soil resources.

Soil Loss Tolerance and Amount of Soil Erosion
Every farmer must aim to conserve the surface soil to maintain the

productive capacity of his or her land. It is impossible to cultivate land
without any loss of soil, so permissible rates of erosion have been estab-
lished by soil conservation agencies. A soil loss tolerance, or T value, is
said to be the amount of soil loss that can be tolerated each year while still
maintaining high soil productivity. For most cropland, T values are
around 4 to 5 tons per acre per year.

Is this erosion rate sustainable in the long run? One way to answer
this question is to compare the tolerable soil loss rate with the rate of soil
formation. We take central Indiana as an example. There the age of the
landscape is about 20,000 years (since the glaciers left), and the soils are
about one meter deep. The rate of soil formation is:

Converting the rate of tolerated soil loss to mm/year is more compli-
cated because agricultural field terms are in English units and laboratory
values are in metric units. Here, we do it stepwise.
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1. Assume a soil loss rate of .

2. Also needed are some unit conversions and bulk density of the
surface horizon:
1 acre = 43,560 ft2 1 ton = 2,000 pounds (lb) 10 mm = 1 cm
1 ft2 = 929 cm2 1 lb = 454 g Bulk density = 1.4 g/cm3

Arrange the unit conversion factors and bulk density so the units
cancel:

3. Cancel units and do the calculation:

The calculation shows that the current tolerable rate of soil erosion is
more than 10 times the rate of soil formation. Many soils are eroding at
rates much greater than 4.5 tons per acre, so the immediate goal should be
to bring erosion down to T values. The long-range goal, on the other
hand, should be to determine rates of soil formation and to develop and
use soil conserving methods that will limit erosion rates to soil formation
rates. These methods most likely will require that soils have some kind of
cover at all times. This practice has been the goal of soil conservation pro-
grams for years and is now receiving extra attention because it is a key
part of soil health.

The total amount of erosion is staggering, but we are making prog-
ress in fighting erosion. In the 1966 edition of this book, the amount of soil
erosion in the United States was estimated to be 5 billion tons, and in the
1995 edition, 3.05 billion tons. Between 1982 and 2010, total soil erosion on
U.S. cropland decreased from 3.05 to 1.70 billion tons, a decrease of 44%
(Fig. 11-9). During this time the loss rate dropped from 7.26 tons per acre
per year in 1982 to 4.77 in 2010 (Fig. 11-10). This brings the average rate
down to about the tolerable rate. We have a long way to go, however. On
cropland, much soil is still eroding faster than the tolerable rate and most
soil is eroding faster that it is formed.

Reducing Detachment
Erosion can be minimized by limiting both the detachment and trans-

port processes. Raindrops travel at high velocities as they strike the
ground and so have a great deal of energy. The first defense against
detachment is to reduce the force of raindrop impact on the soil by keeping
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Figure 11-9 Total amount of soil erosion by water and wind on cropland in 
the U.S. (Natural Resources Conservation Service).
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Figure 11-10 Soil erosion, tons per acre per year, by water and wind on 
cropland in the U.S. (Natural Resources Conservation Service).
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the soil covered at all times with living plants or plant residues which
absorb most of this energy. The next task is to encourage the formation of
soil aggregates that will not break into individual particles when hit by
raindrops. These water-stable aggregates are held together mainly with
organic materials, so additions of organic matter to the soil is encouraged.
The organic matter that provides surface cover also serves this purpose.

In farming operations, soil cover is best maintained by growing
perennial crops such as hay and pasture. When clean-tilled crops such as
corn and soybeans are grown, cover is maintained by leaving the crop
residue on the surface. If this cover is insufficient to control erosion, a
winter cover crop should be grown. A winter crop will grow enough dur-
ing the late fall so that its roots will help bind soil particles together and
its tops will provide surface cover over winter and early spring when
soils are subject to erosion. A winter crop can be killed with herbicides or
turned under before the next crop is planted in the spring. It also adds
organic matter to the soil.

In some farm operations, the surface soil is first turned over by a
moldboard plow or by chisel plows, which bury crop residue. Then the
soil is further tilled by several trips with disks, and the new crop is
planted into the finely-pulverized soil which is easily detached and trans-
ported. In conservation tillage methods, all or most of the crop residue is
left on the surface, and the new crop is planted through the residue. This
increases protection from raindrop impact, reduces soil pulverization
(leaving more aggregates), reduces compaction and saves fuel costs by
minimizing the number of tillage operations. Live plants and crop resi-
due also slow runoff. Weeds, and often winter cover crops, are killed with
chemicals in the no-till system.

Reducing Transport
Transport of eroded soil particles is reduced by decreasing the

amount and velocity of runoff water. The amount of runoff can be
reduced by allowing more of it to infiltrate into the soil and routing it
through underground drain lines. Infiltration is increased by maintaining
good soil structure and by creating large pores through which water can
flow. Addition of organic matter to the soil decreases detachment and
promotes the formation of a loose, porous soil structure that conducts
water quickly. Plant roots growing in the soil also create pores through
which water can flow. Other pores are made by earthworms, which
depend on organic matter for their food. The following practices prevent
water from moving straight downhill:

• Keeping vegetative cover on the soil as long as possible.
• Leaving the soil surface rough with many small depressions.
• Conducting all farming operations on the contour (Fig. 11-7), not

up and down the slope (Fig. 11-6).
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• Strip cropping.
• Building structures such as terraces to break up long slopes.

Controlling Wind Erosion
Controlling wind erosion is similar in many respects to controlling

water erosion. Soil cover reduces wind erosion by absorbing the energy of
wind-blown particles and by reducing detachment of particles from
aggregates. Because it tends to perpetuate itself, wind erosion builds up
across long, unobstructed sweeps of land. This cycle can be broken by
keeping vegetative cover on the soil at all times and by planting rows of
trees in windbreaks.

SOIL MANAGEMENT SYSTEMS FOR EROSION CONTROL

Several soil management systems are available for farmers to use.
They differ greatly in their ability to reduce erosion and to furnish other
environmental benefits. Some of these systems can be used in combina-
tion with others.

Clean Tillage
The term clean tillage is used for any system that leaves the soil sur-

face more or less free of residue. It usually involves plowing with a mold-
board plow or chisel plow, and often includes disking. Removing all
residue from the soil surface and disturbing the soil surface greatly
increase the potential for soil erosion. The potential for water erosion is
less in flat fields, but the potential for wind erosion is high. Improved
planters, seed quality, and herbicides have largely eliminated the need to
practice clean tillage. Clean tillage was once called conventional tillage,
but this practice is becoming less and less conventional because other sys-
tems have so many benefits.

An advantage of clean tillage is that crop yields are sometimes greater
than they are under other systems that have more live plants or plant resi-
due on the surface. The soil under this mulch cover retains more moisture
and heats up more slowly in the spring. The cooler temperatures result in
slower early crop growth. The increased yield under clean tillage, how-
ever, usually does not pay for the additional fuel used in clean tillage.

Conservation Tillage
Conservation tillage is any method of soil cultivation that leaves the

previous year's crop residue (such as corn stalks or wheat stubble) on
fields before and after planting the next crop, to reduce soil erosion and
runoff. To provide these conservation benefits, at least 30% of the soil sur-
face must be covered with residue after planting the next crop. Some con-
servation tillage methods forego traditional tillage entirely and leave 70%



158 Chapter Eleven

Franzmeier et al 5E.book  Page 158  Friday, March 11, 2016  2:46 PM
residue or more. It is especially suitable for erosion-prone cropland. In
many agricultural regions it has become more common than traditional
moldboard plowing.

Conservation tillage methods include no-till, strip-till, and ridge-till.
Each method requires different types of specialized or modified equip-
ment and adaptations in management. No-till and strip-till involve plant-
ing crops directly into residue that either hasn't been tilled at all (no-till)
or has been tilled only in narrow strips with the rest of the field left
untilled (strip-till). Ridge-till involves planting row crops on permanent
ridges about 4–6 inches high. The previous crop’s residue is cleared off
ridge-tops into adjacent furrows to make way for the new crop being
planted on ridges. Maintaining the ridges is essential and requires modi-
fied or specialized equipment.

Conservation tillage provides these benefits:
• Reduces soil erosion by as much as 60% to 90% depending on the

conservation tillage method. Pieces of crop residue shield soil parti-
cles from rain and wind until new plants produce a protective can-
opy over the soil.

• Improves soil and water quality by adding organic matter to the soil.
• Conserves water by reducing evaporation at the soil surface.
• Conserves energy due to fewer tractor trips across the field.
• Reduces potential air pollution from dust and diesel emissions.
• Provides crop residue which supplies food and cover for wildlife.
• Reduces soil compaction because of fewer trips across the field.

Cover Crops
A cover crop is a crop grown between periods of regular crop produc-

tion to prevent soil erosion and provide other environmental benefits
(Kladivko, 2011). Typically cover crops are planted about the time row
crops such as corn and soybeans are harvested, and are terminated before
the next summer crop is planted. They provide soil cover during late fall,
winter, and early spring. Grasses, legumes, and other crops can be used
as cover crops. Currently the more common species include annual rye-
grass, cereal rye, crimson clover, turnips, and oilseed radishes.

Cover crops may be seeded from an airplane into a standing corn or
soybean crop where seeds end up on the soil surface. Some crops must be
seeded into the soil, however, which must be done after the crop is har-
vested. Early seeding to get plants well established before cold weather is
essential to successful cover crop development. Cover crops are planted
for their benefit to soil or environmental quality and not for harvest.
Some cover crops may also be suitable for grazing or haying, but then
they are a forage crop and should be managed as such. After the cover
crop has done its job, it must be terminated before the next summer crop
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is established. Some crops die over winter, some are killed with an herbi-
cide, and others might be killed by tillage or by crimping the plant stems.
One problem associated with oilseed radish is the odor which occurs dur-
ing their decomposition.

The benefits of cover crops (Kladivko, 2011) follow:

• Prevent erosion: The classic use of cover crops is to protect the soil
surface against both water and wind erosion, thus conserving the
soil resource base and nutrients such as phosphorus that are
adsorbed by soil particles that stay in place.

• Scavenge N: They “trap” residual soil nitrate to prevent it from
leaching into drainage water. This protects water quality, and some
of the scavenged N will be available to succeeding cash crops while
the rest helps build soil organic matter.

