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Cover Photos: The soil survey landscape (upper left) and pedon (upper right) are from
Lyon County, Nevada. The landscape is a typical area of Cleaver soils, and the pedon is
representative of the Cleaver series. Cleaver soils are classified as loamy, mixed,
superactive, mesic, shallow Typic Argidurids. These well drained soils are shallow to
an indurated duripan. They formed in alluvium derived from igneous rocks and are on
fan remnants in the Great Basin section of the Basin and Range physiographic province.
The present vegetation in the rangeland ecological site is mainly Bailey’s greasewood
(Sarcobatus baileyi), shadscale (Atriplex confertifolia), winterfat (Krascheninnikovia
lanata), Nevada jointfir (Ephedra nevadensis), and cheatgrass (Bromus tectorum).
(Photos courtesy of Joseph V. Chiaretti, NRCS, National Soil Survey Center, Lincoln,
Nebraska.) Lower left: The National Soil Survey Laboratory in Lincoln, Nebraska.
Lower right: A thin section.
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information. Mention of a trade name does not constitute a guarantee of the product by
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4 Soil and Water Chemical Extractions and Analyses
4.1 Ion Exchange and Extractable Cations
4.1.1 Cation-Exchange Capacity

4.1.1.1 NH4OAc, pH 7 (CEC-7)
4.1.1.2 Sum of Cations (CEC-8.2)
4.1.1.3 NH4CI, Neutral Unbuffered

4.1.1.4 NH4OAc Extractable Bases + 1 N KCl Aluminum
4.1.2 NH4OAc, pH 7.0 Extractable Bases
4.1.2.1-4 Calcium, Magnesium, Potassium, and Sodium
4.1.3 BaCl,-Triethanolamine, pH 8.2 Extractable Acidity
4.1.4-4.1.5 1 N KCI Extractable Aluminum and Manganese
4.1.6 Ratios, Estimates, and Calculations Related to Ion

Exchange and Extractable Cations
4.1.6.1 Sum of Extractable Bases
4.1.6.1.1 Sum of Extractable Bases by
NH4OAc, pH7
4.1.6.1.1.1 Sum of Extractable Bases
by NH4OAc, pH 7, Calculated
4.1.6.1.2 Sum of Extractable Bases by NH4Cl
4.1.6.1.2.1 Sum of Extractable Bases
by NH4Cl, Calculated
4.1.6.2 Cation-Exchange Capacity (CEC)
4.1.6.2.1 CEC-8.2 (Sum of Cations)
4.1.6.2.1.1 CEC-8.2, Calculated
4.1.6.2.1.2 CEC-8.2, Not Calculated
4.1.6.2.2 Effective Cation-Exchange Capacity
(ECEC)
4.1.6.2.2.1 Sum of NH4OAc Extractable
Bases + 1 N KCI Extractable
Aluminum, Calculated
4.1.6.2.2.2 Sum of NH4OAc Extractable
Bases + 1 N KCI Extractable
Aluminum, Not Calculated
4.1.6.3 Base Saturation

4.1.6.3.1 Base Saturation by NH4OAc, pH 7 (CEC-7)

4.1.6.3.1.1 Base Saturation by CEC-7,
Calculated
4.1.6.3.1.2 Base Saturation by CEC-7,
Set to 100 Percent
4.1.6.3.2 Base Saturation by NH4Cl
4.1.6.3.2.1 Base Saturation by
NH,4CI, Calculated
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4.1.6.3.2.2 Base Saturation by NH4Cl,
Set to 100 Percent
4.1.6.3.3 Base Saturation by CEC-8.2 (Sum of
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4.2.3 Oxidized pH
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4.2.7 1 NKCIpH
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5.5.3 Carbon, Nitrogen, and Sulfur Ratios
5.5.3.1 C:N Ratio
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7.5.1 Total Resistant Minerals 7C1
7.5.2 Mineralogy Codes

III. Supplementary Characterization Data

1 Engineering PSDA

1.1 Particles Passing 3-in Sieve

1.2 Particles Passing 2-in Sieve

1.3 Particles Passing 3/2-in Sieve

1.4 Particles Passing 1-in Sieve

1.5 Particles Passing 3/4-in Sieve

1.6 Particles Passing 3/8-in Sieve

1.7 Particles Passing No. 4 Sieve

1.8 Particles Passing No. 10 Sieve

1.9 Particles Passing No. 40 Sieve

1.10 Particles Passing No. 200 Sieve

1.11 Particles Passing 20-um Sieve
(Particles Finer Than 20 pm)

1.12 Particles Passing 5-pm Sieve
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Preface

For any measurement program that collects analytical data over a long period of
time for comparative purposes, the quality and credibility of those data are critical
(Taylor, 1988). It is equally critical that the data can be easily understood by the user.
The uses of these data include, but are not limited to, routine soil characterization,
special analyses, soil classification, interpretations, and soil genesis and geomorphology
studies. Because of the diverse uses of these data, it follows that pedon characterization
data, or any soil survey data, are more appropriately used when the operations for
collection, analysis, and reporting of these data are well understood. Results differ when
different methods are used, even though these methods may carry the same name or
concept. Comparison of one bit of data with another is difficult without knowing how
both bits were gathered. As a result, operational definitions have been developed and
are linked to specific methods. Soil Taxonomy (Soil Survey Staff, 1999) is based almost
entirely on criteria that are defined operationally, e.g., standard particle-size analysis.
When Soil Taxonomy (Soil Survey Staff, 1975) was written, the authors knew that no
conceptual definition of clay could be approximated in all soils by any feasible
combination of laboratory analyses. Hence, instead of defining clay, the authors defined
the operations to test the validity of a clay measurement and a default type of operation
for those situations in which the clay measurement was not valid. The operational
definition helps to describe a soil property in terms of operations used to measure it.
This document, the Soil Survey Laboratory Information Manual, Soil Survey
Investigations Report (SSIR) No. 45, discusses operational and conceptual definitions
of Soil Survey Laboratory (SSL) procedures.

The purpose of this manual is to serve as a standard reference in the use and
application of SSL characterization data. The manual is intended to help maximize user
understanding of these data. Even though it presents descriptive terms or interpretive
classes commonly associated with ranges of some data elements, this document is not
intended to be an interpretive guide.

This manual serves as a companion manual to the Soil Survey Laboratory Methods
Manual, Soil Survey Investigations Report No. 42 (Soil Survey Staff, 2004), and the
Soil Survey Field and Laboratory Methods Manual, Soil Survey Investigations Report
No. 51 (Soil Survey Staff, 2009). SSIR No. 42 documents the methodology and serves
as a reference for the laboratory analyst, whereas SSIR No. 51 serves as a reference for
the scientist in a field or field-office setting. The documentation of standard operating
procedures (SOPs) ensures continuity in the analytical process. Both SSIR No. 42 and
SSIR No. 51 are “how to” manuals; their respective described methods follow the same
format and cover many of the same kinds of analyses. The Soil Survey Laboratory
Information Manual (SSIR No. 45) follows the same topical outline as the Soil Survey
Laboratory Methods Manual (Soil Survey Staff, 2004). SSIR No. 45 provides brief
summaries of the SSL methods as well as detailed discussion of the use and application
of the resulting data.
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This manual serves to document the historical background of the development of
many SSL methods. It is important to document this background, as methods
development in soil characterization has been instrumental in developing principles and
understanding of the nature and behavior of a wide range of soils. It is expected that this
manual will evolve over time as new methods based on new knowledge or technologies
are developed and applied. It is also expected that the scope of this manual will change
over time. Currently, the scope of this document includes such diverse uses as soil
survey, salinity, fertility, and soil quality. With the continued development of and
modification to the database derived from these diverse data, it is expected that more
discipline-dedicated manuals will be developed and enhanced.

