METHODS OF -
SOIL ANALYSIS
Part 1
Physical and Mineralogical Methods

Second Edition

Arnold Klute, Editor

Editorial Committee
G. S. Campbell D. R. Nielsen
R. D. Jackson A. Klute, chair
M. M. Mortland

Senior Managing Editor: RICHARD C. DINAUER
Editor-in-Chief ASA Publications: DWAYNE R. BUXTON
Editor-in-Chief SSSA Publications: JOHN J. MORTVEDT

Number 9 (Part 1) in the series

AGRONOMY

American Society of Agronomy, Inc.
Soil Science Society of America, Inc.
Publisher
Madison, Wisconsin 1JSA

1986



Copyright © 1986 by the American Society of Agronomy, Inc.
Soil Science Society of America, Inc.

ALL RIGHTS RESERVED UNDER THE U.S. COPYRIGHT LAW
OF 1978 (P.L. 94-553)

Any and all uses beyond the *“fair use” provision of the law require
written permission from the publishers and/or author(s); not ap-
plicable to contributions prepared by officers or employees of the
U.S. Government as part of their official duties.

Second Printing 1987

American Society of Agronomy, Inc.
Soil Science Society of America, Inc.
677 South Segoe Road, Madison, Wisconsin 53711 USA

Library of Congress Cataloging in Publication Data
(Revised for no. 9, pt. 1)
Methods of soil analysis.

(Agronomy; no. 9)

Includes bibliographies and indexes.

Contents: pt. 1. Physical and mineralogical
methods—pt. 2. Chemical and microbiological
properties.

1. Soils—Analysis—Collected works. I. Page, A. L.
(Albert Lee), 1927- . II. Miller, R. H.,
1933- . IIL. Keeney, Dennis R. IV. Series.
S$593.M4453 1982 631.41'0287 82-22630
ISBN 0-89118-088-5 (pt. 1)
ISBN 0-89118-072-9 (pt. 2)

Printed in the United States of America



DEDICATION

It is truly fitting that Methods of
Soil Analysis, Part 1, Second Edition,
be dedicated to Dr. Charles A. Black.
Dr. Black was editor-in-chief of the 1965
Methods of Soil Analysis, Parts 1 and
2, one of the most successful and widely
acclaimed of the Society’s monograph
series. His dedicated efforts were largely
responsible for the overall high quality
of the first edition of the monograph.
It is also fitting to recognize Dr. Black
for his contributions to research and
teaching and for his current role as one
of the chief spokespersons for agricul-
ture.

Dr. Black was born 22 January
1916 in Lone Tree, Iowa. He received
B.S. degrees in chemistry and soil sci-

— " ence from Colorado State University in
Charles A. Black 1937, and the M.S. and Ph.D. degrees
in soil fertility from Iowa State Uni-
versity in 1938 and 1942.

He began his professional career as a research fellow in the Department of
Agronomy, Iowa State University in 1937, and in 1939 joined that faculty as
instructor in soils. Except for service with the U.S. Navy during World War II,
a visiting professorship at Cornell University in 1955-56, and a NSF Fellowship
at UC-Davis in 1964-65, Dr. Black has remained at Iowa State. He retired as
distinguished professor in 1979 to devote full time to his duties with the Council
for Agricultural Science and Technology (CAST).

Dr. Black’s research and teaching career has had a major influence on the
discipline of soil science, particularly soil fertility and soil chemistry. He has
contributed much to our knowledge of phosphate reactions in soils, uptake by
plants, and interpretation of yield curves. He is author or co-author of approx-
imately 100 research papers, has written two editions of a widely used textbook
entitled Soil-Plant Relationships, and several editions of a laboratory manual on
soil chemistry. He has also served as associate editor for the SSSA Journal, as
consulting editor for Soil Science, and as editor of more than 100 publications
issued by CAST. He has served the ASA and SSSA as a member of numerous
committees, as SSSA president in 1961, and as ASA president in 1971. He has
received numerous awards and honors, including the ASA Soil Science Award
(1957), ASA Fellow (1962), Fellow of the American Institute of Chemists (1969),
Honorary Member of SSSA (1975) and ASA (1981), AAAS Fellow (1976), the
Henry A. Wallace Award from Iowa State University for Distinguished Service
to Agriculture (1981), and the Bouyoucos Soil Science Distinguished Career Award,
SSSA (1981).

Dr. Black’s critical and forthright evaluation of research findings, coupled
with a warm personality and a dry sense of humor, have made him a much

xvii
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sought-after counselor by students and colleagues. His graduate level soil-plant
relationship courses at Iowa State were especially popular. Those privileged to
learn under Dr. Black gained the type of knowledge and philosophy which has
served them well in their varied careers.