• Produce N: When legumes are included they fix atmospheric nitro-
gen for their own use. After the legume cover crop is terminated,
much of this N will be released as the residues decompose, provid-
ing available N to succeeding crops.

• Build soil quality: Cover crops improve soil physical properties,
increase soil organic matter, and increase soil biological activity.
Fibrous roots build soil aggregation and deep-rooted crops
improve permeability. Some tap-rooted crops help break up com-
pacted layers, improving water flow, aeration, and rooting of sub-
sequent crops. Cover crops stimulate soil biological activity by
providing additional food in their shoot and root residues.

• Conserve soil moisture: When they are left as a mulch they reduce
evaporation and conserve water for use by the following crop.

• Suppress weeds: Some cover crops can suppress weeds by competi-
tion, shading, or allelopathy (the suppression of growth of one
plant species by another). Unfortunately, some cover crops can also
become weeds in subsequent cash crops if not carefully managed.

• Recycle nutrients: Although N is the usual focus, cover crops may
also help recycle other nutrients by reducing erosion, building soil
organic matter, and increasing soil biological activity.

• Enhance wildlife habitat: Cover crops can provide shelter and food
for birds and other wildlife and increase landscape diversity.

Buffer Strips
Buffers strips are areas of permanent vegetation located between

agricultural fields and the streams to which they drain. These buffers are
intended to filter sediment out of the runoff before it reaches the steam.
Also, some of the runoff water may soak into the soil allowing adsorption
of nutrients and deactivation of pesticides.
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SOIL CONSERVATION AND SOCIETY

Humankind continues to increase in numbers by around 93 million
annually (12 times the size of New York City). In 2014, there were 7.1 bil-
lion of us, and as the numbers of tillable acres steadily diminish through
erosion and other causes, there is no alternative but to attempt to con-
serve the soil that is left. Approximately 11% of the earth’s population is
either ill-nourished or starving. The conservation of the productive capac-
ity of the land becomes the responsibility of every citizen.

Research into better ways of controlling erosion and into more effi-
cient uses of the land and crops brings us steadily closer to successful soil
conservation. The economic importance of soil conservation and its value
in the nutrition of humankind has received so much attention that in both
the city and the country, conservation farming has become a synonym for
good farming. Full success of a soil conservation program can only be real-
ized when this subject has been taught to today’s children by teachers
who appreciate the problem of soil conservation and when a soil steward-
ship attitude has been created in the whole population.
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� 12

Soil and the Environment

Soil is the central component of the environment. It is here that the
physical, chemical, biological, and climatic factors merge. Earlier chapters
showed how soil properties depend on the factors under which the soils
developed—parent material, topography, climate, organisms, and time.
This chapter explains how soils interact with their present-day environ-
ments, how they can be degraded, and how we might care for them to
minimize degradation and protect other parts of the environment.

THE NATURAL SOIL ENVIRONMENT

In this section we will first discuss how some general principles dis-
covered through studies of soil formation can guide us in using our soil
resources in the future, and then we will examine some aspects of the
natural soil environment that relate directly to modern-day environmen-
tal concerns.

General Principles
Soil formation is measured in thousands of years. Most soils formed

under natural conditions for tens of thousands of years, many for hun-
dreds of thousands of years, and some for millions of years. Given the
same natural conditions, it is likely that these soils will last for thousands
of more years. As a rule, then, if we wish to use our soils for an unlimited
time, we should use them in a manner similar to the way they existed in their
natural states. This is the general principle of soil care.

We also know that during thousands of years of soil formation, soil
properties changed slowly in response to environmental changes. Today,
many properties continue to change gradually in response to changes in
their present environments, so any change we cause in a soil might not be
immediately apparent. Once a soil is damaged, however, it usually takes
a long time to heal the scars. This leads to another general principle of soil
care: We should look for early signs of soil damage and adjust management plans
161
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to reduce the harm before it becomes so severe that it will take many years to
repair it.

For example, it is important to look for early signs of damage in the
movement of certain chemicals, such as nitrate ( ), through the soil to
the ground water. Water moves slowly through the lower strata of many
soils, and it may take many years for the water that infiltrates the soil to
reach the ground water reservoir. If excessively high rates of nitrogen (N)
are applied to a soil, some of it will move downward as  with the soil
solution. Because the water moves so sluggishly, the  might not
appear in the ground water for many years, perhaps for even hundreds of
years. Once it does appear, however, it will take a similarly long time to
flush out the excess  after high application rates have ceased.

Surface Cover
In their natural settings, essentially all soils have some kind of surface

cover. Mostly it is vegetation, but it might also be a stone mulch in the
desert. This cover protects the soil from erosion by preventing raindrops
from directly striking erodible soil material. In this way, soil cover
reduces the detachment and transport of soil particles, the two major pro-
cesses of soil erosion (Chapter 11). The cover also creates obstructions, or
small dams, that slow the water that runs over the surface of the soil, and
vegetation provides channels through which water can enter the soil.

Originally, most soils were covered with perennial vegetation or
annual species that re-seeded every year. After European settlers arrived
in North America, this vegetation was largely replaced with annual
crops, such as corn, wheat, cotton, and soybeans, on the most productive
soils. Traditionally, fields of these crops have been plowed after harvest in
the fall or during the following spring and then seeded again with an
annual crop. This system of tillage leaves the soil bare and subject to
accelerated erosion for extended periods. The practice invites problems
because, according to the first general principal of soil care, the soil
should be covered at all times.

Biodiversity
Soils in their natural states support a great diversity of plant, animal,

and microorganism species. When one plant species is devastated by dis-
ease or insects, the population of that plant will be reduced and the popula-
tion of the disease or insects will be increased for a time. The overall effect
on the entire plant community, however, will be small because the suscepti-
ble plant species constitutes only a small portion of the entire community.

In many farming operations, only one species is planted (monocul-
ture), and that same crop might be grown year after year. This provides
an ideal environment for weeds, insects, and diseases that prey on the
crop to build up large populations. The first general principle of soil care
tells us to strive for a mixture of plant species. We can achieve some
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degree of biodiversity by growing a mixture of species, such as in forage
crops, and by following a crop rotation in which different crops are
grown in successive years. Crop rotation limits the build-up of a plant
pest by removing its host plant from a field for several years. Rotations
also reduce the need to chemically control pests.

Purification of Waste Products
Soils purify the natural waste products added to them. Over thou-

sands of years of soil formation, organisms evolved to decompose wastes
(such as those from animals) into simpler products like soil organic matter,
carbon dioxide, and water. These products can cycle back into the atmo-
sphere or into ground and surface water, or they can be stored in the soil.

Although soil organisms can break down and purify natural materi-
als, they may not be able to process synthetic chemicals that were not part
of the environment during soil formation. Some herbicides and insecti-
cides, for example, persist a long time in soils mostly because of their
complex structure, long chains, and carbon-chlorine bonds. Other chemi-
cals, such as heavy metals like mercury, lead, and cadmium, are held
tightly by soils and, once added, remain in them practically forever. In
general, any chemical not natural to the soil should be added with care.

Influence of Soils on Climate
We learned earlier how climate influences soils. Soils also influence

climate. They moderate daily and yearly climatic fluctuations and those
related to weather cycles. Most rain is absorbed by the soil and usually
small amounts runoff the surface. The absorbed rain is used by plants or
percolates through the soil. The runoff can cause soil erosion and flood-
ing. Therefore, absorption of water by the soil greatly lessens the devas-
tating effects of a rainstorm.

Because heat moves through soil slowly and soil has a high heat
capacity, it warms and cools more slowly than air. This effect is shown in
both daily and seasonal temperature cycles. During the day soils absorb
heat and at night they radiate it, thus reducing extreme daily temperature
fluctuations. Dark-colored soils absorb more heat during the day and
radiate more at night than light-colored soils. Evaporation and transpira-
tion processes absorb heat and tend to cool their environment. Landscap-
ing with trees, grass, and shrubs, as compared with inorganic materials
such as concrete and rock mulches, moderates soil and environmental
temperatures. For example, the city of Chicago has over 110 million trees
to help moderate fluctuations in temperature.

Retardation of heat flow in soils is especially evident between summer
and winter. In the summer, subsoil temperatures are generally cooler than
air temperatures, and during the winter subsoil temperatures are warmer.
The time of the annual temperature maximum at a depth of 2 meters is
several weeks later than the maximum at the surface, and the minimum
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has a similar lag. That is why in northern latitudes water pipes in the soil
sometimes freeze at about the time the air temperature begins to rise in the
late winter months. These soil-temperature relations also affect plant
growth. In the spring, plants grow slower than one would anticipate from
the air temperature because the soils are cooler, but in the fall, growth of
plants such as pasture grasses continues well into the cold season.

Principles of heat flow in soils can also be used to an advantage in
designing homes. Some buildings are earth-sheltered, built largely under-
ground, to reduce the temperature fluctuations around them and to con-
serve fuel used for heating and cooling. Geothermal heating systems
utilize the seasonal lag in temperatures in deep soil layers to reduce
energy use. Air conditioning systems usually remove heat from a build-
ing by exchanging it with the outside air. On hot days, the outside air is
not effective in removing heat, because it has already absorbed a great
deal of heat. The soil at a depth of a few meters, however, is much cooler
and can absorb more heat. In the summer, geothermal heating-cooling
systems transfer heat from the building to this cool soil by circulating liq-
uids through pipes buried in the soil. This same system is used to remove
heat from the soil in the winter, when the soil is warmer than the outside
air, and to transfer it to the building.

Soils indirectly influence global climate change because they play a
key role in the carbon cycle. Increased carbon dioxide in the atmosphere
(CO2), as well as other gases such as nitrous oxide (N2O), has been impli-
cated in global warming. Some of this extra CO2 has come from burning
fossil fuel, such as coal and oil, but some has come from the soil when
organic matter is oxidized to CO2. Live plants reverse this process,
removing CO2 from the atmosphere and fixing it in plant tissue in the
process of photosynthesis. Some of this plant material is returned to the
soil. To lower the CO2 content of the atmosphere, it is helpful to maintain
vigorous growth of vegetation and to promote high levels of organic mat-
ter in the soil. Both processes are encouraged in a healthy soil. Further-
more, as mentioned in Chapter 11, good soil cover reduces erosion of the
surface soil layers which sequester the most organic matter.

