FUNDAMENTALS
OF SOIL SCIENCE

SEVENTH EDITION
HENRY D.FOTH



FUNDAMENTALS
OF SOIL SCIENCFE

SEVENTH EDITION

HENRY D. FOTH

Professor of Soil Science
Michigan State University

JOHN WILEY & SONS
New York Chichester Brisbane Toronto Singapore



Copyright © 1943, 1951
by Charles Ernest Millar and Lloyd M. Turk

Copyright © 1958, 1965,-1972, 1978, 1984, ‘by John Wiley & Sons, Inc.
All rights reserved. Published simultaneously in Canada.

Reproduction or translation of any part of *

this work beyond that permitted by Sections

107 and 108 of the 1976 United States Copyright
Act without the permission of the copyright
owner is unlawful. Requests for permission

or further information should be addressed to
the Permissions Department, John Wiley & Sons.

Library of Congress Cataloging in Publication Data
Foth, H. D.
Fundamentals of soil science.

Includes bibliographies and index.

1. Soil science. I. Title.
S591.F67 1984 631.4 83-23383
ISBN 0-471-88926-1

Printed in the United States of America

10987654321



PREFACE

Over the past several decades there has
been a rapid increase in the knowledge
about soil science. This Seventh Edition
was extensively revised to illustrate that
increase. The soil orders of Soil Taxonomy
are introduced in Chapter 1 and are inte-
grated ints tue chapters that follow. The
concept of cation exchange is introduced
in Chapter 2 and is used throughout the
text. The energy relationships of soil wa-
ter are discussed in terms of water poten-
tials, and the material on irrigation and
salinity is expanded. Soil mineralogy is
covered in a separate, updated chapter
(Chapter 7); it includes a more unified
treatment of clay structures. This is fol-
lowed by Chapter 8 on soil chemistry,
which includes a unified discussion of soil

pH in terms of a continuum. The roles of

exchangeable aluminum and oxidic clays

vii

are examined in detail. Chapters 9 to 14
have been thoroughly updated and have
additional material on fertilizers. The last
chapter is entirely new and deals with the
world population-food-land problem.

Throughout the book, there is a greater
emphasis on soils from a global perspec-
tive. The numerous nonagricultural illus-
trations on the role of soils have been re-
tained.

Many of my colleagues have engaged
me in discussions that have helped to clar-
ify difficult concepts. Special thanks go to
Nate Rute and Lynn Foth, who printed
the new photographs used in this edition,
and to Mary Foth for the cover photo-
graph.

East Lansing
Michigan

Henry D. Foth
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CHAPTER 1

CONCEPTS
OF SOIL

soiL: Can you think of a substance that
has had more meaning for humanity?
The close bond that ancient civilizations
- had with the soil was expressed by the
writer of Genesis in these words:

the Lord God formed Man from the dust
of the earth—and Man became a living
being.

There has been, and is, a reverence for
soil or the earth. Someone has said that
the fabric of human life is woven on
earthen looms everywhere it smells of
clay. Even today, most of the world’s pop-
ulation are tillers of the soil and live close
to the soil that they depend on for food
and fiber (see Fig. 1-1). '

Since the development of agriculture,
the most important concept of soil has
been the concept of soil as a natural me-
dium for plant growth. When cities devel-
oped, soil became important as an engi-
neering material to support roads and
buildings. Now, soil serves many engi-
neering uses, including landfills for waste
disposal. The concept of soil as an engi-
neering material is related to soil as a
mantle of weathered rock or regolith—a
concept developed by geologists in the
late eighteenth century. Since the late
nineteenth century, soil scientists devel-
oped the concept of soil as an organized
natural body.
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Figure 1-1

One half of the world's
population are farmers
who are closely tied to the
land and make their living
producing crops with
simple tools.

Soil as an Organized Natural Body organisms, and topography, all acting
over a period of time and producing a
product-soil-that differs from the material
[from which it is derived in many physical,
chemical, and biological properties, and
characteristics."