Dr. Black’s career took on a new dimension in 1970 when, largely under his
direction, CAST was developed. He was the president of CAST in 1973 and then
served as the executive vice-president of this innovative, independent association
of agricultural science societies from 1973 through April 1985. Since May 1985
he has served as executive chairman of the board of directors of CAST.

He is providing invaluable service to the community of food and agricultural
scientists through his dedicated efforts on the behalf of CAST. Through the Coun-
cil, the scientific societies and the scientists they represent, can make an input
into the development of national policies on food and agriculture by supplying
scientific information to decision makers and opinion leaders.
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FOREWORD

Characterization and, hence, our understanding of soils requires that they be
precisely and reproducively analyzed or described. The parameters generated
by such analyses are needed to generalize hypotheses for differences among soils
as well as observations on the same soil under different circumstances of time
and manipulation.

Mineralogical characteristics of soils simultaneously reflect the parent ma-
terial as well as the processes which formed the soil from the geologic matrix.
Knowing and understanding the mineralogical composition provides an insight
into the behavior of soils under different temporal conditions and their usefulness
or suitability for various purposes. To a great extent, the chemical properties of
soils depend upon soil mineralogy.

The physical properties of soils, perhaps, more than the chemical properties,
determine their adaptability to cultivation for food and fiber production—the most
important use of soils on a densely populated planet. It is the physical properties
which are most prominent in determining the adaptability of soils to other civ-
ilized activities including housing, communications, and recreation.

Great strides have been made in the conception of physical and mineralogical
characteristics of soils and how they relate to each other and to chemical prop-
erties. These have been stimulated by and, in turn, have encouraged better meth-
ods of analysis. It is appropriate from time to time to record those analytical
procedures that seem best to serve the scientific community in its understanding
of soils.

The methods of analyses included in this volume provide a uniform set of
procedures which can be used by the majority of scientists and engineers working
with soil and, in that way, will improve their ability to communicate about their
observations with each other. This volume also provides a launching point from
which others might depart in an effort to refine methods and procedures or de-
velop new ones. Given our rapidly changing understanding of soils and our ability
to make new, different, and more precise measurements, it is certain that other
volumes such as this will follow.

June 1986
JOHN PESEK, president DALE M. MOSS, president
Soil Science Society of America American Society of Agronomy

PREFACE

It has been more than 20 years since the first edition of Methods of Soil
Analysis, Part 1, Physical and Mineralogical Properties was published under the
able editorship of Dr. C. A. Black. The first edition was extremely well received.
More than 13 000 copies have been sold, and sales have continued up to the
present time at more than 500 copies per year.

Since the publication of the first edition there has been substantial progress
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in the development of improved physical and mineralogical measurements. The
study of transport processes in soil in relation to environmental quality concerns
has brought about an increased interest in the application of methods of physical
measurement to field situations. More emphasis has been placed on the devel-
opment of methods to cope with the inherent spatial variability of natural soils.
In addition, techniques of measurement of physical and mineralogical properties
of soils have generally been improved. Following a recommendation by the ASA
Monographs Committee, publication of the second edition of the monograph was
approved by the Executive Committee of ASA, and an editorial committee was
appointed.

Major changes have been made in the subject coverage of Part 1, as compared
to the first edition. The book consists of 50 chapters prepared by 71 authors and
coauthors. Four chapters deal with statistical subject matter, including a new
chapter on geostatistical methods applied to measurements in soils. Eight chapters
focus on various mineralogical methods, and eight chapters describe methods for
evaluation of the soil matrix and its structure. Methods for assessing the energy
status of soil water, hydraulic conductivity and diffusivity of soils, intake rate,
and water retention of soils are described in 16 chapters. There are five chapters
on methods for measurement of thermal properties of soil, four chapters on
methods for determining the concentration and flux of soil solutes, and five chap-
ters on methods for study of the soil gas phase.

Members of the editorial committee who participated in the planning and
development of the book are:

A. Klute, editor, Colorado State University, and USDA-ARS, Ft. Collins,

(6(0)

G. S. Campbell, Washington State University, Pullman, WA

R. D. Jackson, U. S. Water Conservation Laboratory, Tempe, AZ

M. M. Mortland, Michigan State University, East Lansing, MI

D. R. Nielsen, University of California, Davis, CA

To the many authors, who drew from their expertise to prepare descriptions
of the many methods, I extend my thanks and appreciation. I also wish to express
my appreciation to the members of the editorial committee, and to many other
anonymous reviewers who provided their time and talents to help produce the
monograph. Mr. R. C. Dinauer, and the ASA Headquarters staff are to be given
special thanks for their diligence, and competence in handling the many me-
chanical details of production of the book.