This manual is divided into four major parts: Introduction, Primary
Characterization Data, Supplementary Characterization Data, and the Appendices. The
introduction describes general pedon information that appears on both the Primary
Characterization Data Sheets and the Supplementary Characterization Data Sheets. This
general information is important nonanalytical metadata. Also described in the
introduction are the “Pedon Calculations” that appear on the Primary Characterization
Data Sheet.

Primary data are those data that appear on the SSL data reports entitled Primary
Characterization and are based primarily on analytical data. Rather than following the
SSL data sheet format, the discussion of the primary data follows the discussion format
presented in SSIR No. 42 (Soil Survey Staff, 2004); that is, it presents broad categories
of characterization data. Method codes are not embedded in the descriptions of the
primary data but are cross-referenced by method code in the table of contents in this
manual. The discussion is logically and sequentially presented as follows: (1) field
procedures for site and pedon description and sampling and (2) laboratory procedures
used to characterize the physical, chemical, biological, and mineralogical properties of a
soil and to characterize water and plant samples. The field component of this manual
provides information on the rationale of the SSL field procedures. Key considerations
and procedures related to site selection, geomorphology, and pedon, water, and
biological sampling are discussed. Within the aforementioned categories (physical,
chemical, biological, and mineralogical) of the laboratory component of this manual is
discussion of specific soil properties (e.g., structure, pH, biomass, and clay mineralogy)
that are commonly measured for soil survey and are indicative of soil processes.
Important references related to these topics include, but are not limited to, the Soil
Survey Manual (Soil Survey Division Staff, 1993), the Field Book for Describing and
Sampling Soils (Schoeneberger et al., 2002), Soil Taxonomy (Soil Survey Staff, 1999),
and peer-recognized literature (e.g., Soil Science Society of America monographs).

Supplementary data are those data that appear on the SSL data reports entitled
Supplementary Characterization. These data are considered the interpretive physical
data for pedons analyzed at the SSL. They are primarily derived or calculated data,
using the analytical data as a basis for calculation. Unlike the primary data, the
supplementary data are not discussed in SSIR No. 42 (Soil Survey Staff, 2004) and thus
do not carry method codes.

XX



The Appendices consist of example pedon data sheets, including the primary,
supplementary, and taxonomy sheets as well as grain-size distribution curves and water
retention curves for selected pedons. These data sheets are used in a number of example
pedon calculations presented throughout this manual, such as weight to volume
conversions, weighted averages, and other estimates. These examples are intended to
improve the ability of users of SSL data to understand and apply these data.

Rebecca Burt, Editor

Research Soil Scientist

National Soil Survey Center

United States Department of Agriculture
Natural Resources Conservation Service
Lincoln, Nebraska
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I. Introduction

Since 1977, the Soil Survey Laboratory (SSL) has maintained a computerized
analytical laboratory database and pedon description database for soils sampled by the
previous three regional laboratories (Beltsville, Riverside, and Lincoln) and by the SSL.
These databases are used to generate various other special databases; reports, including
Soil Survey Investigations Reports (SSIRs); and data evaluation studies. The SSL
provides data in reports, such as Primary and Supplementary Characterization Data
Sheets. Data have also been provided in electronic forms, including tapes, disks, and
CD-ROMs and more recently through the National Cooperative Soil Survey (NCSS)
Characterization Database, which is available online at http://ssldata.nrcs.usda.gov/ and
is stored and maintained by the National Soil Survey Center (NSSC). This application
allows users to generate, print, and download reports containing pedon data from
analyses for soil characterization and research within the National Cooperative Soil
Survey (NCSS). These pedon data are primarily generated by the SSL, but data from
cooperators’ laboratories are included.

The SSL reports are in a standard format that provides uniformity in reporting and
enhances communication. This standard format has changed with time as a result of
changes in established methods and the adoption of new methods. The protocols for the
recording of important nonanalytical metadata differ among cooperator laboratories. For
this reason, the following section describes pedon metadata as examples—specifically,
the SSL-generated information that appears on both the Primary and Supplementary
Characterization Data Sheets. These metadata include site and pedon identification
numbers; SSL project numbers and names; “sampled as” and “revised to” soil names;
sample layer number; depth (cm); genetic horizon; and laboratory preparation code.
These metadata provide informative labels for pedons analyzed at the SSL. Also
described in this section are the “Pedon Calculations” that appear on the Primary Data
Sheet. These calculations follow the general pedon information but precede the
reporting of SSL primary analytical data. In the Appendices of this manual, example
SSL data sheets describe the metadata and the various pedon calculations. Each pedon
example includes the respective primary, supplementary, and taxonomy data sheets,
grain-size distribution curves, and water retention curves for selected pedons. Pedon
calculations are as follows:

CEC Activity, CEC-7/Clay, Weighted Average
Weighted Particles, 0.1-75 mm, 75-mm Basis
Volume, >2 mm, Weighted Average

Clay, Total, Weighted Average

Clay, Carbonate Free, Weighted Average

LE, Whole Soil, Summed to 1 m



1.1 General Pedon Information

Refer to Appendix 1 (Chowchow Pedon, S2004WA027009)
Soil Sample Origin: County, State; or Country (if other than USA)
Example: Grays Harbor, Washington

1.1.1 Laboratory Name and Location

Example:

United States Department of Agriculture

Natural Resources Conservation Service

National Soil Survey Center

Soil Survey Laboratory

Lincoln, Nebraska 68508-3866

1.1.2 Print Date: Date when SSL Characterization Data Sheets are printed (does not
reference dates of sampling or completion of analytical results)

Example: June 7 2010 11:42 AM

1.1.3 Pedon Identification (ID): Soil Survey Number, client assigned

Example: S2004WA027009

S = Special sample (used if soil is sampled)

2004 = Calendar year described/sampled

WA = Two-character (alphabetic) Federal Information Processing Standards (FIPS)
code for state where described/sampled

027 = Three-digit (numeric) FIPS code for county where described/sampled

009 = Consecutive pedon number for calendar year for county

1.1.5 Sampled as: Pedon name and classification at time of sampling

Example: Chowchow—Loamy, isotic, dysic, isomesic Terric Haplosaprist

1.1.6 Revised to: Pedon name and classification at correlation

Example: Chowchow—Loamy, isotic, dysic, isomesic Terric Haplosaprist

1.1.7 SSL—Project: SSL project number and name

Example: C2005SUSWAO11 Grays Harbor



The alphanumeric project code is referenced in all project data correspondence.
Notations in this project code identify whether the project is considered a
characterization (C), investigations (I), reference (R), or other (O) project; fiscal year
(2005); alphabetic FIPS code for country (US = United States of America); alphabetic
FIPS code for state (WA = Washington); and a sequential project number assigned
(011) in order of project receipt. Project code is followed by project name (Grays
Harbor).

1.1.8 Site ID: Site ID number is the same as the Pedon ID number (client-assigned).
Example: S2004WA027009

1.1.9 Pedon No.: SSL-assigned pedon number and layer (sample) numbers
Example: 05N0175

Immediately upon receipt, soil samples are logged into the SSL system. The assignment
of unique laboratory numbers is an important step in the “chain of custody” sequence as
they help to ensure the integrity of results; i.e., there has been no “mix-up” of samples.
The pedon number (05NO0175) and layer numbers (05N00981-05N00986) are unique
laboratory-assigned numbers for the specified fiscal year (2005).

1.1.10 General Methods: General laboratory methods
Example: 1Bla, 2A1, 2B

Some SSL methods are general or are applicable to all of the samples listed on a
particular data sheet. These procedures are referenced by SSL method codes, e.g., 1Bla
(laboratory preparation method) and 2A1 and 2B (conventions for reporting laboratory
data).

1.1.11-1.1.12 Horizon and Original Horizon: Soil horizon or layer designation,
including lithological designation

Example: Oi

The horizon designation is made at the time of sampling by the sampling party. This
consensus record is deemed important and is rarely changed in the database; therefore,
the original horizon designation also is maintained in the database. Over time, the
horizon nomenclature and other descriptive morphological features may become
archaic, but the record as to what was determined at the time of sampling is deemed
more important than the achievement of complete editorial uniformity. Refer to Keysto



Soil Taxonomy (Soil Survey Staff, 2010) for a more detailed discussion of designations
for soil horizons and layers.