The rapid accumulation of knowledge
about soils during the nineteensh century
created a need for a concept of soil that
would accommodate the new facts. A rev-
olutionary way of looking at sofl was de-
veloped about 1870 in Russia by Doku-
chaev. As he traveled about, he observed Soil Genesis Processes
many different kinds of soils and noted
that a given soil was found repeatedly in a
given situation. Dokuchaey saw that each
kind of soil had a unique morphology re-
sulting from a unique combination of cli-
mate, living matter (plants and animals),
earthy parent material, topography, and
age of the land. The soil was the product
of evolution and changed over time. This
dynamic and evolutionary nature is em-
bodied in a definition of soil as:

Soils are products of evolution and have
a unique organization consisting of ge*
netically developed layers or horizons.
Soil genesis or horizon development pro-
cesses can be viewed as additions, losses,
transformations, or translocations. Plants
and animals find a habitat in all soils and
become a part of the organic matter. Car-
bon in organic matter is lost from soil
as carbon dioxide that results from mi-
crobial decomposition. Nitrogen is trans-

unconsolidated mineral matter on the formed from the organic to inorganic
surface of the earth that has been sub- forms. Furthermore, organic matter is sub-
jected to and influenced by genetic and ject to translocation from place to place

environmental factors of: parent mate-

rial, climate (induding moisture and 'From Glossary of Soil Science. Terms. Soil Science So-
« temperature effects), macro- and micro- ciety of America, Madison, Wis., October, 1979.
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Additions to the sgil

Water as precipitation, coridensation,
or runon )

O and COz from the atmosphere

N, Cl, and S from atmosphere and
precipitation

Organic matter from biotic activity

Material as sediments

Energy from the sun

Losses from the soil

Water and materials in
solution or suspension

in the soil by means of water and animal
activity. H

Mineral constituents undergo changes
that can pe similarly considered. In all
soils, minerals weather with the simulta-
neous formation of secondary minerals
and other compounds of varying solubil-
ity that may be moved from one horizon
to another. In humid regions, water mi-
grates down and through the soil and re-
moves soluble material. Many soils re-
ceive additions of dust, volcanic ash, or
sediments eroded from higher land. A
summary of these processes is presented
in Fig. 1-2.

-

Losses from the soil

Water by evapotranspiration
N by denitrification
C as CO; from oxidation of

organic matter - ‘
Soil enmasse by erosion 4
Energy by radiation '

Figure 1-2

Diagrammatic presentation
of additions, losses,
translocations, and
transformations involved in
horizon differentiation.

Soil Horizon Evolution

Weathering of bedrock produces uncon-
solidated debris that serves as the parent
material for the evolution of soils that-
eventually reflect the integrated effect of
climate, living matter, relief, and time. Ex-
posure of parent material to the weather,
under favorable conditions, will result in
the establishment of plants. Plant growth
results in the accumulation of organic res-
idues. Animals, bacteria, and fungi join
the biological community and feed on
these organic remains. Breakdown of or-
ganic matter sets free the nutrients con-
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Figure 1-3
An AR soil. The A horizon is about 30 centimeters (or 1 foot, scale is in feet) thick and developed in parent
material formed by the direct weathering of sandstone. Soils such as this may develop in as little as 100 years
or 100,000 years or longer, depending on the hardness of the rock and the environmental conditions. '

tained therein for another plant growth
cycle. The microorganisms and animals
feeding on the organic debris become a
part of the total organic matter complex.
When the surface layer attains a reason-
able thickness and assumes a darkened
color because of the accumulation of or-
ganic matter, an A horizon comes into ex-
istence. A soil horizon is a layer approxi-
mately parallel to the earth’s surface that
is the product of evolution; it has proper-
ties differing from adjacent horizons.
Soils developing under grass typically
have thick, dark-colored A horizons that
result from the profuse growth of roots to
a considerable depth. In the forest, the
addition of organic matter results largely
from leaves and wood. The addition of
leaves and wood on top of the soil pro-
motes the development of a thin, dark-
colored A horizon enriched with organic

A Horizon

R Horizon (Bedrock)

matter. A soil with two horizons, an A ho-
rizon overlying an R horizon (bedrock), is
shown in Fig. 1-3.

The soil in Fig. 1-3 may eventually be-
come over 100 centimeters thick® if the
rate of soil removal by erosion is less than
the rate of weathering that converts bed-
rock into soil-parent material. It appears,
however, that most soils have formed in
sediments produced by rock weathering
and were transported to their present
sites before the current cycle of soil for-
mation began. Where soil evolution oc-
curs in sediments, horizon evolution may
proceed rapidly by comparison to evolu-

*There are 2.54 centimeters per inch and 100 centi-
meters equals 1. meter, or 39.37 inches. For easy con-
version, remember that 30 centimeters equals about
1 foot, and 1 meter is about equal to 1 yard. (Sez the
table of conversion factors on the front inside cover
of the book.)
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Figure 1-4

Soil developed under forest with a thin A horizon that
overlies E, B, and C horizons, respectively. The B
horizon has been enriched. withvclay (Bt).

tion directly from hard bedrock. Pore
spaces in sediments permit deep rooting
by plants and facilitate removal of soluble
compounds by percolating water. Sus-
pended colloidal-sized particles are trans-
located by percolating water; however, the
suspended colloidal particles tend to move
only a short distance, commonly 15 to 50
centimeters, before the particles become
lodged or precipitated. The process of
deposition of material in a horizon that
has been moved from some other horizon
is illuviation. Illuviation, in this case, pro-
duces a zone under the A horizon where
colloidal particles accumulate. This zone is

designated the B horizon. The most com-
mon colloidal particles that accumulate in
B horizons are clay, organic matter, and
oxides of iron and aluminum (sesquiox-
ides).