This second edition of Part 1 is dedicated to Dr. C. A. Black in recognition
of his efforts as editor of the first edition, and its success as a publication of the
American Society of Agronomy. I and the other members of the editorial com-
mittee hope that the revised edition will be as successful, and that it will be found
useful by those who need information on physical and mineralogical methods.

April 1986 A. KLUTE, editor
Agricultural Research Service, USDA, and
Colorado State University, Ft. Collins, CO



Lajpat R. Ahuja

William R. Allardice

R. R. Allmaras

A. Amoozegar

Duwayne M. Anderson

Isaac Barshad

J. W. Bauder

George R. Blake

Charles W. Boast

Herman Bouwer

J. M. Bradford

R. R. Bruce

G. D. Bubenzer

J. G. Cady

Lyle D. Calvin

Gaylon S. Campbell

D. L. Carter

D. K. Cassel

CONTRIBUTORS

Soil Physicist, Water Quality and Watershed Research Labora-
tory, Agricultural Research Service, U.S. Department of Agri-
culture, Durant, Oklahoma

Staff Research Associate, Department of Land, Air, and Water
Resources, University of California, Davis, California

Soil Scientist, Agricultural Research Service, U.S. Department
of Agriculture, St. Paul, Minnesota

Assistant Professor, Soil Science Department, North Carolina
State University, Raleigh, North Carolina

Associate Provost for Research, Texas A&M University, College
Station, Texas

Soil Chemist, Soil and Plant Biology Department, University of
California, Berkeley, California

Professor of Soil Science, Cooperative Extension, Montana State
University, Bozeman, Montana

Professor Emeritus of Soil Physics, Soil Science Department,
University of Minnesota, St. Paul, Minnesota

Associate Professor of Soil Physics, Department of Agronomy,
University of Illinois, Urbana, Illinois

Director, U.S. Water Conservation Laboratory, Agricultural Re-
search Service, U.S. Department of Agriculture, Phoenix, Ari-
zona

Soil Scientist, National Soil Erosion Laboratory, Agricultural Re-
search Service, U.S. Department of Agriculture, Purdue Uni-
versity, West Lafayette, Indiana

Soil Scientist, Southern Piedmont Conservation Research Cen-
ter, Agricultural Research Service, U.S. Department of Agricul-
ture, Watkinsville, Georgia

Professor, Department of Agricultural Engineering, University
of Wisconsin, Madison, Wisconsin

Lecturer in Pedology, Department of Geography and Environ-
mental Engineering, The Johns Hopkins University, Baltimore,
Maryland

Professor of Statistics, Department of Statistics, Oregon State
University, Corvallis, Oregon

Professor of Soils, Department of Agronomy and Soils, Wash-
ington State University, Pullman, Washington

Supervisory Soil Scientist, Snake River Conservation Research
Center, Agricultural Research Service, U.S. Department of Ag-
riculture, Kimberly, Idaho

Professor of Soil Science, Department of Soil Science, North
Carolina State University, Raleigh, North Carolina

xxi



xxii

She-Kong Chong

Arthur T. Corey

Robert E. Danielson

C. Dirksen

Joe B. Dixon

W. J. Dixon

L. R. Drees

H. Fliihler

Marcel Fuchs

Walter H. Gardner

G. W. Gee

Richard E. Green

S. C. Gupta

B. F. Hajek

K. H. Hartge

Marion L. Jackson

Ray D. Jackson

W. Doral Kemper

Oscar Kempthorne

Dennis C. Kincaid

CONTRIBUTORS

Associate Professor of Soil Physics and Hydrology, Plant and
Soil Science Department, Southern Illinois University, Carbon-
dale, Illinois. Formerly Associate Professor of Forest Hydrology,
Department of Forestry, Southern Illinois University, Carbon-
dale, Illinois

Professor Emeritus, Department of Agricultural and Chemical
Engineering, Colorado State University, Fort Collins, Colorado

Professor, Department of Agronomy, Colorado State University,
Fort Collins, Colorado

Senior Scientist, Department of Soil Science and Plant Nutrition,
Agricultural University, Wageningen, The Netherlands

Professor of Soil Mineralogy, Department of Soil and Crop Sci-
ences, Texas A&M University, College Station, Texas

Professor of Biomathematics, Department of Biomathematics,
School of Medicine, University of California, Los Angeles, Cal-
ifornia

Research Associate, Department of Soil and Crop Sciences, Texas
A&M University, College Station, Texas

Professor of Soil Physics, Swiss Federal Institute of Technology,
Zurich, Switzerland

Scientist, Agricultural Research Organization, Institute of Soils
and Water, Bet Dagan, Israel