1.1.13 Depth (ecm): Depth limits in centimeters (cm) are reported for each soil horizon
or layer.

Example: 0-9 cm

1.1.14-1.1.16  Field Label(s) 1-3: Field labels for layers are client assigned and may
or may not be derived from the Pedon ID as follows:

Example: Field Label 1 S0O4WA0270091
Example: Field Label 2 CHOWCHOW

Example: Field Label 3 (not designated)

1.1.17 Field Texture: Field-determined texture
Example: SIL

The field-determined texture is reported. Soil texture class names are reported as codes
(abbreviations). Texture class names are based first on the distribution of sand, silt, and
clay and then, for some classes, on the distribution of several size fractions of sand. In
the past the field texture was reported on the Supplementary Characterization Data
Sheet, but currently the field texture is reported as metadata on the Primary
Characterization Data Sheet. Refer to the Supplementary Characterization Data Sheet
for descriptions of texture class codes.

1.1.18 Lab Texture: Laboratory-determined texture

Example: SIL

The SSL-determined soil texture is reported. The laboratory-determined texture may or
may not agree with the field-determined texture. Names are based on Particle-Size
Distribution Analysis (PSDA) data to the nearest 1 percent applied to definitions of the
texture classes (Soil Survey Staff, 1951). The SSL PSDA soil texture is also reported on
the Supplementary Characterization Data Sheet.

1.1.19 Sample Preparation Codes: SSL sample preparation code

Example: “S” Standard air-dry preparation

Laboratory preparation codes depend on the properties of the sample and on the

requested analyses. These codes carry generalized information about the characteristics
of the analyzed fraction—i.e., the water content (e.g., air-dry, field-moist) and the



original and final particle-size fraction (e.g., sieved <2-mm fraction processed to 75
um)—and, by inference, the type of analyses performed. Identification numbers and
preparation codes are reported on the SSL data sheets. In recent years these codes have
been significantly revised; therefore, they are not described in detail in the Soil Survey
Laboratory Methods Manual (Soil Survey Staff, 2004). Detailed information on the
current preparation codes as they appear on the SSL data sheets may be obtained from
the SSL upon request.

1.2 Pedon Calculations

Weighted averages are based on the control section. Refer to Keys to Soil Taxonomy
(Soil Survey Staff, 2010) for appropriate taxonomic control section criteria.

1.2.1 CEC Activity, CEC-7/Clay, Weighted Average (based on control section)

Example: Refer to Appendix 2 (Wildmesa Pedon, SB9CA027004)

Horizon  Depth Hem CEC-7/Clay Product A
(cm) (cm) (o)

2Bt 15-46 31 0.82 25.42

2Btk 46-74 19 0.85 16.15

SUM 50 41.57

Control Section = 15-65 cm

Equation 1.2.1.1:

Sum of Products A = Sum of (CEC-7/Clayr x Hcm) for all soil horizons
where

CEC-7 = CEC by NH4OAc, pH 7 (cmol(+)/kg)

Clayr = Weight percentage of total clay on <2-mm basis

Hcm = Horizon thickness, cm

Weighted Average = (Sum of Products A)/(Sum of Hcm for all horizons)

CEC Activity, CEC-7/Clay, Weighted Average =41.57/50 = 0.83



1.2.2 Weighted Particles, 0.1-75 mm, 75-mm Basis (based on control section)

Example: Refer to Appendix 2 (Wildmesa Pedon, SB9CA027004)

Horizon  Depth Hem Wty 1-75mm  Product A
(cm) (cm) (%)<75mm

2Bt 15-46 31 24 744

2Btk 46-74 19 17 323

SUM 50 1067

Control Section = 15-65 cm

Equation 1.2.2.1:

Sum of Products A = Sum of (Wt¢.1.7smm X Hem) for all soil horizons
where

Wto.1.7smm = Weight percentage of 0.1-75 mm on 75-mm basis

Hcm = Horizon thickness, cm

Weighted Average = (Sum of Products A)/(Sum of Hcm for all horizons)
Weighted Particles, 0.1-75 mm, 75-mm Basis = 1067/50 = 21.34 (21%)

1.2.3 Volume, >2 mm, Weighted Average (based on control section)

Example: Refer to Appendix 3 (Nuvalde Pedon, S09TX307003)

Horizon ~ Depth Hcm Volspmm  Product A
(cm) (cm) (%)

Ap2 15-34 9 1 9

Bw 34-59 25 2 50

Bkl 59-90 31 20 620

Bk2 90-120 10 15 150

SUM 75 829

Control Section = 25-100 cm



Equation 1.2.3.1:

Sum of Products A = Sum of (Wt-,;mm x Hem) for all soil horizons
where

Vol.,nm = Volume percentage of >2 mm on whole-soil basis

Hcm = Horizon thickness, cm

Weighted Average = (Sum of Products A)/(Sum of Hem for all horizons)
Volume, >2 mm, Weighted Average = 829/75 = 11.05 (11%)

1.2.4 Clay, Total, Weighted Average (based on control section)

Example: Refer to Appendix 2 (Wildmesa Pedon, SB9CA027004)

Horizon  Depth Hem Clay Product A
(cm) (cm) (%)

2Bt 15-46 31 34.9 1081.9

2Btk 46-74 19 38.1 723.9

SUM 50 1805.8

Control Section = 15-65 cm

Equation 1.2.4.1:

Sum of Products A = Sum of (Vols,;mm x Hem) for all soil horizons
where

Vol.,nm = Volume percentage of >2 mm on whole-soil basis
Hcm = Horizon thickness, cm

Weighted Average = (Sum of Products A)/(Sum of Hem for all horizons)

Clay, Total, Weighted Average = 1805.8/50 = 36.12 (36%)

Refer to the discussion under Primary Characterization Data Sheet, Section 3.1.2,
Particles <2 mm, for an example calculation of clay percentage on a volumetric whole-

soil basis. Unlike the preceding example for total clay, weighted average, this
calculation uses bulk density and a coarse fragment conversion factor.



1.2.5 Clay, Carbonate Free, Weighted Average (based on control section)

Example: Refer to Appendix 3 (Nuvalde Pedon, S09TX307003)

Horizon Depth Hem Claycr Product A
(cm) (cm) (%)

Ap2 15-34 9 34.6 3114

Bw 34-59 25 37.3 932.5

Bk1 59-90 31 20.1 623.1

Bk2 90-120 10 19.6 196.0

SUM 75 2063

Control Section =25-100 cm

Equation 1.2.5.1:

Sum of Products A = Sum of (Claycr x Hem) for all soil horizons

where

Claycr = Weight percentage of carbonate-free clay, <2-mm basis (subtract carbonate
clay from total clay)

Hcm = Horizon thickness, cm

Weighted Average = (Sum of Products A)/(Sum of Hem for all horizons)

Clay, Carbonate Free, Weighted Average =27.51 (28%)

1.2.6 LE, Whole Soil, Summed to 1 m

Example: Refer to Appendix 3 (Nuvalde Pedon, S09TX307003)

Horizon  Depth Hem COLEwhole Product A
(cm) (cm)

Apl 0-15 15 0.075 1.125

Ap2 15-34 19 0.064 1.216

Bw 34-59 25 0.062 1.55

Bkl 59-90 31 0.034 1.054

Bk2 90-120 10 0.033 0.33

SUM 100 5.275



Equation 1.2.6.1:

Product A = COLE01e X Hem

Equation 1.2.6.2:

LE = Sum of Products A for all horizons up to 100 cm
where

COLEwpo1e = Coefficient of Linear Extensibility

Hcm = Horizon thickness, cm

LE = Linear extensibility

LE, whole soil, summed to 1 m = 5.275 (5)