Wetlands
Soils that are saturated with water to the surface for several months a

year are called hydric soils, and the ecosystem associated with these soils
is called a wetland. Wetlands replenish ground water, retard runoff, filter
sediments from water, and serve as habitats for wildlife such as ducks,
geese, and other animals. Some wetlands called bogs or marshes store
large amounts of organic carbon. Wetlands were extensive in the United
States when European settlers arrived, but since then many have been
drained by underground drain lines and ditches for agricultural produc-
tion. These drained wetlands comprise some of our most productive soils
because they usually have a high organic matter content which contrib-
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utes to their natural fertility, favorable structure, and high water holding
capacity. Without agricultural production from them our food supply
would be significantly diminished.

Because wetlands are such a vital part of our entire ecosystem, we
must preserve those that remain in their natural state. In fact, federal leg-
islation prohibits draining most of our remaining wetlands. A wetland is
identified by its hydrology (the depth to the water table throughout the
year), the kind of natural vegetation it supports, and hydric soil features
as shown in soil morphology. Soil morphology, primarily color patterns,
reflects the wetness of the soil during its entire time of formation as
explained in Chapter 6. In most wetlands, the water table level fluctuates
with weather patterns and with seasons of the year, so the soil might not
be saturated year-round. If hydrological data are not available and the
natural vegetation has been disturbed, soil morphology is the best indica-
tor of wetlands.

SOIL HEALTH

Healthy soil should be the goal of all soil users. Soil health is defined
by the Natural Resources Conservation Service (NRCS) as the continued
capacity of soil to function as a vital living ecosystem that sustains plants,
animals, and humans. NRCS advocates four basic practices:

• Use plant diversity to increase diversity in the soil.
• Manage soils more by disturbing them less.
• Keep plants growing throughout the year to feed the soil.
• Keep the soil covered as much as possible.
Indicators of soil health emphasize soil biology which serves as an

indicator of the overall condition of soil. If there are serious soil physical
or chemical problems, soil biology will suffer. The following sections dis-
cuss serious deviations from a healthy soil.

SOIL DEGRADATION

A healthy soil is one that is well adjusted to its environment. Devia-
tions from the healthy condition result in soil degradation. Furthermore,
some kinds of soil degradation affect the environment in other places, and
may affect the global environment. Soil degradation processes, and how
they might be countered, are discussed in this section. Soil degradation by
soil erosion is so pervasive that it is covered separately in Chapter 11.

Soil Structural Decline
Soil structure refers to the geometric manner in which soil particles

are grouped together to form aggregates or peds. Conversely, pore space
refers to the space not occupied by solid soil particles. Plant roots, micro-
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organisms, insects, and soil animals all need air and water which move
through the soil pores. In soil with good structure, particles are bound
together in stable aggregates, and this results in a system of pores
through which water, air, and roots can readily move (Chapter 3). Most
soils had good structure before they were first tilled, but construction
activities and many farm operations destroy these aggregates.

The main manifestations of structure decline are compaction, sealing,
and crusting. Compaction results from the mechanical rearrangement of
soil particles and aggregates by the weight of equipment on the soil and
by the force exerted by tillage implements. Surface horizons are most sub-
ject to compaction from traffic on the soil surface. Also, when soils are
plowed, the zone immediately below the plow layer is compressed by the
weight of the tractor in the furrow and by the force exerted by the mold-
board plow. This subsurface compacted zone is called a plow pan. Soils
are most subject to compaction when they are moist. Compaction is mini-
mized by reducing the number of trips over the soil, using track vehicles
or those with low tire pressure, operating only when soil is dry, and main-
taining surface cover. Surface sealing takes place when raindrops hit bare
soil. Individual particles are detached and move downward plugging the
pores in the soil. This “washed-in” layer is typically a few millimeters
thick and forms a compacted zone that partially seals the surface. The seal
is almost devoid of pores and causes an increase in water runoff. When
the seal dries it becomes hard and is called a crust. Crusts impede seed-
ling from emerging through the soil surface. Sealing and crusting are also
minimized by maintaining a surface cover, which reduces the impact of
raindrops on the soil. Reduced tillage results in less pulverization of soil
aggregates and less sealing and crusting.

Leaching and Acidification
In humid regions, where precipitation exceeds evapotranspiration,

soils tend to become acid. Carbon dioxide in the atmosphere causes pre-
cipitation to be slightly acidic and CO2 released by respiring roots creates
acidity. Decay of organic material releases acids and some N fertilizers are
acidifying. Therefore, if the soil is not renewed by additions of lime or cal-
careous alluvium, the basic cations such as Ca+2, Mg+2, and K+ are slowly
replaced with acidic ions on the exchange sites. Some of this acidity is
converted to aluminum compounds (instead of H+), which, in high con-
centration, are toxic to many plants. These leaching processes are a natu-
ral part of soil formation, but they are accelerated by acid rain,
precipitation that is made more acid by sulfuric and nitric acids from
smokestacks and automobile exhaust.

Salinization
Salinization is the accumulation of excess salts in a soil. It is the oppo-

site of leaching. In arid and semi-arid areas, there is not enough rainfall to
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leach out the salts (soluble cations and anions) and they accumulate in
soils. In some arid areas the soils are naturally high in salts, and in other
areas salinity problems have increased because of human activity. If the
salt content is not too high, these soils support salt-tolerant species. In
large parts of the world that are semiarid, the ground water has a high
salt content below the rooting zone, so the salt has little effect on plant
growth. Problems arise, however, if the ground water level rises. The
water table can rise when trees are removed and replaced with annual
crops that transpire much less water. In some regions of Australia, for
example, native eucalyptus trees transpire large amounts of water
because they keep their leaves all year. Many of these trees have been
replaced by annual crops, such as wheat, that use much less water. The
water not used by wheat moves downward and causes the saline ground
water level to rise into the rooting zone where it retards plant growth. In
some of these areas trees are being replanted to lower the water table so
crops can be grown in nearby fields.

Soils prone to salinization are found in arid and semi-arid areas,
which are likely to be irrigated. If the water table is deep, but salty, and the
soils are permeable, special care should be taken to avoid over-irrigation,
which could raise the water level into the rooting zone. If the soils conduct
water slowly or have a shallow water table, an underground drainage sys-
tem should be installed so the salts can be flushed out occasionally. These
soils are usually fertilized, which adds more salt and increases the need for
drainage. Drainage of saline soils may cause problems for farms or cities
downstream. The irrigation water used at the first farm picks up salts from
the saline soil and from fertilizers as it leaches through the profile. The
excess irrigation water drains back into the river and is used by the second
farm. The farther downstream the water travels, the saltier it becomes.

Soils can also become salty in humid coastal areas even where rainfall
exceeds evapotranspiration and, under natural hydrology, water leaches
through the soil to the ground water and eventually moves to the ocean.
In these areas, however, if much ground water is pumped from the wells,
the direction of flow is reversed. Salty ocean water replaces fresh ground
water and eventually salt water is pumped from the wells. If this water is
used to irrigate soils, they eventually become saline.

Desertification
The term desertification is pictured by some to represent the physical

process of the desert encroaching on more humid areas—that is, the pro-
cess of great seas of sand dunes covering grassy areas. Actually, desertifi-
cation implies a complex interaction of humans and nature (Hillel, 1991).
Desertification is most severe in northern Africa. It is not happening so
much at the very edge of the desert as around population centers that
may be some distance from the desert. Many of these areas have more
people than the resources can support in the long-term. In wetter years
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the soils are sufficiently productive to support the population. During a
drought, however, people remain on the land in the hope that the rains
might soon return. They continue to graze their goats, sheep, cattle, and
camels on the withered grass, and when it plays out, they feed the ani-
mals by trimming trees already weakened by the drought. They go on
collecting firewood from the sparse trees and shrubs. Eventually the veg-
etation dies, and the unprotected soil erodes by wind and rain when it
does return and the whole area becomes less productive than it was dur-
ing the previous, wetter period. This cycle continues, with more and more
damage to the environment occurring with each drought. Professor Dan-
iel Hillel (1991) explains the process as follows:

The damage to vegetation and soil typically results from the com-
bined effects of the prolonged drought and the excessive pressure by
too many people and animals on a land too parched to support them.
The same land that supported them and their forebears for so many
generations is thereby, in effect, turned into a desert. The tragedy of
the American Dust Bowl is thus being reenacted in Africa on a vastly
greater scale of geography and human suffering.

Soil Contamination
In its natural state, soil purifies water on its way to an aquifer or to a

stream by absorbing and gradually breaking down pollutants. A soil can
become contaminated, however, and add impurities to the water rather
than remove them. These impurities may be excessive farm chemicals, res-
idential or industrial waste products, or toxic materials buried in landfills.

Fertilizer. In a proper fertilization scheme, farmers add plant nutri-
ents to the soil at approximately the same rate the nutrients are removed
from the field through harvested crops. If they add more nutrients, the
soil might absorb some of them, but eventually it will pass them on to
other parts of the environment. The compositions of chemical fertilizers
are well known and stated on tags, and fertilizer spreaders apply them
accurately and uniformly. Manure, on the other hand, is sometimes
applied mainly to get rid of it, its composition is more variable, and
spreading is less precise. Because of these differences, plant nutrients in
manure, especially nitrogen (N) and phosphorus (P), are sometimes
applied at high rates—much higher than can be used by crops. Manure
from concentrated animal feeding operations often needs to be trans-
ported long distances to be applied at proper rates to meet crop needs.

Nitrogen and P act quite differently in soils. Nitrogen is converted via
the nitrification process to nitrate ( ), which is highly soluble and
moves with the soil water (Chapter 9). From the soil,  can move into
ground water and into the water that flows from drain tiles into surface
waters. Water high in  is not healthy to those who drink it; it can
cause illness (Methemoglobinemia), and even death, to infants. Phospho-
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rus, on the other hand, is held tightly by soil particles and causes damage
mainly when it is carried to a lake or stream where the phosphorus may
become available to aquatic organisms (called phytoplankton). Because P
is often the limiting growth factor in bodies of water, aquatic organisms
flourish in the presence of added phosphorus and begin to consume
nearly all the oxygen in the water resulting in a condition called anoxia.
Specific examples of the environmental effects of plant nutrients in water-
ways and what can be done to reduce their amounts are discussed in the
subsequent section, “Plant Nutrients.”