Professor of Soils Emeritus, Department of Agronomy and Soils,
Washington State University, Pullman, Washington

Staff Scientist, Battelle Pacific Northwest Laboratories, Rich-
land, Washington

Professor of Soil Science, Department of Agronomy and Soil
Science, University of Hawaii, Honolulu, Hawaii

Associate Professor of Soil Physics, Department of Soil Science,
University of Minnesota, St. Paul, Minnesota

Professor, Agronomy and Soil Department, Auburn University,
Auburn, Alabama

Professor of Soil Science, University of Hannover, Federal Re-
public of Germany

The F. H. King Professor of Soil Science, Department of Soil
Science, University of Wisconsin, Madison, Wisconsin

Research Physicist, U.S. Water Conservation Laboratory, Ag-
ricultural Research Service, U.S. Department of Agriculture,
Phoenix, Arizona

Director, Snake River Conservation Research Center, Agricul-
tural Research Service, U.S. Department of Agriculture, Kim-
berly, Idaho

Professor of Statistics, Department of Statistics, [owa State Uni-
versity, Ames, lowa

Agricultural Engineer, Snake River Conservation Research Cen-
ter, Agricultural Research Service, U.S. Department of Agricul-
ture, Kimberly, Idaho



CONTRIBUTORS
A. Klute

George W. Kunze

Chin H. Lim

R. J. Luxmoore
Murray B. McBride
Max M. Mortland
Yechezkel Mualem
Donald E. Myers
D. R. Nielsen

J. D. Oster

A. J. Peck

Roger G. Petersen
Arthur E. Peterson

Claude J. Phene

Stephen L. Rawlins
Ronald C. Reeve

J. D. Rhoades

D. E. Rolston

Russell C. Rosenau

Charles B. Roth

Xxiii

Soil Scientist and Professor, Agricultural Research Service, U.S.
Department of Agriculture, and Agronomy Department, Colo-
rado State University, Fort Collins, Colorado

Professor Emeritus of Soil Mineralogy, Department of Soil and
Crop Sciences, Texas A&M University, College Station, Texas

Formerly Post-doctoral Fellow, Department of Soil Science, Uni-
versity of Wisconsin, Madison, Wisconsin. Now at Guthrie Re-
search Chemara, Negri Sembilan, Malaysia

Soil and Plant Scientist, Oak Ridge National Laboratory, Oak
Ridge, Tennessee

Associate Professor of Soil Chemistry, Department of Agron-
omy, Cornell University, Ithaca, New York

Professor, Department of Crop and Soil Sciences, Michigan State
University, East Lansing, Michigan

Soil Scientist, Seagram Centre for Soil and Water Sciences, The
Hebrew University of Jerusalem, Rehovot, Israel

Professor of Mathematics, Department of Mathematics, Uni-
versity of Arizona, Tucson, Arizona

Professor, Department of Land, Air and Water Resources, Uni-
versity of California, Davis, California

Extension Soil and Water Specialist, Department of Soil and
Environmental Sciences, University of California, Riverside,
California

Chief Research Scientist, Division of Groundwater Research,
CSIRO, Wembley, Western Australia. Formerly Senior Principal
Research Scientist

Professor of Statistics, Department of Statistics, Oregon State
University, Corvallis, Oregon

Professor, Department of Soil Science, University of Wisconsin,
Madison, Wisconsin

Supervisory Soil Scientist, Water Management Research Labo-
ratory, Agricultural Research Service, U.S. Department of Ag-
riculture, Fresno, California

Soil Physicist, National Program Staff, Agricultural Research
Service, U.S. Department of Agriculture, Beltsville, Maryland

Civil Engineer, Irrigation and Drainage, Agricultural Research
Service, U.S. Department of Agriculture, Columbus, Ohio

Supervisory Soil Scientist, U.S. Salinity Laboratory, Agricultural
Research Service, U.S. Department of Agriculture, Riverside,
California

Professor of Soil Science, Department of Land, Air and Water
Resources, University of California, Davis, California

Technician, Snake River Conservation Research Center, Agri-
cultural Research Service, U.S. Department of Agriculture, Kim-
berly, Idaho

Professor of Soil Mineralogy/Chemistry, Department of Agron-
omy, Purdue University, West Lafayette, Indiana



xxiv

Brij L. Sawhney

Lewis H. Stolzy

P. Lorenz Sutherland

Kim H. Tan

Sterling A. Taylor

M. Th. van Genuchten

R. J. Wagenet
A. W. Warrick
Joe L. White
Lynn D. Whittig
P. J. Wierenga
L. P. Wilding

Lucian W. Zelazny

CONTRIBUTORS

Soil Chemist, The Connecticut Agricultural Experiment Station,
New Haven, Connecticut