The translocation of colloids from the
A horizon results in a concentration of
sand and silt-sized particles of quartz and
other resistant minerals in the upper part
of many soils. In soils with thin A Hori-
zons, a lighter-colored layer, low in of-
ganic matter, may develop below the A
horizon and above the B horizon. This
horizon, commonly grayish in color, is the
E horizon. The symbol E, is derived from
eluvial, meaning “washed out.” Both A
and E horizons are eluvial in a given soil,
but the main feature of A is organic mat-
ter and a dark color, while that of E is a
lighter celor and conceéntration of silt and
sand-sized particles of quartz and other
resistant minerals.

The C horizon is a layer that is hardly
affected by the soil-forming processes and
lacks the properties of the other horizons.
The C horizon commonly consists of
sediments or material weathered direct-
ly from underlying bedrock. The most
weathered upper soil horizons, above the
C horizen, comprise the solum. A’soil with
A, E, B, and C horizons is shown in
Fig. 1-4.

Master Soil Horizons

The master horizons are indicated by cap-
ital letters; the A, E, B, C, and R horizons
have been described and their genesis dis-
cussed. In addition, there is the O horizon,
which is dominated by organic matter.
The mineral fraction is only a small per-
centage of the volume and generally
much less than half the weight.

Some O horizons or layers such as
muck and peat develop where the envi-
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ronment is water saturated for long peri-
ods of time. Much of the organic matter
produced fails to decompose due to a lack
of oxygen for organic matter decompos-
ers. In forests of cold and humid regions,
O horizons develop on top of the mineral
soil horizons where conditions such as
acidity and low temperature greatly in-
hibit organic matter decomposition.

Sometimes a soil horizon is dominated
by the properties of one master horizon,
but has the subordinate properties of an-
other. Two capital letters are used, as in
the case of AB. The first letter of AB in-
dicates that the properties are more like
the A than the B horizon. A hypothetical
soil profile, with all master horizons and
some transitional horizons, is shown in
Fig. 1-5.

Subordinate Distinctions ‘Within Master
Horizons. Lower case letters are used as
suffixes to designate specific kinds of mas-
ter horizons. The symbols and their
meanings are as follows:

a—Highly decomposed organic mate-
rial (contrast with e and 1).

b—Buried genetic horizon.
c

Concretions or hard nonconcretion-
ary nodules (iron, aluminum, man-
ganese or titanium).

e—Organic material of intermediate
decomposition.

f—Frozen soil (permanent ice).

g—Strong gleying (reduction of iron
and other compounds and develop-
ment of gray colors due to poor '
drainage).

h—Illuvial accumulation of organic

_matter.

i—Slightly decomposed organic mate-
rial.

k—Accumulation of carbonates.
m—Cementation or induration.
n—Accumulation of sodium.
o—Residual accumulation of sesquiox-
ides (mainly oxides of iron and alu-
minum). ]
p—Plowing or other disturbance.
g—Accumulation of silica.
r—Weathered or soft bedrock.
s—Illuvial accumulation of sesquiox-
ides and organic matter.
t—Accumulation of silicate clay.
v—Plinthite (subsoil material enriched
with iron becoming hard or brick-
like due to repeated drying and wet-
 ting).
w—Development of color or structure.
x—Fragipan character (brittle with
high bulk density).
y—Accumulation of gypsum.
z—Accumulation of salts more soluble
than gypsum.

.

An example of the use of suffixes is the
case of a Ckm horizon, which indicates a
C horizon with an accumulation of car-
bonates that is cemented or indurated.
The soil in Fig. 1-4 has a Bt horizon due
to an illuvial accumulation of clay particles
that have been moved downward from
the A and E horizons. When more than
one suffix is used, the following letters, if
used, are written first: a, e, i, h, 1, s, t,
and w.