II. Primary Characterization Data

Primary Characterization Data are herein defined as those data that appear on the
Primary Characterization Data Sheet and are based primarily on analytical data. While
the Primary Characterization Data Sheet is composed mainly of analytical data, some
calculated values also are presented. Historically, the Soil Survey Laboratory (SSL) has
described and assigned method codes to only those data reported on the Primary
Characterization Data Sheet, including the traditionally reported ratios, estimates, and
calculations; e.g., coefficient of linear extensibility (COLE) and water retention
difference (WRD). This tradition is followed in the Soil Survey Laboratory Methods
Manual, Soil Survey Investigations Report (SSIR) No. 42 (Soil Survey Staff, 2004).
The more recently reported calculated values that appear on the Primary
Characterization Data Sheet (e.g., estimated organic carbon, estimated organic matter)
as well as those values reported under “Pedon Calculations” are not described or
assigned method codes in SSIR No. 42 (Soil Survey Staff, 2004) but are described in
the introduction to this manual. Refer to Keys to Soil Taxonomy (Soil Survey Staff,
2010) for more information on the use of “Pedon Calculations™ (e.g., weighted clay
average) and other derived data.

Important metadata are shown on the Primary Characterization Data Sheet as well
as on the Supplementary Characterization Data Sheet. Examples include site and pedon
identification numbers; SSL project numbers and names; “sampled as” and “revised to”
soil names; sample layer number; depth (cm); genetic horizon; and laboratory
preparation code. Refer to the introduction to this manual for a more detailed discussion
of the significance of these metadata.

Rather than following the SSL data sheet format, the discussion of the Primary
Characterization Data follows the discussion format presented in SSIR No. 42 (Soil
Survey Staff, 2004); that is, it presents broad categories of characterization data.
Method codes are not embedded in the following descriptions of the Primary
Characterization Data but are cross-referenced by method code in the table of contents
in this manual. The discussion is logically and sequentially presented as follows:

Sample collection and preparation

Conventions

Soil physical and fabric-related analyses

Soil and water chemical extractions and analyses
Soil biological and plant analyses

Mineralogy

Soil properties are characteristics described by measurements. Within the
aforementioned categories (physical, chemical, biological, and mineralogical) are
specific soil properties (e.g., structure, pH, biomass, and clay mineralogy) that are
commonly measured for soil survey and are indicative of soil processes. Within a soil
process, a particular outcome is a quantitative/qualitative point on a continuum unique
to each soil, reflective of the relations between a soil property and soil processes or
some aspect of soil function, such as plant growth. Included in the discussion herein of
selected SSL methods and applications are references to case studies and datasets that
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serve as evidentiary examples of actions/practices that have promoted or diminished
certain soil processes. The transition between the actions/practices that promote soil
processes and those that diminish soil processes is the ongoing development and
understanding of the cause-and-effect relationships of these processes and the
appropriate methods of constraint/stress alleviation, restoration, and quality
enhancement. These actions/practices are not intended to be an exhaustive historical
list, but they illustrate some significant examples. Many of the soil characteristics
discussed herein are described in the United States Department of Agriculture (USDA)
soil survey program, using data resulting from decades of collection. Sources of these
data include the USDA National Soil Information System (NASIS) and the USDA
National Cooperative Soil Survey (NCSS) Soil Characterization Database, which
contains laboratory data and pedon descriptions for nearly 50,000 pedons in the United
States as well as internationally. For more detailed discussions of these soil
characteristics and their applications, refer to the Soil Survey Manual (Soil Survey
Division Staff, 1993) and Keys to Soil Taxonomy (Soil Survey Staff, 2010). For detailed
descriptions of the SSL methods which are cross-referenced by method code in the table
of contents in this manual, refer to the Soil Survey Laboratory Methods Manual, SSIR
No. 42 (Soil Survey Staff, 2004), which is available online at
http://soils.usda.gov/technical/lmm/. For descriptions of field methods as used in
Natural Resources Conservation Service (NRCS) soil survey offices, refer to the Soil
Survey Field and Laboratory Methods Manual, SSIR No. 51 (Soil Survey Staff, 2009),
which is available online at http://www.soils.usda.gov/technical/.

1 Sample Collection and Preparation

This section describes the various SSL procedures for field and laboratory sample
collection and preparation. Information is provided on the rationale for these
procedures. The field component describes key considerations and procedures related to
site selection, geomorphology (Schoeneberger and Wysocki, 2004), and pedon, water,
and biological sampling (Soil Survey Staff, 2004). Other important references related to
these topics include, but are not limited to, the Soil Survey Manual (Soil Survey
Division Staff, 1993); Field Book for Describing and Sampling Soils (Schoeneberger et
al., 2002); Soil Survey Field and Laboratory Methods Manual, SSIR No. 51 (Soil
Survey Staff, 2009); Soil Taxonomy (Soil Survey Staff, 1999); and Keys fo Soil
Taxonomy (Soil Survey Staff, 2010). The intent of the laboratory component is not to
detail all possibilities of the universe but to provide some information on the master
preparation procedures that are typically requested for analysis at the SSL. Method
selection depends on the properties of the sample and on the requested analyses. Soil
procedures include, but are not limited to, the preparation of the <2-mm and >2-mm
particle-size fractions as well as air-dry and field-moist preparations. For detailed
descriptions of the SSL methods which are cross-referenced by method code in the table
of contents in this manual, refer to SSIR No. 42 (Soil Survey Staff, 2004), which is
available online at http://soils.usda.gov/technical/lmm/. Finally, this section briefly
discusses the historical background of the development of classification systems and
soil survey in the United States.
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1.1 Field Sample Collection and Preparation
1.1.1 Site Selection
1.1.1.1 Geomorphology
1.1.1.2-1.1.1.4 Pedon, Water, and Biological Sampling
1.1.2 Classification Systems and Soil Survey

General: The NCSS program has prepared soil maps for much of the United
States. Both field and laboratory data are used to design map units and provide
supporting information for scientific documentation and predictions of soil behavior. A
soil map delineates areas occupied by different kinds of soil, each of which has a unique
set of interrelated properties characteristic of the material in which it formed, its
environment, and its history (Soil Survey Division Staff, 1993). The soils mapped by
the NCSS are identified by names that serve as references to a national system of soil
taxonomy (Soil Survey Staff, 2010). Coordination of mapping, sampling site selection,
and sample collection in this program contributes to the quality assurance process for
laboratory characterization (Burt, 1996). Requisites to successful laboratory analysis of
soils occur long before the sample is analyzed (USDA/SCS, 1984; Soil Survey Staff,
1996). In the field, these requisites include site selection, descriptions of site and soil
pedon, and careful sample collection. A complete description of the sampling site not
only provides a context for the various soil properties determined but also is a useful
tool in the evaluation and interpretation of the soil analytical results (Patterson, 1993).
Landscape, landform, and pedon documentation of the sampling site serves as a link in
a continuum of analytical data—sampled horizon, pedon, landscape, and overall soil
survey area.

The objectives of a project or study form the basis for the design of the sampling
strategy. A carefully designed sampling plan is required to provide reliable samples for
the purpose of the sampling. The plan should address site selection, depth of sampling,
type and number of samples, details of collection, and the sampling and subsampling
procedures to be followed. The SSL primarily serves the NCSS, which is conducted
jointly by the NRCS, the Bureau of Land Management (BLM), the Forest Service, and
representatives of American universities and Agricultural Experiment Stations. In this
context, the primary objectives of SSL sampling programs have been to select sites and
pedons that are representative of a soil series or landscape segment and to collect
samples that are representative of horizons within the pedon to support the objectives of
soil survey.