Professor of Soil Physics, Department of Soil and Environmental
Sciences, University of California, Riverside, California

Assistant Professor, Department of Agronomy, Southeast Col-
orado Research Center, Colorado State University, Lamar, Col-
orado

Professor of Agronomy, Department of Agronomy, University
of Georgia, Athens, Georgia

Professor of Soil Physics, Department of Soils and Biometeo-
rology, Utah State University, Logan, Utah. Deceased 8 June
1967

Research Soil Scientist, U.S. Salinity- Laboratory, Agricultural
Research Service, U.S. Department of Agriculture, Riverside,
California

Associate Professor, Department of Agronomy, Cornell Univer-
sity, Ithaca, New York

Professor, Department of Soil and Water Science, University of
Arizona, Tucson, Arizona

Professor of Soil Mineralogy, Department of Agronomy, Purdue
University, West Lafayette, Indiana

Professor of Soil Science, Department of Land, Air and Water
Resources, University of California, Davis, California

Professor of Soil Physics, Department of Crop and Soil Sciences,
New Mexico State University, Las Cruces, New Mexico

Professor of Pedology, Soil and Crop Sciences Department, Texas
A&M University, College Station, Texas

Professor of Soil Mineralogy, Agronomy Department, Virginia
Polytechnic Institute and State University, Blacksburg, Virginia



o3ed 1xou uo PINUNIUOD

01 X €87 ¢J 100§ o1qQMd (W ‘glajout €6
8201 yout-a1oe (U ‘gIarou =0T X €L°6
€LY0 1d “(prag) yuid (sw ¢-01) T “ToUI 11T

=01 X 96C zo ‘(pInfj) 0UNO (cwr ¢ Q1) T ‘31 8L'EE

8L'€ uofres (sw ¢-01) T 1M $97°0
£'8C ¢ 100§ o1qNd (cwr ¢ Q1) T “TOMI 0T X €6°¢
9%6°0 1b (pmbry) 1renb (cwr ¢_Q1) T T} LSO'T
yTse nq ‘pysnq (cwr ¢ Q1) T 1M =01 X ¥8°C
01T X ¥9°1 ¢l ‘gour d1qnd (W ‘1919U O1qNd +01 X 01'9
awmnjoA
Sv9 LUt ‘gout axenbs (W ,_Q]) ;W ‘I3jauIf[ru drenbs ¢-01 X §6°1
01 X 676 4 900} a1enbs W ‘1919w dxenbs 9L°01
01 X SOV aIoe W ‘1) arenbs v-01 X LY'T
06S°C cIu “ofrur arenbs (W (Q[) Wy “Jerowo[ry arenbs 98¢0
0T X SO¥ e W Q1) (W ‘Jojowo[ny arenbs LyT
9040 aloe Y ‘2IB109Y Lyt
vy
10 \4 ‘wons3uy (W ,_Q]) Wwu ‘Jojowousu 01
144 ur ‘gout (ur ¢_QT) W “Jejouryr 01 X ¥6'¢
01 7 ‘uoioru (w ,_Q[) W ‘I91WoIoTW 01
¥0¢°0 1y 100} w ‘191w 8T'¢
¥16°0 pA ‘prek w ‘13jewW #60°1
609°1 T ‘oI (w Q1) uny “IIPWOy 129°0
P3ury
Aq Adnnuw wup [s-uou nun IS Aq Adnnu
[ uwnjo) ojul 7 uwunjo) [ uwnjo) ‘7 uwnjo) out

7 uwnjo)) 1AAU0d 0],

] UWnjo) HIAUO0D O

S)u() [S-UOU puE S I0J SI0)08 UOISIIAUO))