Soil Orders

There is great diversity among the soil-
forming factors; the result is/ that
hundreds of thousands of differént soils .
have been recognized in the world. These
soils are classified into orders. The order
is the most general category of the soil
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A mineral horizon contajning a high proportion of finely divided organic

A layer lighter in color and lower in organic matter than the overlying A
whose main feature is loss of silicate clay, iron, aluminum, and leaving a
concentration of sand and silt particles of quartz or other resistant minerals.

Superficial
surface . . 0i | Loose leaves and undecomposed organic debris.
layers a1 W Matted and decomposed organic material.
A [} X
o matter, and consequently dark in color.
5]
N
= < o
(| -
w i
L EB Transitional layer
E Transitional layer
24 | BE.
A
Illuvial or residual concentration of
o silicate clays, sesquioxides, humus,
~ 9 8 etc, and/or development of structure
= < if volume changes accompany
3 changes in moisture content.
L "{- Transitional layer
s '\1
%E 3 This layer may be considered to be
= c similar to the original appearance of
§ : the solum where there are obviously
b3 o no geologic nonconformities.
a
N M
R Bedrock
Figure 1-5

A hypothetical soil profile with all master horizons and some transitional horizons. The thickness of the horizons

varies as indicated.

classification system (Soil Taxonomy, 1973).
The 10 orders have been developed
mainly on the basis of the kinds of hori-
zons found in soils and the properties of
these horizons. The soil order name con-
sists of a prefix and ends with sol. The or-
der names, their derivation, and meaning
are given in Table 1-1.

Our knowledge and theories of soil
genesis make it possible to develop a sche-
matic diagram that relates the orders to
the soil-forming factors as shown in Fig.
1-6. Histosols develop from organic par-
ent materials that frequently form where
the environment is water saturated, as in
ponds and lakes. Histosols are character-



CONCEPTS OF SOIL

Table 1-1
Derivation and Meaning of Soil Order Names

Order Derivation Meaning
Histosol Gr. histos, tissue Tissue or organic soil.
Vertisol L. verto, turn Inverted soil
Entisol ~ Coined syllable Recent soil
Spodosol Gr. spodos, wood ash Ashy soil
Inceptisol L. inceptum, beginning Inception or young soil
Alfisol Coined syllable Pedalfer® soil
Ultisol L. ultimus, last Ultimately leached soil
Oxisol F. oxide, oxide Oxide soil
Mollisol L. mollis, soft Soft soil
Aridisol L. aridus, arid Arid soil

“A term used by C.F. Marbut for soils in which there was a downward
movement of aluminum (Al) and iron (Fe) and no iime accumulation.

ized by thick O horizons (see 1 of Fig. 1-6).
Included in Histosols are soils commonly
called peat and muck.

The other nine orders evolve from min-
eral parent materials that are not sub-

jected to water saturation or submergence

for long periods of time. These materials
consist of weathered bedrock, volcanic
ash, and sediments produced by the activ-
ities of water, wind, ice, and gravity. Par-
ent material high in content of expanding
clay, and with alternating wet and dry sea-
sons, produces Vertisols (see 2 in Fig. 1-6
and Calor Plate 1). Large cracks form in
the dry season and soil material falls in
the cracks. During the wet season, the
“extra” material at the bottom of the
cracks’ expands causing an outward and
upward pressure that slowly inverts the
soil. This constant inversion of the soil
" prevents the development of B horizons.

AC and AR soils develop from the
other parent materials. These young or
recent soils are Entisols (see 3 in Fig. 1-6).
Entisols that are formed from quartzitic
“sand in humid regions, where forest is the

common vegetation, experience intense .
leaching as a result of both high precipi-
tation and very permeable soil. Oxides of
iron and aluminum, along with colloidal
humus, commonly accumulate in the sub-
soil to form Bs and/or Bhs horizons. De-
velopment of a B horizon coincides with
the development of a nearly white- or
ashy-colored E horizon. These soils are
Spodosols (see 4 in Fig. 1-6 and Color
Plate 1).

Entisols that develop from parent ma-
terials finer than sand may develop B ho-
rizons and become Inceptisols. Inceptisols
are slightly more developed than Entisols
and have weakly developed B horizons
(see 5 in Fig. 1-6). Entisols and Inceptisols
occur in all climatic zones ranging from
tundra to tropics.

If conditions are favorable for their
continued development, Inceptisols may
develop into one of the other five orders.
Alfisols develop in forested humid regions
where clay migration produces a Bt hori-
zon that has 20 percent or more clay than
the A horizon, and the soil is only mod-



Start of parent
material formation

Water
saturation

QOrganic parent
materials

HISTOSOLS (1)
Soils with thick
O horizons.