Pesticides. Most herbicides, insecticides, and other chemicals added
to the soil are broken down into simpler, nontoxic products by soil micro-
organisms. Some of these chemicals, however, are not readily degraded.
Those loosely held by soil particles may get into water supplies and even-
tually into the food chain, where they may be ingested by animals and
people. Some chemicals that were heavily used in earlier years, such as
DDT and chlordane, were shown to degrade very slowly in the soil and be
dangerous to the environment and have been banned from further use.

Before the hazard of some farm chemicals was known, there was a
tendency for many farmers to treat whole fields with a pesticide—just in
case a certain weed, insect, or disease might become a problem. In recent
years emphasis has been on using fewer pesticides. Their use is being
reduced by site-specific management practices, whereby a person
trained to identify weeds, insects, diseases, soil compaction, and other
problems investigates a field and recommends which chemicals or alter-
native controls should be applied to certain areas of the field.

Municipal Solid Waste
Municipal solid waste (MSW) is the total amount of all material

thrown away from homes and small businesses. The amount of MSW has
increased steadily in the United States because of lifestyle, disposal mate-
rials, and the use of excessive packaging. Approximately 60% of MSW is
disposed of in municipal landfills, the remainder is recycled, composted,
or combusted in waste to energy facilities. Until the 1960s, most MSW
was disposed of in open dumps. In the 1960s and 1970s these open
dumps were converted to landfills. Open dumps and landfills during this
time generally were constructed on soils subject to leaching, often on ter-
races and flood plains where the leachate might move into the ground
and surface water. In the late 80s and early 90s, the Environmental Protec-
tion Agency (EPA) upgraded siting and construction requirements for
new landfills requiring that they be above the water table. Current rules
require that the floor of the landfill be shaped to allow water to flow into
a leachate collection system, which is underlain by 12 inches of impervi-
ous clay and a plastic liner. Ground water monitoring wells surround the
site and are sampled throughout the year. The cost to dispose of waste at
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a new landfill facility has increased significantly. One strategy to help
solve the amount of waste entering a landfill is to reduce waste at the
source. This can be accomplished through a strong municipal recycling
effort and personal efforts to segregate wastes. Tragically, much plastic
that is not recycled or disposed of in landfills ends up in the ocean where
it does great environmental damage.

Biosolids Disposal
Some soils are used to receive and purify human wastes. In municipal

disposal plants, sewage undergoes treatment, but some of it, the sludge or
biosolids, is not broken down into simpler materials and must be dis-
posed of somewhere. One alternative is to burn it, but this requires fuel
and contributes to air pollution, therefore, much of the biosolid material is
land applied. Soil microorganisms can break down most biosolids that
originate from residential sewage. However, some industries dispose of
potentially toxic substances in the sewer system where they become part
of the biosolids that are being land applied. Industrial sludge may contain
heavy metals, such as cadmium, lead, zinc, and copper, which may get
into plants grown on the soil in unsafe levels. Presently, there is research
being conducted on the fate of pharmaceuticals and personal care prod-
ucts such as steroid hormones and antibiotics in waste treatment. Some of
these compounds make their way through the sewage treatment process
and end up in the biosolids which are land applied and may have an
impact on human health. Industries are now being much more careful
about what they put into sewers than they were in previous years.

On-Site Sewage Disposal
Beyond the limits of municipal sewer systems, waste water from

homes and businesses is processed by an on-site sewage disposal system.
Most of these systems use a septic tank and a drain field. The septic tank is
a large tank in which sewage is broken down by anaerobic microbes. Most
of the sewage becomes liquefied, but some settles to the bottom of the
tank. These solids, and some of the liquid, must be pumped from the tank
periodically to maintain the effective capacity of the tank. The liquid from
the tank (effluent) flows to perforated drain lines into the soil where it is
further processed aerobically. The drain lines are usually a few feet deep,
but sometimes are a few inches deep, or in a sand mound built on top of
the soil. In some cases, instead of flowing by gravity, effluent is pumped
into tubes and then flows through special valves into the soil drain field.
To be effective, these on-site systems must be installed on suitable soils,
properly designed, and periodically maintained. Therefore, it is important
to investigate soils thoroughly before a waste treatment system is installed.
If a system fails it can contaminate the soils at the site and contribute to off-
site problems. Nitrogen is not volatilized in conventional septic systems so
these systems may contribute to the N content of waterways.
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OFF-SITE EFFECTS OF SOIL MANAGEMENT

Previous chapters and an earlier section of this chapter considered
the local or on-site effects of certain soil treatments or uses. In contrast,
some soil management practices affect the quality of the environment far
from where the practices were applied, the off-site effects. These off-site
effects involve soil particles, water, chemicals, and organisms.

Soil Particles
Soil erosion by water and wind harms soils in place, but the materials

lost from the site also causes major problems elsewhere. A notable exam-
ple is the Dust Bowl of the 1930s. In Oklahoma, Texas, and other parts of
the southern plains, prior to the 1930s, farmers had plowed up native sod
to plant crops such as wheat. They had a few good years and then the
drought hit. With little soil cover, wind picked up soil material and car-
ried it away. The results of this Dust Bowl were devastating locally and at
great distance. Smaller-scale dust storms are common and cause health
problems, damage property, and reduce visibility.

Soil particles picked up by water erosion may also be deposited
locally or carried great distances. Sediment from natural water erosion
moved down the Mississippi River to build the delta at the river’s mouth,
but sediment from man-made erosion has greatly increased deposition in
the delta. Local sedimentation can bury crops and clog ditches and cul-
verts on a farm. Off the farm, some sediment settles out in the still waters
of flood plains or reservoirs, reducing the capacity of reservoirs and river
channels. Finer material that stays suspended in the water must be fil-
tered out to make it usable as domestic water. Chapter 11 of this book is
devoted to soil erosion and its control.

Water
This section refers to the quantity of water, not its quality, which is

considered in subsequent sections. Here we consider how water drained
from soils with water surpluses affects downstream areas and how water
added to soils with water deficits relates to other potential uses of water.
Water surplus and deficit are explained in Chapter 4.

Water Surplus. When rain falls on impervious surfaces such as
roads, parking lots, and buildings, it runs off immediately causing spikes
in the flow of water in storm drains, ditches, and streams. This is a serious
problem in urban areas such as Chicago, New York City, and Los Angeles
where much of the land surface is impervious. From many of these
sources, the spikes move on to creeks and rivers, resulting in flooding. In
contrast, rain falling on forest land and well managed soils soaks into the
soil and often never reaches a stream. This comparison provides an
extreme example that illustrates how soil management relates to flooding
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far downstream. Much rain will run off a soil that contains little organic
matter, has poor tilth, has little biologic activity, is finely pulverized by
tillage, is compacted by many trips with heavy equipment, and has no
vegetative cover or plant residue. Rain hitting this soil breaks down soil
aggregates, and individual particles flow together to seal the soil surface.
When the soil dries, crusts are formed. All these processes result in
increased runoff. In contrast, much rain will soak into a soil that is high in
organic matter, has good tilth, has pores made by various soil organisms,
has minimal compaction, and is continually covered by live plants. Water
will continue to soak into the well managed soil until it becomes com-
pletely saturated, and then water will run off. The poorly managed soil
acts more like a parking lot.

Water Deficit. Special soil management practices are required to
farm soils with water deficits. If the deficit is not great, drought tolerant
crops can be used or soils may be left fallow during some growing sea-
sons. If the deficit is great, irrigation with water from surface or subsur-
face sources is required. Examples of surface water and subsurface water
use follow.

Surface water: The Colorado River begins in Rocky Mountain
National Park in Colorado and flows to the Gulf of California in Mexico—
a 1,450 mile route. It is the natural habitat of a host of plants and animals, it
is heavily used for recreation, it supplies city water for more than 30 mil-
lion people, and about 78% of its water is used for agriculture. It is so heav-
ily used that it is barely a trickle when it reaches the Gulf of California.

Subsurface water: The Ogallala Aquifer lies below parts of eight
states, between South Dakota and Texas, in the U.S. High Plains. Water
was added to the aquifer during periods of wetter climate during the lat-
est ice age thousands of years ago. Thus, water in the aquifer is fossil
water. In this area, the soil moisture regimes show little or no surplus
(Chapter 4). Little or no water is added to the aquifer each year, but much
is removed. About 94% of the water pumped out of the aquifer is used for
agriculture and 2.5% for city water. In much of the Ogallala Aquifer, the
level of the water table is continually dropping. At some point, it becomes
too expensive to pump water for irrigation, so farms must switch to dry-
land management instead of irrigation.

Because the demand for surface and subsurface water is so great and
the supply is limited, it is increasingly important to use knowledge of
soil science to use irrigation water more efficiently. The following are
some possibilities:

• Consider soil water holding capacity and crop use in determining
the time and amount of irrigation water supplied.

• Install liners in irrigation canals to minimize seepage loss.
• Change from gravity irrigation to pressurized (drip) systems that

supply water to the parts of the soil with most active plant roots.
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Plant Nutrients
Plant nutrients removed from a soil also cause off-site problems. The

nutrients move in solution and as ions absorbed on clay particles. Three
examples of contamination follow.

Gulf of Mexico. A notable example of this problem, because of its
magnitude, is the dead zone in the Gulf of Mexico. It is an area in which the
water has low oxygen content (hypoxia) or no oxygen (anoxia) causing
marine life to move out of the area, if they are able, or die; thus the term
“dead zone.” The main cause of low or no oxygen is the contribution of
plant nutrients from the Mississippi River, which drains a major part of the
farmland in the United States. The chief plant nutrients are N, which moves
mainly in solution, and P. Phosphorus is carried primarily on soil particles,
but in the Gulf it is exchanged by other ions and much P ends up in solu-
tion. Much of the N and P come from farmland, but some comes from sew-
age treatment plants, industries, lawns, golf courses, septic systems, and
other sources. In the Gulf, these nutrients are used by phytoplankton, a col-
lection of small plants that live near the water surface. In the process of
photosynthesis, they use sunlight to convert CO2 and water into organic
compounds and O2. When these organisms die, they sink to the bottom
where they are decomposed by other organisms, mainly bacteria, via the
process of respiration which uses O2. On first examination, it appears that
photosynthesis makes O2 and respiration uses a similar amount of O2, result-
ing in no net change in the O2 supply. The reason that this is not the case is
that photosynthesis occurs near the surface and the O2 produced goes into
the air. On the other hand, respiration by the decomposing microbes occurs
deep in the Gulf and depletes the limited O2 supply of this water.