XXV



XXVl

CONVERSION FACTORS FOR SI UNITS

-8 ;ww
) ‘werd 1od 1jownfrur srenbs 18y ;w ‘werdoqny Jod I91ow drenbs 01
-8 ;wod
I'0 ‘wresd 1od 1919w U0 drenbs -89 w ‘werdo[ny Jod 1910w drenbs 01
eyng dynadg
Lyy0 Inoy 1od drrux _S W ‘puodas 1ad 1310w YT
2T ,_a10® uo} ‘aoe 1ad (q[ 000T7) uol ,_'Y S ‘exerooy Jod weidedow 90
01 X701 _2I108 q[ ‘a1oe 12d punod _BY S ‘91e100y Jod weidedow €68
SE'6 a10e 1ad uojres \_By T ‘a1e109y Jod 1911] L01°0
SL'ES qI 8 ‘oxoe xad [aysnq 1By 3y ‘are100y Iod weidorny -0 X 981
ILT9 q] 96 ‘axoe 1od [oysnq 1By 8y ‘a1e100y Jod wreido[ry 0T X 6671
61°L9 q[ 09 ‘a10® 12d [aysnq \_BY 3y ‘areyoay 1od wesdoqny 01 X 61
L8T1 ,_Nq q[ ‘Teysnq 12d punod ¢ w8y ‘1919w o1qnd Jod weidorny 01 X LL'L
48| ;2108 q ‘a10e 1od punod By 9 ‘arejoay 1od werdoqny €68°0
ey pue ppRIX
L06°0 uol ‘("'S ) uol (suuol) SN ‘werdedow 701°1
L06 uo} (qr 000¢) uo} 3y ‘wesdony 01 X OI'T
01 b ‘(ounow) rejumb 3y ‘wreadoqny 01
14540) qp ‘punod 3y ‘weidoy S0T'T
8T z0 ‘(dpae) 20uno 3 ‘wesd 01 X TS€E
1437 qp ‘punod (8% ¢-01) 8 ‘wesd 01 X 07T
SSBIAl
£q Adnnw nun [s-uou mn IS Aq Adnnu
[ uwnjo) ojul 7 uwnjo) ] uwnjo) ‘7 uwnjo)) ojut

7 uwn[o)) HMIAU0d O]

[ UwWnjo) LIAU0D O

S)u() [S-UOU puk [S I0J SI10}o8,] UOISIIAUO))



xxvii

CONVERSION FACTORS FOR SI UNITS

a3ed 1x3u uo panunuod

01 X L1

01 X 8LC
+01
081

8'LT

869
<01

01 X 61F
9¢'1
=01
6y

0T X SO'1

(ze— d.) 6/S
(ELT 4+ Do) 001

<01 X 069
6'LY
00°1

10
101°0

. ‘(o13ue) saa13op

- ;_wp 3w ‘mmoy
J1019wWap arenbs 1od weldrrw
,_S ;_wd Sw ‘puodas
Io1ownuad arenbs 1od wesdiiw
_S ;_wo [owr ‘pU0IIS ISISWIIUID
arenbs 1od (Q'H) S[owoIoTW
1~ wp3
‘moy 1919wroap drenbs 1ad weid

pel ‘uerpel

J[duy

.S . w Sw

‘puoo3s 193ow orenbs 1ad weldiru
.S . w Sw

‘puooas 1939w arenbs 1ad werdrru
|_S ;_w 3w ‘puooss

1910w axenbs 1od (Q°H) wresdijrux
.S . w Sw

‘puooas 1o3ow arenbs 1od wesdiru

sisayjuisojoyd pue uonesdsuel]

| _UTW ;_ WD [BD ‘(30UBIPELIL) d)nuit
I0JoWIIUd) Axenbs 1ad LIO[BD

. W Ap ‘IoJowr arenbs 1od 1em

T

JuAp N ‘uomau
(Aor3uer)
I91oWTIuad arenbs 1ad SLIO[BD . w [ ‘1919w arenbs 1ad ool
punod-100J [ ‘ool
319 [ ‘9mofl
B0 ‘9LI0[RD [ ‘9ol
nig un [euLIy} ysnug [ ‘ornof
1eal Jo Kinuend) NIop\ ‘A3rouy

d, ‘1eyuaIyeq D, ‘SNIS[D
Do STISD M UIARY

ammeraduway,
._ur q[ ‘your arenbs 1od punod ed ‘[eosed
-1 q ‘100j 21enbs Jod punod ed ‘Teosed

¢ wo § ‘191oWmuad o1qnd Jod werd
Ieq
J1dydsoune

o w S “1e10w 21qno Jod wesdedsw
(ed s01) BdN ‘[eosedesour
(ed +01) edIN ‘Teosededow

amssalg

e'LS

L6°SE
»-01
-0 X 9§°¢
=01 X 09°¢

01 X e¥'1
01

s-0T X L8ET
SeELO

01

6£T0

v-01 X TS'6

€ + (O, §/6)
(L7 — 3001



9861 11dV €7

CONVERSION FACTORS FOR SI UNITS

2090
SIL0
0€8°0
LEVO

£eTl
=0T X €0°]
€TI0
LTTO
6101
8'C01

1’0

O3IN S
0® )
O A
*0'd d
N\mk. (4} Yl ENE&FW

UOISIAUO)) JUALHNN] Jue[

wdd ‘woru 1ad syred 19y 8w ‘wreadorny Jod weadiw

. wo g o SN
‘1919w udd J1qnd J1od werd ‘110w o1qnod 1ad wesdedaw
9 ‘1ud1ad 13 8 ‘wresdorny Jod weId