4

Time increasing

Figure 1-6

No water saturation ‘
for long periods of time

{

Mineral parent
-materials

High content of
expanding clay

o

Wet and dry seasons

Other mineral parent materials

ENTISOLS (3)
Recent soils with
AC and AR praofiles

VERTISOLS (2)
Inverted soils with
AC profiles.

Sand Other parent materials

(quartzitic)

/ INCEPTISOLS (5)

Humid Soils with weakly
forest developed B horizons

SPODOSOLS (4)

Soils with Bs
and Bhs horizons  Humid Subhumid Arid
(and ash —colored forest grassland shrub
” E horizons). l
ALFISOLS (6) MOLLISOLS (9) ARIDISOLS (10)

Soils with Bt horizons
and only moderate
weathering and leaching.

/

ULTISOLS (7)
Ultimately weathered
and leached soils with

Bt horizons.

|

OXISOLS (8)
Soils with B horizons
high in content of iron

and aluminum.oxides and

resistant clays.

Thick dark —colored
A horizons that are
soft when dry.

Soils with arid
climate.

Major factors affecting the development of soil orders and some routes for their genesis.



10 CONCEPTS OF SOIL

erately leached and weathered. Over time,
with continued weathering and leaching,
Alfisols become ultimately weathered and
leached, thus forming Ultisols (see 6 and 7
i Fig.- 1-6). Ultisols are very acidic and
have a low fertility for agricultﬁi'al Crops.
If time and other conditions are condu-
cive for even more intensive weathering,
the Bt horizon may be destroyed; the B
horizon is composed mainly of iron and
aluminum oxides plus some clay that has
resisted weathering. These soils are the
oxide soils or the Oxisols (see 8 in Fig.
1-6). The Oxisols and Ultisols are com-
monly found in humid tropics; both are
very acidic and infertile for agricultural
use. Oxisols represent the most weathered
or oldest soils. Examples of an Alfisol,
Ultisol, and Oxisol are shown in Color
Plate 1 opposite p. 20, and Color Plate 2
opposite p. 21.

In subhumid and arid climates, there is
less water for weathering and leaching.
Soluble materials tend to remain in the
solum, and soils tend to remain neutral or
alkaline. Grass vegetation in subhumid re-
gions promotes development of thick,
dark-colored A horizons that are soft even
when dry due to the profuse growth of
grass roots. These soft soils are Mollisols
(see 9 in Fig. 1-6). Mollisols are generally
quite fertile for production of cereal grain
crops. Aridisols develop in arid regions;
the soils are characterized by dryness. The
soils are commonly fertile, but require ir-
rigation for agricultural crops (see 10 in
Fig. 1-6). Examples of two Mollisols and
one Aridisol are shown in Color Plate 2.

This scheme, showing the genesis of the
orders, is very general. It does not intend
to suggest that these are the only routes
for their genesis; there are many excep-
tions. For example, not all Oxisols have
evolved from Ultisols, and not all Ultisols
are evolved from Alfisols. If Mollisols in.a

subhumid climate are encroached on by
trees after the climate becomes more-hu-
mid, the Mollisols may be converted over
time into Alfisols. Furthermore, not all
soils recognized as Mollisols have devel-

© oped beneath grass vegetation. As we be-

gin our study of soil science, this scheme
is very useful in ordering our knowledge
about soils and developing a concept of

“ soils as being natural, organized bodies.

Soil Bodies as Parts of Landscapes

At any given location where there is a par-
ticular kind of soil, thé properties of that
soil may remain fairly constant for some
distance in all directions. The area in
which soil properties remain similar or
constant constitutes a soil body. Eventu-
ally, however, a significant change in one
or more of the soil-forming factors will
occur, thus causing a significant change in
soil properties. This causes the soil to be a
continuum with properties that gradually
change in all directions. Discrete, individ-
ual soils comparable to individual plants
and animals do not exist. Lateral changes
from one soil to another are commonly
associated with changes in slope and par-
ent material. Typically, a transition zone
exists between adjacent soils in which
properties of both soils can be observed.
A sharper than usual boundary exists be-
tween the two soils shown in Fig. 1-7, be-
cause the change in slope is abrupt. The
landscape as a whole can be viewed as
being composed of many different soil
bodies; with each contribution to the
whole as a piece of the overall pattern.

The Pedon and Polypedon

Soil bodies are large; there is a need for a
smaller unit of soil that can be the object
of scientific study. The pedon is this unit.
A soil pedon is the smallest volume that