Lake Erie. Many people living in southeast Michigan and north-
west Ohio, including Toledo, get their drinking water from Lake Erie. For
three days in August 2014, more than 400,000 people in this area could
not drink water from their water system because it contained toxic mate-
rial. Harmful algae blooms have been growing in Lake Erie for several
years. Algae blooms occur all over the world, not only in Lake Erie. Some
of these blooms contain cyanobacteria that produce the toxin microcystin.
In August, enough of the toxin got into domestic water system to make
the water unsafe for drinking and bathing. Algae growth is stimulated by
plant nutrients, especially P, much of which comes from fertilizer and
manure. Other sources are domestic sewer systems and on-site (septic)
sewage systems. In 2015, the Ohio legislature passed a bill that bans
applying fertilizer and manure to soils that are frozen or saturated with
water, conditions under which much runoff occurs.

Des Moines Water. High levels of nitrate in drinking water have
been linked to blue baby syndrome, which develops when a baby’s blood
is deficient in oxygen, and to other health problems. The federal govern-
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ment has set the upper limit for nitrate for safe drinking water at 10 mg of
nitrate per liter of water (mg/L).

Des Moines, Iowa, residents get their water mainly from the Des
Moines and Raccoon Rivers that drain land used for intensive corn and
soybean production (Eller, 2014; Meinch, 2015). Much of this land is
drained by underground drain lines that flow into ditches and on to the
rivers. In the spring or any wet period, when a water surplus leaches
through the soil it carries excess nitrate with it. Consequently, at times the
nitrate levels in the rivers exceed the 10 mg/L standard. When this occurs
the Des Moines Water Works must activate its ion exchange facility to
reduce nitrate concentrations to safe levels. In 2013, the facility was used
for 74 days at a cost of $900,000. In the nitrate treatment systems, nitrates
are removed by passing river water through anion exchange resins. In
earlier chapters of this book we discussed cation exchange in which nega-
tive charges on clay and organic matter attract cations such as Ca2+ and
Mg2+. Anion exchange resins function in the opposite way. They have
positive charges and attract anions such as . The anion exchange
resin is rejuvenated by flushing it with sodium chloride. The chloride ion
(Cl–) replaces  and both ions and Na+ are returned to the rivers
downstream from where the drinking water enters the water treatment
facility. It is apparent that it would be better to reduce the nitrate in the
water source.

Reducing Plant Nutrients in Waterways. The content of plant nutri-
ents in the Gulf of Mexico, Lake Erie, the Des Moines and Raccoon Riv-
ers, and other waterways can be reduced by some practices described in
this book:

• Planting cover crops (Chapter 11)
• Applying fertilizer in the correct amount at the best time (Chapter 9)
• Installing soil water bioreactors (Chapter 9)
• Using nitrogen inhibitors (Chapter 10)
• Using conservation tillage and no-till (Chapter 11)
• Installing buffer strips (Chapter 11)
• Restoring and creating wetlands (Chapter 12)
• Keeping soils in good health (Chapter 12)

Organisms
Off-site environmental damage may also be caused by microorgan-

isms in the water. They may originate from animal manure, overflow
from sewer systems, failing septic systems, and other sources. If contami-
nated water is used for irrigation, organisms such as E. coli, Cryptosporid-
ium, and Salmonella may be found on fresh produce. Disease-causing
organisms must be destroyed in domestic water supplies. Farmers can
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minimize contamination of surface waters by proper manure application
methods which include good record keeping so that the amount of major
nutrients applied can be calculated. People that live in areas not served by
sewage systems use on-site systems for sewage treatment. These systems
must be installed on suitable soils and must be maintained by pumping
sludge out of the septic tank on a regular basis, cleaning filters, and doing
other recommended tasks.

PEOPLE CONCERNS

Population Trends
Our soil resources will be needed to feed future generations of peo-

ple, so it is appropriate to examine past population trends and predic-
tions for the future. Around 10,000 BC, the world population is estimated
to have been between 1 and 10 million. In 1 CE, the estimates are between
170 million and 400 million people. From that time, the population con-
tinued to increase gradually until 1700 to 1900, the time of the Industrial
Revolution, when the rate of population growth increased dramatically
(Fig. 12-1, the J curve). The rate of population growth increased again
around 1950, after World War II.

Figure 12-2 shows that the rate of population growth over hundreds
of years instead of thousands of years as in Figure 12-1. In the decade
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Figure 12-1 World population year 1 to 2010 CE. Data and estimates 
from the U.S. Census Bureau and the United Nations Department of 
Economics and Social Affairs.
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Figure 12-2 World population and population projections, 1980 to 2300. 
Data and forecasts from the U.S. Census Bureau and the United Nations 
Department of Economics and Social Affairs.
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between 2000 and 2010, world population increased from 6.09 to 6.92 bil-
lion, so every hour there were about 10,000 more mouths to feed. It is esti-
mated that the number of people who ever lived on earth is 108 billion,
and the current population is 6.7% of that number (Haub, 2015).

The United Nations (UN) projects world population into the future.
Analysis of the UN data by Gerland et al. (2014) shows that world popu-
lation is expected to increase from the current 7.2 billion people to 9.6 bil-
lion in 2050 and 10.9 billion in 2100 (Fig. 12-2A). These projections
indicate that there is little prospect of an end to world population growth
this century without unprecedented fertility declines in most parts of sub-
Saharan Africa that is still experiencing fast population growth. The fig-
ure also shows the effect of adding or subtracting one-half child to the
total fertility rate (children per woman) on which the main projection is
based. Figure 12-2 B shows the projections of total population for each
continent to the end of the century. Asia will probably remain the most
populous continent, although its population is likely to peak around the
middle of the century and then decline. The main reason for the increase
in the projection of the world population is an increase in the projected
population of Africa. The continent’s current population of about 1 billion
people is projected to rise to 4.2 billion by 2100. Under this projection,
Africa’s population density would be roughly equal to that of China
today. Gerland et al. (2014) comment that the projections do not take into
account potential environmental damage caused by rapid population
growth. The addition of several billion people in Africa could lead to
severe resource shortages that, in turn, could affect population size
through unexpected mortality, migration, or fertility effects.

Population increases place demands on soils, but population alone
does not portray the complete picture. Ehrlich and Ehrlich (1990) suggest
that the complete picture is better represented by the equation,

I = P × A × T

It says that the human Impact (I) on the environment equals the prod-
uct of P = Population, A = Affluence, T = Technology. The affluence factor
represents the average consumption of each person in the population.
The technology factor represents how much environmental damage is
done in creating, transporting, and disposing of goods and services.

This equation illustrates some important points. First, it shows that a
baby born in the United States has more of an impact on the environment
than one born in Africa, for example, because the A factor is so much
larger in the United States. It also explains why a little development in
poor nations with big populations, like China, can have an enormous
impact on the planet. A very large population (P) multiplied by a small
increase in consumption (A) results in a large increase in the impact on
the environment (I).
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Loss of Production Capacity
In Chapter 11, we learned that we are losing 4.7 tons per acre of soil

every year due to erosion. This erosion decreases the yield potential of
soils. Also, we are losing farmland due to development such as construc-
tion of roads, shopping malls, and houses. Between 1982 and 2010 more
than 42 million acres were developed in the United States, much of which
came from prime farmland (Fig. 12-3). In Indiana, a major agriculture state
representative of the U.S. Corn Belt, the acres of farmland have decreased
steadily and population has grown steadily from 1945 to 2012 (Fig. 12-4).
We wonder how long these trends can continue without harming the
well-being of Hoosiers and the economy of the state and the nation.

Losses of topsoil and farmland, however, were counteracted by
increasing production of farm crops per acre. This is illustrated by corn
yields in the United States (Fig. 12-5). In the graph from which this figure
was derived, average corn yield for each year was plotted for 145 years.
Corn yield varied greatly from year to year, depending largely on
weather, which resulted in much scatter of individual points. The line
segments in Figure 12-5 represent statistical regression lines that show the
general trend of the points. Nielsen (2012) divided the corn yield trends
into three parts. Between 1860 (when record keeping began) and 1936,
corn yields were stagnant. From 1937 to 1955, the average yield increase
was 0.8 bushels per acre per year, and from 1956 to 2011 it was, 2.0 bush-
els per acre per year. Increasing yields were due largely to better corn
varieties, increasing use of fertilizer, (especially N) and better overall
management. The yield increases would have been larger if soil erosion
had not increased over the years.
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Some important questions remain, however:
• Will crop yield per acre increases continue forever?
• Will soil erosion be controlled better in the future?
• Will loss of farmland to development be decreased?
• Can the high fertilizer application rates needed for high yields be

maintained without further off-site damage?
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Figure 12-4 Acres of farmland and population in Indiana, 1945 to 2012. 
Data from the USDA Census of Agriculture and the U.S. Census Bureau.

Figure 12-5 Corn yield trends in the U.S., 1860 to 2011. Adapted from 
Nielsen, 2012.
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Carrying Capacity
Are current populations too high? Ecologists try to answer this ques-

tion by referring to the carrying capacity of a region. The carrying capac-
ity is the population an area can sustain without swift exhaustion of its
nonrenewable resources such as soils, fossil fuels, metals, and water in
deep aquifers, and damage to its renewable resources such as ground
water, rivers, and forests. Ecologists believe that the carrying capacity has
been exceeded in many parts of the world. It is clear that the population
will continue to grow for many decades and each person will have a
greater impact on the environment. Every year we are losing topsoil and
some of our best soil is covered with concrete. This means that we must
be diligent in managing our soil resources and at the same time be aware
of our carrying capacity.

Land-Use Planning
Another concern of all people should be how we use our land

resources, and the amount of land available for farmland, forest land, and
natural areas. Once land is removed from production to use for houses,
roads and industrial development, it is rarely allowed to return to a natu-
ral or productive state. Today, the United States is losing 3.5 acres of farm-
land every minute to encroaching urban sprawl. People in Europe, have
learned that if future generations are to inherit healthy natural areas and
productive farmland, these areas must be intentionally preserved. They
have developed a system of compact “development” of residential and
commercial areas, leaving the countryside open. In contrast, development
in the United States has resulted in cities with large, poorly used urban
areas, sprawling suburban areas, strip development along highways, and
large areas in the countryside devoted to single residences. Interest in
preserving farmland and natural areas is increasing in the United States.
We can learn much from our international neighbors about land-use plan-
ning to foster this interest.