There are various kinds of sampling plans, e.g., intuitive and statistical, and many
types of samples, e.g., representative, systematic, random, and composite. In the field,
the SSL has more routinely used intuitive sampling plans to obtain representative
samples. The intuitive sampling plan is one based on the judgment of the sampler,
wherein general knowledge of similar materials, past experience, and present
information about the universe of concern, ranging from knowledge to guesses, are used
(Taylor, 1988). A representative sample is one that is considered to be typical of the
universe of concern; its composition can be used to characterize the universe with
respect to the parameter measured (Taylor, 1988).

In the laboratory, the primary objectives of sample collection and preparation are to
homogenize and obtain a representative soil sample to be used in chemical, physical,
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and mineralogical analyses. The analyst and the reviewer of data assume that the sample
is representative of the soil horizon being characterized. Concerted effort is made to
keep analytical variability small. Precise laboratory work means that the principal
variability in characterization data resides in sample variability; i.e., sampling is the
precision-limiting variable. As a result, site selection and sample collection and
preparation are critical to successful soil analysis.

Geomorphic considerations: Soils form a vital, complex continuum across the
landscape. The primary goal of the soil survey program is to segregate the soil
continuum into individual areas that have similar properties and, therefore, similar use
and management. Soils cannot be fully understood or studied using a single observation
scale. Instead, soil scientists use multiple scales to study and segregate soils and to
transfer knowledge to soil users. To accomplish the task of the soil survey at reasonable
cost and within a reasonable timeframe, soil scientists extend knowledge from point
observations and descriptions to larger land areas.

Soil map unit delineations are the individual landscape areas defined during and
depicted in a soil survey. Soil observation, description, and classification occur at the
pedon scale (1 to = 7 m) and represent a small portion of any map unit (tens to
thousands of hectares). Further, pedons selected, described, and sampled for laboratory
analysis represent only a small subset of the observation points. Pedon descriptions and
classifications, along with measured lab data, accurately apply to a named soil map unit
or to landscape areas (soil component) within the map unit. Soil scientists can reliably
project (“scale up”) pedon information to soil map units based on experience and the
strong linkages among soils, landforms, sediment bodies, and geomorphic processes.
Thus, soil geomorphology serves several key functions in soil survey. These functions
can be summarized as:

e Providing a scientific basis for quantitatively understanding soil-landscape
relationships, stratigraphy, parent materials, and site history.

e Providing a geologic and geographic context or framework that explains
regional soil patterns.

e Providing a conceptual basis for understanding and reliably predicting soil
occurrence at the landscape scale.

e Effectively and succinctly communicating the location of a soil within a
landscape.

During a soil survey, soil scientists achieve these functions both tacitly and by
deliberate effort. Geomorphic functions are best explained by citing examples. The first
function listed above involves planned, detailed studies of soil landscapes (e.g., Ruhe et
al., 1967; Daniels et al., 1970; Gamble et al., 1970; Parsons et al., 1970; Gile et al.,
1981; Lee et al., 2001, 2003a, 2003b), which are an important component of the soil
survey. Such studies quantify and explain the links between soil patterns and
stratigraphy, parent materials, landforms, surface age, landscape position, and
hydrology. Studies of this nature provide the most rigorous, quantitative, and complete
information about soil patterns and landscapes. The time and effort required for these
studies are significant but are justified by the quantitative information and scientific
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understanding acquired as a result. Soil survey updates by major land resource area
(MLRA) can and should involve similar studies.

The three remaining geomorphic functions are tacit and to a degree inherent in a
soil survey. A number of earth science sources (Fenneman, 1931, 1938, 1946; Hunt,
1967; Wahrhaftig, 1965) identify and name geomorphic regions, which are grouped by
geologic and landform similarity. The value of relating soil patterns to these regions is
self-evident. Such terms as Basin and Range, Piedmont, Columbia Plateau, and Atlantic
Coastal Plain provide both a geologic and geographic context for communicating
regional soil and landform knowledge.

Soil occurrence can be accurately predicted and mapped using observable
landscape features (e.g., landforms, vegetation, slope inflections, parent material,
bedrock outcrops, stratigraphy, drainage, and photo tonal patterns). During a soil
survey, soil scientists develop a tacit knowledge of soil occurrence generally based on
landscape relationships. Soil occurrence is consistently linked to a number of
geomorphic attributes. Among these are landform type, landscape position, parent
material distribution, slope shape and gradient, and drainage pattern. This tacit soil-
landscape knowledge model is partially encapsulated in block diagrams and map unit
and pedon descriptions. In turn, a clear, concise geomorphic description effectively
conveys to other soil scientists and land users an understanding of the location of a soil
within a landscape. Recent publications (Soil Survey Staff, 1998; Schoeneberger et al.,
2002; Wysocki et al., 2000) provide a comprehensive and consistent system for
describing geomorphic and landscape attributes for soil survey. Geomorphic
Description Systems (GDS) are not discussed here. For more detailed information, refer
to Soil Survey Staff, 1998; Wysocki et al., 2000; and Schoeneberger et al., 2002.

Geomorphology is an integral part of all processes and stages of soil survey.
Preliminary or initial knowledge of soil patterns is commonly based on landscape or
geomorphic relationships. Observations during a soil survey refine existing landscape
models and can compel and create new models. Map unit design includes landform
recognition and naming and observations on landscape position, parent materials, and
landscape and soil hydrology. Soil scientists capture this observational and expert
knowledge through soil map unit and pedon descriptions, which should convey
information about soil properties, soil horizons, landscape and geomorphic
relationships, and parent material.

Any study plan, site selection, or pedon sampling must take geomorphology into
consideration. Study or sampling objectives can vary. Descriptions of every sampled
pedon should include complete descriptions of both the soil and the geomorphology. In
a characterization project, the sample pedons should be representative of the landscape
unit (e.g., stream terrace and backslope) upon which they occur. Note that the landscape
unit that is sampled can be multiscale. The unit could be a landform (e.g., stream
terrace, dune, or drumlin), a geomorphic component (e.g., nose slope), a hillslope
position (e.g., footslope), or all of these.

The sampled pedon represents both a taxonomic unit and a landscape unit. Both the
landscape unit and the taxonomic unit should be considered in site selection. Note that a
single landscape unit (e.g., backslope) may contain one or more taxonomic units. A
landscape unit is more easily recognizable and mappable in the field than a soil
taxonomic unit. For a characterization project, select the dominant taxonomic unit
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within a given landscape unit. The existence of other soils or taxa can and should be
included in the soil description and in the map unit description.

Soil patterns on landscapes follow catenary relationships. It is important to
characterize both individual pedon properties and the relationships to soils in the higher
and lower areas on the landscape. This goal requires that soils be sampled as a catenary
sequence (i.e., multiple samples across the same hillslope). This sampling scheme
appears intensive, but it serves multiple purposes. A sample pedon or set of pedons
provides vital characterization data and also can quantify the catenary pattern and
processes; this approach is thus an efficient use of sampling time and effort and of
laboratory resources. Moreover, this approach provides an understanding of the entire
soil landscape.

Lastly, and perhaps most importantly, soil geomorphic relationships deserve and
sometimes demand specific study during a soil survey. Crucial problems can be
addressed by appropriately designed geomorphic, stratigraphic, or parent material study.
For example, a silty or sandy mantle over adjacent soils and/or landforms may be of
eolian origin. A well-designed geomorphic study can test this hypothesis. In another
geomorphic setting, soil distribution and hydrology may be controlled by stratigraphic
relationships rather than by elevation or landscape patterns. A drill core or backhoe pit
sequence can address this hypothesis. These studies need not be elaborate, but they
require forethought and planning. Such studies are applicable and necessary to the
MLRA approach to soil survey.

Pedon sampling: The pedon is defined as a unit of sampling within a soil, i.e., the
smallest body of one kind of soil large enough to represent the nature and arrangement
of horizons and variability in the other properties that are preserved in samples (Soil
Survey Division Staff, 1993). In the NCSS program, laboratory pedon data combined
with field data (e.g., transects and pedon descriptions) are used to define map unit
components, establish ranges of component properties, establish or modify property
ranges for soil series, and answer taxonomic and interpretive questions (Wilson et al.,
1994).