-3 001 (K&1oeded a3ueyoxa uor)

bow ‘sweid o1 12d syuspeAInbaI[IW 18y [owd ‘wrerdo[ry Jod sfownud

suonenuaduo)

1J-210® ‘199J-a108

Ur-3I10® ‘Sayour-aIoe

J-2I108 199§-2108

,_urw [eg ‘onurw 1ad suofesd '§'N
1_S I ‘puodas 1ad 139§ 21qnd
Uur-3I0® ‘sayoul-aIoe

Wo-BY ‘SI910WIIUII-IBIOY
W-eY ‘SI919W-31B]109Y
w-BY ‘SI91OW-318109Y

Y W ‘moy Jad 1919w d1qnd
-4 (W ‘Inoy Jad Iajow 21qno
(W “I91oW JI1qNd

JUSUIDINSBIJA] TAJBAN
%)
oyuIw ‘I3}owriuad 1ad oywIfIw
A)ADONPUO)) [EILIF

W g ‘I9jowr yod uowdls

99'1
61
0T'1
67T

01 X 1'8
8T'L6
178
or'y
01 X 186
01 X €L6

01

Aq Adnnu

[ uwn[o)) ojur
7 uwnjo)) M9AU0d O]

ju) JS-uou
7 uwnjo)

nwun IS
[ uwno)

Aq Adnnu
‘7 uwnjo) ojur
] UwIn[o)) HIAUOD O]

S}Iu) [S-Uou pue [S 10J SI0)O8,] UOISIIAUO))



CONTENTS

Page
DEDICATION . . . . . . . o o e e e e e e e e e e e e e e e e e Xvil
FOREWORD . . . . . . . e e e e s e e e e e e e e XiX
PREFACE . . . . . . . . o e e e e e e e e e e e e e e e e Xix
CONTRIBUTORS : : : & 5 s 5 s s s ¢ 5 85 5 ¢ 5 5 & 5 8§ s 8§ 8 s 5 8§ 5 5 ¢ & XX1
CONVERSION FACTORS FOR SIUNITS . . . . . . . . .. . ... .... XXV
1 Errors and Variability of Observations
OSCAR KEMPTHORNE AND R. R. ALLMARAS
I-1 INtroduction . ... ..ot ittt e e ie e enenenn 1
1-2 Classificaton of Measurement Errors ...................... 2
1-3 Scientific Validity of Measurements....................... 4
1-4 Characterization of Variability ........................... 4
1-5 The Estimation of Precision . .............c.coitiienenennn. 15
1-6 Precision of Derived Observations ....................... 17
1-7 The Roles of Bias and Precision ......................... 22
1-8 How to Study Errors of Observation ...................... 25
1-9 Role of Errors of Observation in the Study of Relationships .. 26
1-10 A Note on Terminology . .........c.oouiimiienennenenennn. 28
1-11 Statistical Problems and Techniques in General ............. 29
1-12 References . .....c.oiiiinimi it ittt eeeaeaenaennn 30
2 Sampling
R. G. PETERSEN AND L. D. CALVIN
2-1 IntroduCtion . ...... ..ottt it 33
2-2 Variation of SOils . . ... ..o i i e 33
2-3 SaMpPlUNE PIANS «.cisccnimispssnsssmsmssnsmessmss saess s 35
2-4 Sources Of EITOrs . ... ...t 44
2-5 Subsampling . . .....viii e 45
2-6 Composite Samples .. .......ccotiiintiiinnnaenn.. 48
2-7 ReferenCes .. .. ...ttt e i 50
3 Geostatistical Methods Applied to Soil Science
A. W. WARRICK, D. E. MYERS, AND D. R. NIELSEN
3-] INtrodUCtiON ... .vi ittt e e e 53
3-2 Quantification of Spatial Interdependence . ................. 54
3-3 Punctual Kriging . .........coiuininintin e 61
3-4 Block Kriging . .. ...ovti ittt it i e 70
3-5 Sampling Strategies for Specified Estimation Error .......... 72
3-6 Further Application . ...........uveiieinnennennnenennnnn 74
3-7 DISCUSSION ;555005 55w s 5 57 006 5§ B H 556556 @89 855 68514 79
3-8 References . .......couiiiiieeie it 80



vi CONTENTS

4 Extraneous Values

W. J. DIXON

4-1 Introduction . ...........c.iuiniit it
4-2 The Problem of Estimation (Use of the Median and Range) ..
4-3 Confidence Limits as Estimates ..........................
4-4 The Problem of Designating Extraneous Values . ............
4-5 Recommended Rules for Designating Extraneous Values .. ...
4-6 Recommended Rules for Estimation in the Presence of Extra-
NEOUS VIAITES: s wsniwamsmanmesssimi@smaigspinsmsme s