SUMMARY

In earlier chapters, it was shown that soil and ecosystem properties
are a function of the factors under which the soils formed: parent mate-
rial, topography, climate, organisms, and time. This chapter emphasized
the relation of soils to their present environment. Two general principles
were stated:

• Soils existed for a long time under certain natural conditions. If we
plan to use them for a long time we should emulate those condi-
tions as closely as possible.

• During the formation of soils, properties changed slowly. Many
properties still change slowly in response to our use of soils, so it is
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possible that we are slowly damaging soils and not noticing it.
Therefore, we must be sensitive to signs of degradation, or else the
soils will become so damaged that it will be difficult or impossible
to reverse the harm.

This chapter also reviewed some factors of the present environment
that are important to how we use our soils. Finally, it was pointed out
how common concerns of all citizens, population pressures, and land-use
decisions affect our ecosystem, of which soils are a key component.
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� 13

Soil Data and Calculations

A wealth of soil data is available from a large database that contains
information about soils all over the world. This chapter explains how to
access these data and also a systematic way to do calculations using these
and other data.

SOIL CHARACTERIZATION

Soil characterization refers to the process of determining the basic
characteristics of pedons (soil profiles), usually to a depth of 1.5 m or
more. Soil characterization includes preparing a detailed morphological
description of the soil, taking samples from each soil horizon, analyzing
the samples in the lab, and interpreting the results.

Some guidelines have been established for collecting samples. Some
soils contain much gravel and other coarse material. It is not practical to
transport large boulders to the lab, so one must decide on a maximum
size to be sampled, often 25 mm (one-inch) diameter. The volume percent
of material larger than that size is estimated in the field. Material less than
25 mm is sampled and taken to the lab. There it is air dried and crushed,
usually with a wooden rolling pin to avoid crushing rock fragment, and is
passed through a sieve with 2 mm holes. Unless stated otherwise, all soil
data are based on material less than 2 mm in diameter. Usually air dried
samples are analyzed. A subsample is dried in the oven at 105oC, and the
water content of the air dry soil is calculated (a small value). This value is
used to convert results of other analyses to an oven dry basis. Some soil
characteristics are better represented on a volume basis than a weight
basis. To convert data based on weight to a volume basis, we need to
know the soil bulk density, the weight of solid material (not including
water) per unit volume as explained in Chapter 3.

Much soil data used in this book is from the National Cooperative
Soil Survey (NCSS) Soil Characterization Database (see the reference at
the end of the chapter or search for “NCSS Soil Characterization Data”
183
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online). The NCSS is a cooperative venture of federal agencies, state uni-
versities, state agencies, and private soil scientists. The lead agency is the
Natural Resources Conservation Service (NRCS) of the U.S. Department
of Agriculture. The database contains analytical data for more than 20,000
pedons of U.S. soils and about 1,100 pedons from other countries. The
query interface of the website allows users to search by location, soil
series name, soil class name (according to U.S. Soil Taxonomy, Chapter 7),
or other attributes. The data available for an individual pedon varies from
a few kinds of data for a few horizons on to many kinds of data for many
horizons. When many physical, mineralogical, and chemical determina-
tions have been made for many horizons, the reports are 8 to 10 pages
long. Data cited in several previous chapters of this book are referenced
by pedon number.

CALCULATIONS

The factor-label method provides a systematic way to approach
many problems that involve calculations. The method is also called
dimensional analysis or the unit-factor method. Most students have used
the method in chemistry and physics courses but might not have had
much practice using the method subsequently. In this book we show how
the method can be used to do calculations for soil science. Practice using
the factor-label method will help the reader use the method in many dif-
ferent applications.

A factor is any number or fraction that can be multiplied by another
factor to give a product. Consider the equations,

The factors in the equations are 6, 3, 10/2, and 12/3. Label simply
means that every number must have a label (unit). The method is based
on two principles:

• Any number can be multiplied by one without changing its value.
• A fraction in which the numerator and denominator are the same

equals one. This is a unit factor.

For example, we know that
1 inch = 2.54 cm
From this, we deduce two possible unit factors,

The key is to choose unit factors so in a string of calculations the units
cancel. We describe the method in five steps:

6 3 18
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2
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3
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1
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1
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1. Write down what is known and what is to be calculated.
2. Write down the equalities or equivalents needed to solve the prob-

lem (what equals what?). For example, a = b.

3. Write down the possible unit factors, .

4. Set up the equation selecting unit factors so the units cancel.
5. Cancel units and complete the calculation.
With some practice, several steps can be combined. Many other

approaches to using the factor label method are available. Readers are
encouraged to browse the Internet to see if another approach is more
meaningful to them.

Problem 1: Fuel Price
This problem has nothing to do with physics, chemistry, or soil sci-

ence, but it illustrates the universal application of the method. Recently,
the price of gasoline in Europe was 1.58 euros per liter. What is that cost
in dollars per gallon?

Step 1. Write down what is known and what is to be calculated

Known:  Calculate: 

Step 2. Equalities (equivalents):
Exchange rate (currently): 1 euro = 1.16 dollars;
Unit conversion (always): 1 liter = 0.2642 gallon (gal)

Step 3. Possible unit factors:

Step 4. Set up the equation selecting unit factors so the units cancel:

Step 5. Cancel units and complete the calculation:

At the time of this writing, the price of gasoline locally was about
$2.50 per gallon, much less than in the past several years.

Problem 2: Soil Water Content
Now let’s look at an example using soil data. In the laboratory, we

determine that the weight percent of water in a soil sample (g water/100 g
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b
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dry weight of soil) is 20%, and the bulk density of a soil (dry weight of
soil sample/volume of sample when moist) is 1.50 g/cm3. We wish to cal-
culate the volume of water in a certain volume of soil (cm3 water/cm3 soil).

1. Write down what is known and what is to be calculated:

Known:  and 

Calculate: 

2. Equality: 1 g water = 1 cm3 water

3. Possible factors:

4. Set up the equation selecting unit factors so the units cancel:

5. Cancel units and complete the calculation:

The short cut is to multiply percent water by weight by bulk density,
but it is important to understand how the units work out.

Problem 3: Corn Yield
An exchange student from Europe reported that on his farm at home,

a recent maize yield was 9.00 metric tons per hectare. How does that com-
pare with yields in the U.S.?

1. Write down what is known and what is to be calculated:

Known: 

Calculate: 

2. Equalities:
“corn” in U. S. = “maize” in much of the world.
1 hectare (ha) = 2.47 acres (ac)
1 bushel (bu) of corn = 56 pounds (lb) of corn
1 metric (met) ton = 1,000 kilograms (kg)
1 lb = 0.454 kg
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3. Possible unit factors:

4. Set up the equation selecting unit factors so the units cancel:

5. Cancel units and multiply:

The yield of 143 bushels per acre is similar to yields in the United States.

Problem 4: Weight of an Acre Furrow Slice
The concept of acre furrow slice originated when moldboard plow-

ing was common and plowing was done to a depth of 6 to 7 inches. It is
the weight of the plow layer in an acre of land. It is used to represent the
weight of available nutrients in an acre of land and to compare that
amount with the amount removed by a crop. Here, we assume a depth of
6.7 inches and a soil bulk density of 1.32 g/cm3. The steps are condensed.

The necessary equivalents are:
1 acre = 43,560 square feet (ft2) depth of plow layer = 6.7 inches (in)
1 pound = 454 g 1 foot = 12 inches
soil bulk density = 1.32 g/cm3 1 ft3 = 28,317 cm3

Set up the equation selecting unit factors so the units cancel:

Cancel units and do the calculation:

Problem 5. Convert ppm P to Pounds P/acre
Soil fertility test results are often reported in units of parts per million

(ppm), grams of nutrient in 1,000,000 grams of soil, and fertilizer applica-
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tion rates are in pounds of a nutrient per acre of soil. The calculations
below illustrate the conversion between the two systems. Readers should
also be aware of the convention of representing fertilizer rates in terms of
the oxide instead of the element (Chapter 10).

The calculations are similar to those in Problem 4, but are condensed.
In the following equations, S = soil.

MOVING FORWARD

Once you gain confidence in doing calculations by this method, you
can omit some steps. Similar calculations are presented in various chap-
ters of the book.
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Acidification, and soil degradation, 
166

Acre furrow slice, calculating weight 
of, 187

Adhesion, 35–36
Adsorption, 64
Aeration capacity, 34
Aeric Fragiaqualfs, 90
Aeric Ochraqualfs, 88
Aerobic bacteria, 68, 115, 170
Aggregation/aggregates, 26–27, 113
Agriculture, effect on soil erosion, 149
Air

importance to respiration and 
nutrient availability, 3, 34

between solids in soil. See Pore 
space/porosity

Alfisols, 84, 88–89
Aluminum

and iron, complexation of, 67–68
octahedrons/octahedral sheets,

13–15
Ammonification/mineralization, 116
Anaerobic bacteria, 68, 115, 117, 170
Andisols, 84
Anions, 20, 64
Ants, 120
Aqualfs, 88, 90
Aquic soil moisture regime, 86
Argillic horizons, 67, 82
Argiudolls, 88
Aridic soil moisture regime, 86
Aridisols, 84

Assimilation (plant uptake) of nitro-
gen, 116

Autotrophic bacteria, 115–117
Available water, 37
Available water holding capacity, 39, 

41, 49, 51–53, 103

Bacteria
aerobic, 68, 115, 170
anaerobic, 68, 115, 117, 170
autotrophic, 115–117
cyanobacteria, 116
heterotrophic vs. autotrophic, 116
nonsymbiotic, 116
role in the nitrogen cycle, 116–118
symbiotic vs. nonsymbiotic,