In the early 1950s, field and laboratory soil scientists of the Soil Conservation
Service began sampling “paired pedons.” Instructions specified that these pedons be
selected from the middle of the range of a single phase of a series (Mausbach et al.,
1980). Paired pedons were morphologically matched as closely as possible through field
observations within practical restrictions of time, size of area, access to site, and
inherent variability of the parent material; the variability within these pairs represents
variability within a narrow conceptual range (Mausbach et al., 1980). Evaluation of
vertical distribution of properties of important horizons has been performed in soil
survey by sampling one complete pedon plus satellite samples of these horizons.
According to Mausbach et al. (1980), in order to assess a single horizon efficiently, one
should sample only that horizon in several pedons. Sampling of paired pedons is a good
first-approach technique for studying soils in an area. Important early literature on soil
variability includes Robinson and Lloyd (1915), Davis (1936), and Harradine (1949).
As series concepts narrowed, variability studies of properties and composition of
mapping units were made, including those by Powell and Springer (1965), Wilding et
al. (1965), McCormack and Wilding (1969), Beckett and Webster (1971), Nielsen et al.
(1972), Crosson and Protz (1974), Amos and Whiteside (1975), and Bascomb and
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Jarvis (1976). Studies of variability of properties within a series include those by Nelson
and McCracken (1962), Andrew and Stearns (1963), Wilding et al. (1964), Ike and
Cotter (1968), and Lee et al. (1975).

A site that meets the objectives of the laboratory sampling is selected. The site and
the soil pedon are described and georeferenced. Included in these descriptions are
complete soil and geomorphic descriptions. The soil descriptions include observations
of specific soil properties, such as texture, color, slope, and depth. Descriptions may
also include inferences of soil quality (soil erodibility and productivity) as well as soil-
forming factors (climate, topography, vegetation, and geologic material). The sampled
pedons should be representative of the landscape unit upon which they occur and can be
multiscale (Fig. 1.1.1).

A soil pit is commonly excavated with a backhoe (Fig. 1.1.2). Depth and breadth of
the pit depend on the soil material and on the objectives of sampling. Soil horizons or
zones of uniform morphological characteristics are identified for sampling (Fig. 1.1.3).
Photographs are typically taken of the landform or landform segment and the soil
profile. Photographs of the soil profile, with photo tapes showing vertical scale (metric
and/or feet), are taken after the layers have been identified (Fig. 1.1.4) but before the
extraction of the vertical section by the sampling process (Fig. 1.1.5).

The variable nature or special problems inherent in the soil (as may be the case
with Vertisols, Histosols, or soils affected by permafrost) may require the use of
specific excavation and sampling techniques. For example, the shear failure that forms
slickensides in Vertisols also disrupts the soil to the point that conventional soil
horizons do not adequately describe the morphology.

Representative samples are collected and mixed for chemical, physical, and
mineralogical analyses. A representative sample is collected using the boundaries of the
horizon to define the vertical limits and the observed short-range variability to define
the lateral limits. The tag on the sample bag is labeled to identify the site, pedon, and
soil horizon for the sample.

In the field, the 20- to 75-mm fraction is generally sieved, weighed, and discarded.
In the laboratory, the <20-mm fraction is sieved and weighed. The SSL estimates
weight percentages of the >2-mm fractions from volume estimates of the >20-mm
fractions and weight determinations of the <20-mm fractions.

Undisturbed clods are collected for bulk density and micromorphological analysis.
Clods are obtained in the same part of the pit as the mixed, representative sample. Bulk
density clods are used for water retention data, to convert from a weight to volume
basis, to determine the coefficient of linear extensibility (COLE), to estimate saturated
hydraulic conductivity, and to identify compacted horizons. Microscope slides of soil
prepared for micromorphology are used to identify fabric types, skeleton grains,
intensity of weathering, and illuviation of argillans and to investigate the genesis of soil
or pedological features.
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Figure 1.1.1.—Landscape of selected site for sampling.

Figure 1.1.2.—Excavated pit for pedon sampling.
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Figure 1.1.3.—Soil horizons or zones of uniform morphological characteristics are
identified for sampling.

Figure 1.1.4.—Photographs are typically taken of the
soil profile after the layers have been identified but
before the vertical section by the sampling process.
Note scale in metric units.
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Figure 1.1.5.—Pedon sampling activities.

Water sampling: Water samples are analyzed by the SSL on a limited basis in the
support of specific research projects. These projects are typically undertaken in
conjunction with soil investigations and have involved monitoring seasonal nutrient flux
to evaluate movement of N and P via subsurface and overland flow from agricultural
lands into waterways and wetlands. Choice of water sampling sites depends not only on
the purpose of the investigation but also on local conditions, depth, and the frequency of
sampling (Velthorst, 1996). Specific recommendations are not applicable, as the details
of collection can vary with local conditions. Nevertheless, the primary objective of
water sampling is the same as that of soil and biological sampling, i.e., to obtain a
representative sample in laboratory analyses. Water samples require expedited transport
under ice or gel packs and are refrigerated (4 °C) immediately upon arrival at the
laboratory.

Biological sampling: Biological samples also are collected for analysis at the SSL,
either in conjunction with pedon sampling or for specific research projects. Measurable
biological indices have been considered as a component in the assessment of soil
quality (Gregorich et al., 1997; Pankhurst et al., 1997). A large number of soil
biological properties have been evaluated for their potential use as indicators of soil
quality/health (Doran and Parkin, 1994; Pankhurst et al., 1995). The NRCS has utilized
soil biology and carbon data in macronutrient cycling, soil quality determinations,
resource assessments, global climate change predictions, long-term soil fertility
assessments, impact analysis for erosion effects, conservation management practices,
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and carbon sequestration (Franks et al., 2001). Soil quality was identified as an
emphasis area of the NRCS in 1993. Soil quality publications and technical notes are
available online at http://soils.usda.gov/sqi/.

As with pedon sampling, sampling for root biomass includes selecting a
representative site, sampling by horizon, and designating and sampling a subhorizon if
root mass and morphology change. The same bulk sample collected for soil
mineralogical, physical, and chemical analyses during pedon sampling can be used for
some soil biological analyses. Alternatively, a separate biobulk sample can be collected
in the field. Surface litter and O horizons are sampled separately, as with pedon
sampling. If certain biological analyses (e.g., microbial biomass) are requested, these
samples require expedited transport under ice or gel packs and are refrigerated (4 °C)
immediately upon arrival at the laboratory to avoid changes in the microbial
communities.

Classification systems and soil survey: It has long been recognized that an
inventory of natural resources and the management of those resources required a land
classification system, a process of arranging or ordering information about land units
that improves our understanding of their similarities and relationships (Bailey, 1996).
Such terms as “Corn Belt” and “Cotton Belt” were coined by early farmers and ranchers
in the United States, who realized that the different soils and climates they encountered
required them to grow certain types of crops in order to survive economically
(USDA/NRCS, 2006). These land delineations were the early versions of land resource
areas. As the USDA soil survey program mapped soils across the country, soil scientists
and natural resource managers subdivided the land into resource units based on similar
soils, climate, and vegetation or crop types. Scientists and managers were then able to
provide many landowners soil interpretations and soil conservation recommendations
that were based on regionalized information (USDA/NRCS, 2006). These early efforts
resulted in the publication of Agricultural Handbook 296 in 1965 (USDA/SCS, 1965),
in which the U.S. was subdivided into a number of land resource regions consisting of
major land resource areas. The USDA classification system helps natural resource
planners target efforts in education and financial and technical assistance
(USDA/NRCS, 2006) and is used to make decisions about regional and national
agricultural issues. It also serves as the basis for organizing and operating natural
resource conservation programs. Today, the organization of the NRCS soil survey
program is designed to serve these groups of major land resource areas.