4-7 Test of Hypotheses (Trimmed and Winsorized 7-Tests) . ......
4-8 References . ..........uiiiiiniiie i

5 Pretreatment for Mineralogical Analysis
G. W. KUNZE AND J. B. DIXON

5-1 General Introduction . ...ttt
5-2 Removal of Soluble Salts and Carbonates . .................
5-3 Removal of Organic Matter .............................
5-4 Removal of Free Iron Oxides ... ..............ccovininn..
5-5 Particle-size Separations . ................c.iuiuininiinin..
5-6 References ............c.iuiniiiii

6 Oxides, Hydroxides, and Aluminosilicates

MARION L. JACKSON, CHIN H. LIM, AND LUCIAN W. ZELAZNY

=1 Introduction .. ........c..uiirieni i
-2 Quartz and Feldspars ............ ... ...,
-3 Noncrystalline Aluminosilicates and Hydrous Oxides by Acid

Ammonium Oxalate inthe Dark .........................
-4 Free Iron-Aluminum Oxides and Hydroxides ..............
-5 Poorly Crystalline Aluminosilicates .......................
-6 Smectite, Vermiculite, and CEC Hysteresis . ................
-7
-8

[ We e\

Rutile and Anatase ...............c.iuiniiniinininennnnn.
References . .........coiiinii i

[ea e e e e

7 Thermal Analysis Techniques
K. H. TAN, B. F. HAJEK, AND I. BARSHAD

T-1 IntroduCtion . . ... ..ottt et
7-2 Principles of Reactions and Analysis ......................
T=3 Methods . ...ttt
T=4 References . .....ooiiiii e

8 Petrographic Microscope Techniques
JOHN G. CADY, L. P. WILDING, AND L. R. DREES

8-1 General Introduction . ...,
8-2 Grains . ..ottt
8-3

104
113



CONTENTS vii

9

10

11

12

8—4 ApPLICAtIONS . ...ttt 211
8-5 Glossary of Micromorphology Terms ..................... 213
86 REfEICNCES .. .o ottt ie e it 215

Magnetic Methods

O—1 INtrodUCHION . . .\ vv ittt ettt e e et 219
9-2 Magnetic Susceptibility .. ........ ... i 220
9-3 Electron Spin Resonance (ESR) .......... .. ...t 234
9-4 Nuclear Magnetic Resonance (NMR) ..................... 252
=5 REfEIONCES ..ttt i ettt et e 268

Electron Microprobe Analysis

10-1 INtrodUCtiON . . . oottt et et et e et e ee e 271
10=2 PrinCiples ... vvvii ettt et 271
10-3 INSIIUMENL . o oo oot ettt et et i e e e e e enns 272
10-4 Specimen Preparation ..............coiviiieiniiiaenan. 278
10-5 Quantitative Analysis .............ouieirmnneennnanennnn 280
10-6 Monte Carlo Method ......... ..., 283
10-7 Applications in Soil Analysis ...............coiiiiinn... 283
10-8 Reference BOOKS .. ...t 290
10=9 REfEIEINCES . . v o vv ottt it et e et e iainenens 290

Infrared Spectrometry
JOE L. WHITE AND CHARLES B. ROTH

11-1 General Introduction . ..........c.cutiuiniiniiennanennnens 291

11-2 PUNCIDIES v ovvimswsmsms.osioms ssmsee s amemsss s amse s 293

11-3 Sample Preparation . ...........c.coouuiineinnrnnennennnen 302

11-4 Functional-group and Qualitative Analysis of Organic 313
CompoundS . ...vuitit e

11-5 Identification and Characterization of Amorphous and Crystal- 315
line Inorganic or Mineral Phases .........................

11-6 Quantitative Analysis .............ccoouiiiiennnn. 321

11-7 Spectral Data Collection and Manipulation ................ 325

11-8 REfEreNCES ..\ vvv ettt it e et n e iaeann 326

X-Ray Diffraction Techniques
L. D. WHITTIG AND W. R. ALLARDICE

12-1 General Introduction . ..........c.iuiniiiiinnnrnennanns 331
12-2 Principles of X-ray Diffraction ........................... 331
12-3 Preparation of Samples . ...t 336
12-4 X-ray Examination of Samples........................... 349
12-5 Criteria For Differentiation of Phyllosilicate Species ......... 351
12-6 Qualitative Interpretation of Diffraction Patterns............ 354
12-7 Quantitative Interpretation of Diffraction Patterns .......... 356

12-8 REfereNCES .. oo i i iii ittt ie et 359