115–116
Bicarbonate, 20, 64, 68
Biodiversity, in natural soil environ-

ment, 162–163
Biological nitrogen fixation, 116
Bioreactors for water drainage treat-

ments, 118
Biosolids disposal, 170
Biotite, 15–16
Bogs, 67, 86, 164
Borlaug, N., 1
Bowen’s Reaction Series, 9
Broadcast fertilization, 131
Buffers strips, erosion control with, 159
Bulk density

definition/formula for, 27–29
variable, 29–30
189



190 Index

Franzmeier et al 5E.book  Page 190  Friday, March 11, 2016  2:46 PM
Carbon dioxide, as product of respira-
tion, 3

Carbon dioxide evolution and nitro-
gen transformations, 118–119

Carbon residue, for microbial growth, 
118

Carbon to nitrogen ratio of typical soil 
organic residues, 118

Carrying capacity, 180
Cation exchange

capacity for clay minerals, 18–19
organic matter and, 112–113

Cations, 14–15, 64
Cementation/compaction, 28–30, 69
Chemical sedimentary rocks, 10
Chloride, 20
Clastic sedimentary rocks, 10
Clay skins, 67
Clay-humus complex, 111
Clay(s), 3

cation-exchange capacity for, 18–19
formation and loss of minerals in, 

16–18
Jackson’s weathering index for, 17
loss by erosion and dissolution,

16–18
minerals in, 13, 17–19
movement, and soil formation, 67
oxide minerals in, 15–16
particles, 23–24
silicate minerals in, 13–15

Clean tillage, 149–150, 157
Climate

impact on water erosion, 148
influence of soils on, 163–164
soil formation and, 45, 62
soil moisture regimes based on, 86
soil use and, 45
U.S., variability in temperature and 

precipitation in, 46, 48
Clods, measuring bulk density with, 

29–30
Coefficient of linear extensibility,

31–33
COLE. See Coefficient of linear exten-

sibility
Color

drainage class determination and, 
77–78

natural soil drainage estimated by, 
77

soil morphology characteristic of, 
74–75

Compaction/cementation, 28–30, 69
Conservation

farming, 160
society’s responsibility for, 160
tillage, erosion control with,

157–158
water erosion, 151

Consistence, morphological character-
istic of, 75–76

Contamination
from biosolids disposal, 170
from fertilizer, 168–169
from municipal solid waste,

169–170
off-site, 173–175
from on-site sewage disposal, 170
from pesticides, 169

Continental-scale view of relations of 
soil and water, 44–59

Cores, measuring bulk density with, 29
Cover crops, controlling erosion with, 

158–159
Crop yields

calculating, 186–187
nutrient levels and, 124–125
soil properties affecting, 3

Cyanobacteria, 116

Decomposition, microbial, 115–116
Denitrification, 117–118
Des Moines, IA, off-site contamination 

from plant nutrients in, 173–174
Desertification, 167–168
Detachment, 145–146, 148, 150, 154, 

156
Diagnostic soil horizons, 67, 82–83
Diminishing returns, law of, 124
Drain lines, 41, 118, 170
Drainage, natural

determining drainage class, 77–78
significance of drainage class,

78–79

Earthworms, 120
Ehrlich, P., 177
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Elements, chemical, in soil, 5–6
Entisols, 84
Environment

natural soil. See Natural soil envi-
ronment

Erosion, 13, 145–160
agriculture’s impact on, 149
clay loss through, 16
clean tillage to control, 149–150, 157
conservation methods to combat, 

153, 157–158
cropland, total by water and wind, 

155
gully, 151
management systems for control-

ling, 157–159
off-site effects of, 171
rill, 147
sheet, 147–148
soil deposition/sedimentation by 

water, 149–152
soil loss tolerance/T value and, 

153–155
tons per acre per year, 155
total, on U.S. cropland, 154–155
by water. See Water erosion
by wind, 152, 157

Evaporites, 10
Evapotranspiration, 46, 56–59

Factor-label calculation method,
184–188

Family definitions, 82
Family names, 88
Felsic rocks, 9–10
Fens, 67
Ferric vs. ferrous iron, 15
Ferrihydrite, 16
Fertilization

determining need for, 125–127
principles of, 130
programs, 130–139
reasons for, 124. See also Soil fertil-

ity
row and forecast methods of, 131

Fertilizer(s)
calculations related to plant nutri-

tion, 139–143
labels/kinds of, 127–129

nitrogen, 132–135
potassium, 137–139
soil contamination from, 168–169

Field capacity, 36
Field-scale view of relations of soil 

and water, 35–44
Fragiaqualfs, 90
Friable soil, 37
Fulvic acid, 110, 112

Gelisols, 84
Geodes, 16
Gibbsite, 15, 32
Gilgai relief, 69
Glacial till deposits, 61–62
Glomalin, 115, 148
Gneiss, 11
Goethite, 16, 32, 75, 77
Goldich Dissolution Series, 9–10
Goldich, S. S., 10
Gravel, 3
Gravitational water, 36
Great groups, 82, 89
Gulf of Mexico, off-site contamination 

from plant nutrients in, 173
Gully erosion/formation, 147, 151
Gypsum (CaSO4 · 2H2O), 10

Halite/rock salt (NaCl), 10
Hematite, 16, 77
Heterotrophic bacteria, 115
Hillel, D., 168
Histosols, 67, 84
Horizons. See Soil horizons
Humic substances, 110, 112
Humin/humic acid, 110, 112
Humus

clay-humus complex, 111
composition of, 109–110
factors affecting the formation of, 110
microbial decomposition creating, 

115
Hydrologic cycle, 44
Hygroscopic water, 37

Igneous rocks, 9–12
definition of, 8
as parent material, 61

Immobilization, 119
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Inceptisols, 84
Infiltration, 41
Interlayer spacing, 14
Iron and aluminum, complexation of, 

67–68
Iron oxide minerals, 15–16
Irrigation from surface or subsurface 

sources, 172

Jackson’s weathering index for clay-
size mineral particles, 17

Kaolinite, 14–16
Köppen-Geiger climate classification 

system, 46

Lake Erie, off-site contamination from 
plant nutrients in, 173

Land capability classifications, 99,
101

Landfills, municipal, 169–170
Land-use planning, 180
Law of diminishing returns, 124
Layers vs. sheets, 13
Leaching, 64–65

nitrification and, 117
soil degradation and, 166

Limestone, oolitic, 10
Loess, 62, 74

Macropores, 30
Mafic rocks, 9–10
Magma, 11–12
Manure, soil contamination from,

168
Marshes, 67, 164
Massive soil structure, 26
Matric potential, 35
Matz, M., 1
Metamorphic rocks, 11–12

as parent material, 61
definition of, 9

Metamorphism, 11
Mica, 11, 14–15
Microorganisms/microbes, 3, 114–118

aerobic bacteria, 68, 170
anaerobic bacteria, 68, 170
decomposing residues as source of 

nutrients for, 118–120

effect on soil formation, 62–63
microbial decomposition, 115–116
nitrogen cycle and, 116–118
off-site environmental water con-

tamination by, 174–175
role in the nitrogen cycle, 116–118
soil water bioreactors for coloniza-

tion of, 118
Micropores, 30
Mineralization/ammonification, 116, 

119
Mineralogical classes, 8
Minerals

average composition of a mineral 
soil, Northeastern U.S., 121

in clay, 13, 17–19
in igneous rocks, 9–10
in metamorphic rocks, 11
primary, in soil, 6–8
silicate, 13–15

Moisture
bulk density and, 29
condition, and variable bulk den-

sity, 29
determining soil moisture regime, 

86
movement, temperature differ-

ences accounting for, 34
Soil Taxonomy moisture regimes, 59
soil water retention and, 35–38

Mollic horizons, 82
Mollisols, 84, 88
Mottling, in waterlogged soil, 69, 77
Muck, 67
Municipal solid waste, soil contamina-

tion from, 169–170
Munsell color chart, 74

Natural drainage, 77–79
Natural Resources Conservation Ser-

vice, basic practices for soil 
health, 165

Natural soil environment, 164–165
biodiversity in, 162–163
influence of soils on climate in, 

163–164
purification of waste products in, 

163
surface cover in, 162
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Natural soil environment, general 
principles of, 161–162

Nitrate, 20, 162
Nitrification, 33, 116–118, 168
Nitrogen cycle

assimilation (plant uptake) of nitro-
gen, 116

biological nitrogen fixation, 116
denitrification in, 117
mineralization/ammonification, 116
nitrification in, 33, 116–118, 168
plant update (assimilation) process 

in, 116
Nitrogen fertilizers, 132–135

determining application rates for, 
133–137

immobilization/mineralization of, 
118–120

slow release form of, 133
Nomenclature, 88–90
Nonsymbiotic bacteria, 115–116
N-P-K (nitrogen-phosphorus-potas-

sium) fertilizers, 127–129
Nutrients

availability to plants, 122
crop yields and levels of, 124–125
elements of, 123–124
in harvested crops, 128
off-site contamination from,

173–174
plant testing for, 125–126
reducing waterway contamination 

from, 174
soil sampling for, 126
soil testing (extraction and analy-

ses) for, 127
Nutrients, immobilization/mineral-

ization of nitrogen for, 118–120

Ochraqualfs, 88
Octahedrons/octahedral sheets, 13–15
Off-site effects of soil management

damage from microorganisms in 
the water, 174–175

plant nutrient contamination,
173–174

special soil management practices 
for farming soils with water def-
icits, 172

surplus water drainage, down-
stream areas affected by, 171–172

transport of soil particles, 171
OIL RIG mnemonic, 68
On-site sewage disposal system, 170
Oolites, 10
Organic compounds, synthesis of, 122
Organic matter, 2–3

accumulation, impact on soil for-
mation, 65–66

aggregate stability and, 113
cation exchange and, 112–113
classification of, 109
humic substances, 110, 112
humus, 109–111, 115
microorganisms/microbes in,

114–118
pesticide sorption and, 113–114
soil color and, 34
surface area of, 26
water-holding capacity and, 114

Organic sedimentary rocks, 11
Organic soils, 67
Oxidation-reduction, 68–69
Oxide conversions, to elemental to 

form, 140–141
Oxide minerals in clay, 15–16
Oxisols, 84
Oxygen, importance in respiration, 3