One of the best known classification systems is the USDA Land Capability
Classification System (Klingebiel and Montgomery, 1961). This interpretive system
uses the USDA soil survey map as a basis for classifying individual soil map units in
groups that have similar management requirements. The system shows the suitability of
soils for agricultural uses and classifies soils for mechanized production of the more
commonly cultivated field crops, e.g., corn, small grains, cotton, hay, potatoes, and
field-grown vegetables.

The establishment of the soil survey program in the United States was an important
development in evaluating and predicting the effects of land use on the environment.
Soil surveys were first authorized in the United States in 1899. Since then, many
surveys have been completed and published cooperatively by the USDA and State and
Federal agencies through the National Cooperative Soil Survey (NCSS) (Soil Survey
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Division Staff, 1993). Soil survey describes the characteristics of the soils in a given
area, classifies the soils according to a standard system of classification, plots the
boundaries of the soils on a map, and makes predictions about the behavior of the soils
(Soil Survey Division Staff, 1993).

In the 1920s and 1930s, the work in soil classification was primarily qualitative, but
gradually a system with more quantitative class limits was used. Work began on this
system in 1945. The system was adopted in 1965, and the work culminated in the
publication of Soil Taxonomy in 1975 (Soil Survey Staff, 1975). This publication was
revised in 1999 (Soil Survey Staff, 1999). In the United States, soil surveys vary in
scale and in intensity of observation. According to the Soil Survey Manual (Soil Survey
Division Staff, 1993), the components of map units are designated by the taxa identified
in Soil Taxonomy. These taxa are further subdivided by specific surface characteristics
of the geographic unit of land being mapped. Developments in the Canadian soil
classification system somewhat paralleled those in the United States. The National Soil
Survey Committee first met in Ontario in 1945 to formulate ways and means of utilizing
soil survey information and to propose a new soil classification system.

Over the years, the soil survey program in the United States has broadened in
application, precision, and discipline. Before 1950, the primary applications of soil
survey were for farming, ranching, and forestry. In the 1950s and 1960s, the
applications of soil survey increased along with increases in nonagricultural uses of the
soil, e.g., urban development, highways, and other engineering projects (Bartelli et al.,
1966). In the 1970s, the authorities for soil survey were expanded to include urban
lands. More recently, soil survey information has been used in environmental studies.
Beginning in the 1930s and early 1940s, the use of aerial photographs has greatly
increased the precision of soil maps, and even greater detail has more recently been
provided as a result of advances in satellite imagery. The modern soil survey utilizes
many disciplines, including soil chemistry, mineralogy, physics, hydrology,
geochemistry, genesis, pedology, geomorphology, and environmental science (Jenny,
1941; Baver, 1956; Jackson, 1958; Alexiades and Jackson, 1966; Ruhe, 1975; Small,
1975).

Another important development in the assessment of soils in the United States was
the establishment of USDA soil laboratories to provide analytical data in support of
such activities as soil survey and to address specific soil problems, such as salinity. In
1976, the U.S. soil survey laboratories were combined to form the National Soil Survey
Laboratory (SSL) in Lincoln, Nebraska. The SSL primarily serves the NCSS. In
recognition that saline and alkali soil conditions reduced the value and productivity of
considerable areas of land in the U.S., the United States Salinity Laboratory was created
in 1947. In 1954, the first handbook on the diagnosis and improvement of saline and
alkali soils was published (U.S. Salinity Laboratory Staff, 1954). The Salinity
Laboratory was instrumental in developing analytical methods and concepts (e.g.,
saturated paste and its relationship to field water content) and in providing soil indexes
as indicators of and criteria for alkalinity, sodicity, and salinity as related to plant
growth and yield (e.g., exchangeable sodium percentage, sodium adsorption ratio,
electrical conductivity, and soluble salts). These concepts and laboratory data were later
used in Soil Taxonomy (Soil Survey Staff, 1975 and 1999) for the identification and
classification of these soils. The establishment of these and other Federal soil
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laboratories, along with soil mapping (delineation on the landscape) and soil
classification, was instrumental in the production of data and the development of a long-
term, comprehensive assessment of agricultural soils in the United States.

Over the last three decades, there has been an evolution toward the assemblage and
development of long-term soil resource assessment technologies that are land based or
are based on ecological considerations and away from the management of individual
resources (e.g., soils). This trend is especially noticeable in forestry management in both
the U.S. and Canada (Hills, 1952; Wertz and Arnold, 1972; Bailey, 1976, 1996; Jordan,
1982; Rowe, 1980, 1984; Jones, 1983; Driscoll, 1984; Pregitzer and Barnes, 1984;
Spies and Barnes, 1985; Cleland et al., 1985; O’Neill et al., 1986; McNab, 1987,
Smalley, 1986).

In general, as management strategies of natural resources in the United States have
moved toward systems that are land based or are based on ecological considerations,
there has also been a growing recognition that soils play an important role in these
strategies. Soil is one of the basic natural resources, and thus its inventory and
assessment are critical. Other examples of this recognition are the establishment in 1980
by the National Science Foundation of Long Term Ecological Research (LTER) sites in
the United States. The LTER network supports research on long-term ecological
phenomena over large temporal and broad spatial scales; the soils component is an
important part of this research (Robertson et al., 1999). There are currently 26 LTER
sites in the United States. Another example is the changing philosophy (definition and
scope) of rangeland management in the United States (Orr, 2006). Over time, this
philosophy has ranged from focusing on ecological principles (e.g., succession and
grazing systems) and considering rangeland use primarily for domesticated livestock
(Sampson, 1923) to incorporating soil science, geomorphology, climate, ecology, and
animal science and establishing multiple-use relationships (Stoddart et al., 1975) and to
an “overriding goal (not just the effects and management of domestic animals) of
rangeland resource rehabilitation, protection, and management for multiple objectives
including biological diversity, preservation, and sustainable development for people”
(Heady and Child, 1994). Soil and site stability, hydrologic function, and biotic integrity
are considered the attributes or indicators of rangeland health by the NRCS
(USDA/NRCS, 2005). Refer to the “National Range and Pasture Handbook™
(USDA/NRCS, 2003) for information on range and pasture management.

1.2 Laboratory Sample Collection and Preparation
1.2.1 Soil Samples

Soil samples, purpose and interferences: The purpose of any soil sample is to
obtain information about a particular soil and its characteristics. Sampling provides a
means to estimate the parameters of these soil characteristics with an acceptable
accuracy at the lowest possible cost (Petersen and Calvin, 1986). Subsampling also may
be used, as it permits the estimation of some characteristics of the larger sampling unit
without the necessity of measurement of the entire unit. Subsampling reduces the cost
of the investigation but typically reduces the precision with which the soil
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characteristics are estimated. Efficient use of subsampling depends on a balance
between cost and precision (Petersen and Calvin, 1986).

Soil variability and sample size are interferences to sample collection and
preparation. The objective of laboratory preparation is to homogenize the soil samples
used in chemical, physical, and mineralogical analyses. At each stage of sampling, an
additional component of variability, the variability within the larger units, is added to
the sampling error (Petersen and Calvin, 1986). Soil material must be adequate in
amount and thoroughly mixed if a representative sample is to be obtained.

Soil samples, identification numbers and preparation codes: The SSL receives
bulk soil samples from across the United States and internationally for a wide variety of
chemical, physical, and mineralogical analyses. The SSL also typically receives natural
fabrics, clods, and cores. Undisturbed clods are used to investigate micromorphology
and to determine some physical properties, e.g., bulk density. All soils from quarantined
areas are strictly controlled under Animal and Plant Health Inspection Service (APHIS)
quarantine regulations 7 CFR 330.