Parent material, and soil formation, 
61–62

Particle size
classification, 2
distribution, in soil texture triangle, 

25
flocculation and, 24
water retention difference and, 39

Particles
in clay, 23–24
Jackson’s weathering index for, 17
off-site transport of, 171
particle-size groups, surface area 

of, 25–26
in sandy soils, 24

Peat, 67
Pedon number, 184
Pedons, 71–72
Peds, 26–27, 76
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Permanent wilting point, 37
Permeability, 43. See also Soil saturated 

hydraulic conductivity
Pesticides

site-specific management practices 
for using, 169

soil contamination from, 169
sorption, and organic matter,

113–114
Phosphate, 20
Phosphorus fertilizer, determining 

application rates for, 135–137
Photosynthesis, 1–2, 122
Plant growth

clay skins’ importance for, 67
nutrients essential for, 123–124
soil fertility and, 121–143. See also 

Fertilization 
soil temperature’s effect on, 33

Plants
availability of nutrients to, 122
composition/life functions of, 2, 

122–123
testing, laboratory tests vs. quick 

(field) tests, 125–126
Plate tectonics, 11
Population growth, impact on soil 

resources, 175–177
Pore size and space/porosity, 3, 16, 30

aeration capacity and, 34
calculation of, 30–31
influence on soil behavior, 27
purpose of pore system, 27
in sandy soils, 26

Potash, 128
Potassium

fertilizer, 137–139
level, effect on crop yield, 125

Precipitation, variable, effects on 
water balance, 54, 56

Puddled soil structure, 26–27

Quartz, 8, 13
Quartzite, 11

Raindrops, on protected vs. unpro-
tected soil, 146

Rating reason, in soil management, 
101

Rating value, 102
Reaction, morphological characteris-

tic of, 76
Relief/topography, and soil forma-

tion, 62
Respiration, 3, 34, 123
Rill erosion, 147
Rock cycle, 11–13
Rock(s), 8–13

definition of, 8
igneous, 9–10
metamorphic, 11
sedimentary, 10–11

Row fertilization, 130–131

Salinization, 166–167
Salt(s)

accumulation, and soil formation, 
69

soluble, 20–21
Saltation, 152
Sand/sandy soils, 3

aeration capacity of, 34
formation from quartz, 13
particles, 24
structure of, 26

Saturated soils, 36, 68
Schist, 11
Sedimentary rocks, 10–12

definition of, 9
as parent material, 61

Sedimentation, 149, 152
Sewage treatment

biosolids disposal, 170
on-site sewage disposal, 170

Sheet erosion, 147–148
Sheets vs. layers, 13
Shrink-swell, and soil formation, 69
Silica, leaching of, 64–65
Silicate minerals, 6–7, 13–15
Silicon tetrahedral/tetrahedral sheets, 

6–7, 13–15
Silicon-oxygen tetrahedron, 13
Silt, 3, 24
Site-specific pesticide management 

practices, 169
Slate, 11
Slope, impact on water erosion,

148–149
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Smectite, 14–15
Soil(s)

agronomic definition of, 1
cementation/compaction of, 28–30, 

69
characterization process, 183–184
chemical elements of, 5–6
chemistry of, 18–21. See also Soil 

chemistry
clay-based, cation exchange capac-

ity of, 19
components of, 2
data and calculations, 183–188
deposition, sedimentation by,

149–152
fertility, converting ppm P to 

pounds P/acre, 187–188
functions, as a medium for plant 

growth, 2
health, NRCS basic practices for, 

165
influence on climate, 163–164
loss tolerance/T value, 153–154. See 

also Erosion 
management, 101, 171–175
microbes in. See Microorganisms/

microbes
moisture. See Moisture; Water hold-

ing capacity; Water retention
morphology of. See Soil horizons
nature and function of, 1–3
organic, 67. See also Organic matter
particles. See Particles
physical properties of. See Soil 

properties
primary minerals in, 6–8
small animals/insects living in, 120
water holding capacity of, 38
water management. See Water use 

and management
water retention in, 35–38

Soil chemistry, 18–21
anions and, 20
cation exchange, 18–19
soil reaction and, 19–20
soluble salts and, 20–21

Soil classification
determining diagnostic soil hori-

zons and materials, 82–83

determining soil moisture regime, 
86

determining the soil order, 82–86
steps of, 82
taxonomy, 81–82. See also Taxonomy

Soil degradation
contamination, 168–169
desertification, 167–168
leaching and acidification, 166
from municipal solid waste,

169–170
salinization, 166–167
structural decline, 165–166

Soil Explorer, 105–107
Soil formation factors/processes

cementation, 69
chemical weathering, 64
clay movement, 67
climate, 62
complexation of iron and alumi-

num, 67–68
definition of, 61
fractions, size limits and descrip-

tion of, 23
leaching, 64–65
for organic soils, 65–67
organisms involved in, 62–63. See 

also Organic matter
oxidation-reduction in, 68–69
parent material, 61–62
physical weathering, 63–64
relief/topography, 62
in the rock cycle, 13
salt accumulation, 69
shrink-swell, 69
significance of, 63
time as, 63

Soil horizons
argillic, 82
argillic diagnostic, 67
cemented, 75
classification of, 69
designations of, 71, 73–74
designations vs. diagnostic hori-

zons, 82
diagnostic, 82–83
mollic, 82
morphological descriptions of,

74–76
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natural soil drainage and, 77
shape and distinctness of the 

boundary between, 77
types of, 66

Soil maps
map units/map unit symbols in, 

95–96
polygons and delineations in, 94–95
soil series in, 94
unit names and symbols for, 96

Soil morphology
descriptions/characteristics, 74–77
natural drainage, 77–79
soil profiles and pedons, 71–74
use of morphological information, 

79
Soil orders, 81–82, 84–86
Soil properties

air, 34
bulk density, 27–30
color, 34
composition, 27
particles, 23–24
porosity, 30–31
structure, 26–27, 75–76
surface area, 25–26
swelling, 31–32
temperature, 33–34
texture, 24–25

Soil resources
impact of exceeding carrying 

capacity on, 180
impact of loss of production capac-

ity on, 178–179
impact of population growth on, 

175–177
need for land-use planning to con-

serve, 180
Soil sampling for fertilization needs, 

126–127
Soil saturated hydraulic conductivity, 

43–44
Soil series

definitions, 82, 88
official series descriptions in, 94
soil maps and, 94

Soil surveys, U.S., 93–107
early soil surveys, 93
electronic delivery of, 98

later soil surveys, 93–94
limitations of, 107
published surveys, 95, 97–98
soil maps, 94–96
Web Soil Survey, 98–107

Soil Taxonomy
soil moisture regimes, 59
soil series in, 94
two ways to use, 92

Soil temperature regimes, 90–92
Soil testing, extraction and analyses, 

127
Soil texture

effect on water holding properties, 
39

as a morphological description, 75
soil fractions and, 23
triangle, 25

Soil water bioreactors, 118
Soil water content, calculating, 185–186
SoilWeb, 107
Spodosols, 84
Strip tillage, 149
Subduction, 11
Subgroups, 82, 88–89
Suborders, 81, 88–89
Subsoil horizons, 34
Subsurface water, irrigation using, 172
Sulfate, 20
Surface area, of particle-size groups, 

25–26
Surface tension, 35–36
Surface water, irrigation using, 172
Surface-soil horizons, 34
Swamps, 67, 164
Swelling, 31–33
Symbiotic bacteria, 115–116

Taxonomy
diagnostic horizons and materials 

in, 81–83
formative elements used in, 89
nomenclature and, 88–90
soil moisture regime classes in, 86
soil orders of, 82–86
suborder definitions, 81

Taxonomy. See Soil Taxonomy
Temperature/soil temperature 

regimes, 90–92
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Termites, 120
Tetrahedral sheets, 13
Thornthwaite water balance dia-

grams, 46, 50, 52, 54–55
available water holding capacity in, 

49
potential evapotranspiration factor 

in, 46
precipitation factor in, 46
soil water processes in, 49
variable available water holding 

capacity factor in, 51–53
variable potential evapotranspira-

tion in, 56–59
variable precipitation factor in,

54–56
Tile lines, 41
Tilth, 27, 41
Time, as a soil formation factor, 63
Topography/relief, and soil forma-

tion, 62
Transport/transportation, 122, 145, 

147–148, 156–157
Typic Argiudolls, 88

Udic and ustic soil moisture regimes, 
86

Udolls, 88
Ultisols, 84
Unit factor, definition of, 184

Variable available water holding 
capacity, effects on water balance, 
51–53

Variable bulk density, 29–30
Vermiculite, 14–16
Vertisols, 84

Waste
biosolids disposal, 170
municipal, contamination from, 

169–170
on-site sewage disposal, 170
purification in natural soil environ-

ment, 163
Water

absorption by plants, 122
available holding capacity, 39, 41, 

49, 51–53, 103

content by weight, 38–39
deficits, soil management practices 

required for, 172
erosion by, 145–149
gravitational, 36
off-site contamination from micro-

organisms, 174–175
saturated hydraulic conductivity 

of, 43–44
soil deposition by, 149–152
between solids in soil, 3
surplus, downstream areas affected 

by drainage of, 171–172
types of soil erosion by, 147

Water balance, 46, 49, 56, 69
Water cycle, 44
Water erosion

climate’s impact on, 148
detachment, 150
detachment process, 145–146, 148, 

154, 156
factors affecting, 147–149, 151
gully, 147
off-site transport of soil particles, 

171
rill, 147
sheet, 147
slope effect, 148–149
soil deposition/sedimentation, 149, 

152
soil properties affecting, 148
surface cover and land use effects 

on, 149–150
transport process, 145, 147–148, 

156–157
Water holding capacity, 38–39, 114
Water requirement ratio, 41
Water retention, 35–38

difference, 39
effect of sand size on, 40
matric potential and, 35
moisture relationships, 37
surface tension and adhesion,

35–36
by volume, 38

Water use and management, 41–42
calculating water content, weight 

percent, 42–43
quantitative relations, 42
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Waterways, reducing plant nutrient 
contamination in, 174

Weathering
chemical, 13, 64–65
clay loss, 16–17
index, 17
physical, 13, 63–64

Web Soil Survey
adaptations of, 105–107
electronic delivery of, 98
information derived from, 99
land capability classifications in, 

99, 101

soil management information in, 
101–102

soil properties and qualities infor-
mation in, 102–103

soil reports in, 102–106
using, 98–100

Wetlands, 164–165
Wind erosion, 152

controlling, 157
saltation, 152

Xeric soil moisture regime, 86
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