Laboratory identification numbers and preparation codes are assigned to bulk soil
samples. These identification numbers are unique client- and laboratory-assigned
numbers that carry important information about the soil sample (e.g., pedon, soil
horizon, location, and year sampled). Laboratory identification number and preparation
codes are also assigned to natural fabrics, clods, and cores. These identification
numbers typically relate to a corresponding bulk sample. Laboratory preparation codes
depend on the properties of the sample and on the requested analyses. These codes carry
generalized information about the characteristics of the analyzed fraction, i.e., the water
content (e.g., air-dry, field-moist) and the original and final particle-size fraction (e.g.,
sieved <2-mm fraction processed to 75 pm) and, by inference, the types of analyses
performed. Identification numbers and preparation codes are reported on the SSL
Primary Characterization Data Sheets. Since the publication of SSIR No. 42, Version
3.0 (Soil Survey Staff, 1996), these preparation codes have been significantly revised.
The revised preparation codes are not described in detail in SSIR No. 42, Version 4.0
(Soil Survey Staff, 2004). Detailed information on the current preparation codes as they
appear on the SSL Primary Characterization Data Sheets may be obtained from the SSL
upon request.

In SSIR No. 42, Version 3.0 (Soil Survey Staff, 1996), laboratory preparation
procedures were described as stand-alone methods based on various procedures
summarized by specific preparation codes that are reported on the SSL Primary
Characterization Data Sheets. In SSIR No. 42, Version 4.0 (Soil Survey Staff, 2004),
however, a different approach is used. A process approach is appropriate in that any
one sample received from the field may result in a number of laboratory subsamples
being collected and prepared based on analytical requests and type of materials. This
approach is the logic base whereby laboratory procedures are described in SSIR No. 42,
Version 4.0 (Soil Survey Staff, 2004). The intent of these descriptions is not to detail all
possibilities of the universe but to describe some of the master preparation procedures
that are typically requested for analyses at the SSL. Examples of SSL master collection
and preparation procedures include, but are not limited to, air-dry, <2-mm; field-moist,
<2-mm particles; and air-dry, >2-mm fractions.
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Soil samples, preparation: Soil is mixed by moving it from the corners to the
middle of the processing area and then by redistributing the material. This process is
repeated four times. Enough soil material must be sieved and weighed to obtain a
statistically accurate rock fragment content. In order to accurately measure rock
fragments with a maximum particle diameter of 20 mm, the minimum specimen size
(“dry” weight) that must be sieved and weighed is 1.0 kg. Refer to American Society
for Testing and Materials (ASTM) Standard Practice D 2488-06 (ASTM, 2008c). A
homogenized soil sample is more readily obtained from air-dry material than from field-
moist material. Whenever possible, “moist” samples or materials should have weights
two to four times as large as those for “dry” specimens (ASTM, 2008c). The minimum
specimen sizes (“dry” weights) for particle-size analysis are as follows:

Table 1.2.1 Minimum dry weights for particle-size analysis1

Maximum particle size Minimum specimen size
Sieve opening Dry weight

4.75 mm (No. 4) 100 g (0.25 Ib)

9.5 mm (*%s in) 200 g (0.51b)

19.0 mm (% in) 1.0 kg (2.2 1b)

38.1 mm (1% in) 8.0 kg (18 1b)

75.0 mm (3 in) 60.0 kg (132 1b)

" ASTM, 2008c.

Soil samples, air-dry preparation: Any one soil sample received from the field
may result in a number of laboratory subsamples being collected and prepared based on
the properties of the sample and on the requested analyses. For most standard chemical,
physical, and mineralogical analysis, the field sample is air-dried, crushed, and sieved to
<2 mm. Air-dry is generally the optimum water content to handle and to process soil. In
addition, the weight of air-dry soil remains relatively constant, and biological activity is
low during storage. For routine soil analyses, most U.S. and Canadian laboratories
homogenize and process samples to pass a 2-mm sieve (Bates, 1993). For some
standard air-dry analyses, the <2-mm fraction is further processed so as to be in
accordance with a standard method, e.g., Atterberg limits; to meet the sample
preparation requirements of the analytical instrument, e.g., total C, N, and S; or to
achieve greater homogeneity of sample material, e.g., total elemental analysis and
carbonates and/or gypsum. Additionally, some standard air-dry analyses by definition
may require nonsieved material, e.g., whole-soil samples, for aggregate stability.

Soil samples, field-moist preparation: Field-moist, fine-earth fraction samples are
processed by forcing the material through a 2-mm screen by hand or with a large,
rubber stopper and are placed in a refrigerator for future analysis. A field-moist, <2-mm
sample is prepared when the physical properties of a soil are irreversibly altered by air-
drying, e.g., water retention, particle-size analysis, and plasticity index for Andisols and
Spodosols, and/or when moist chemical analyses are appropriate. Some biological
analyses require field-moist samples, as air-drying may cause significant changes in the
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microbial community. The decomposition state of organic materials is used in Keys fo
Soil Taxonomy (Soil Survey Staff, 2010) to define sapric, hemic, and fibric organic
materials; therefore, the evaluation of these materials (Histosol analysis) requires a
field-moist, whole-soil sample.

Rock fragments: Knowing the amount of rock fragments is necessary for several
applications, e.g., available water capacity and linear extensibility. Generally, the >2-
mm fractions are sieved, weighed, and discarded and are excluded from most chemical,
physical, and mineralogical analyses. Exceptions include, but are not limited to,
samples containing coarse fragments with carbonate- or gypsum-indurated material or
material from Cr and R soil horizons. In these cases, the coarse fragments may be
crushed to <2 mm and analytical results are reported on that fraction, e.g., 2 to 20 mm,
or the coarse fragments and fine-earth material are homogenized and crushed to <2 mm
and laboratory analyses are made on the whole-soil. Additionally, depending on the
type of soil material, samples can be tested for the proportion and particle size of air-dry
rock fragments that resist abrupt immersion in tapwater.

1.2 Laboratory Sample Collection and Preparation
1.2.2 Water Samples

As with soil samples, laboratory identification numbers and preparation codes are
assigned to water samples. Long periods between collection and laboratory analysis of
water samples should be avoided. To prevent significant changes (e.g., degradation,
volatilization), water samples should be transported rapidly under ice or gel packs and
refrigerated (4 °C) immediately upon arrival at the laboratory. The freezing of water
samples should be avoided because it can influence pH and the separation of dissolved
organic matter from the water phase.

Some water analyses, e.g., electrical conductivity, total C, and inorganic C, need to
be performed promptly, as optimal preservation is not possible (Velthorst, 1996). Upon
completion of these analyses, sample filtration (0.45-um membrane) is used to separate
dissolved material from suspended material. The sample is then split into two
subsamples, with one acidified to pH 2 for cation analyses (e.g., Al, Fe, Mn) and the
other for anion analyses. These other water analyses also need to be performed as
promptly as possible.

1.2 Laboratory Sample Collection and Preparation
1.2.3 Biological Materials

As with soil samples, laboratory identification numbers and preparation codes are
assigned to biological materials. Some biology samples arrive at the laboratory as part
of the soil bulk sample. If this is the case, biological subsamples are collected and
prepared. In other cases, biology bulk samples may be split in the field and are separate
sampling units from the soil bulk sample. Additionally, some biological samples, e.g.,
microbial biomass, are separate units from the soil bulk or other biology samples;
require expedited transport under ice or gel packs; and should be refrigerated (4 °C)
immediately upon arrival at the laboratory.
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Long periods between collection and laboratory analysis of biological samples
should be avoided so as to prevent significant changes (e.g., microbial community).
Refer to the section on soil biological and plant analyses for additional information on
the further processing and preparation of these biological samples for laboratory
analysis.

2 Conventions

This section discusses the importance of using standard operating procedures
(SOPs) documented through method codes and linked with analytical results stored in
the NCSS Characterization Database, which is available online at
http://ssldata.nrcs.usda.gov/. In addition, this section covers the types of data as well as
the significant figures and rounding procedures; data sheet symbols; and sample weight
and particle-size fraction basis for reporting data on the SSL Soil Characterization Data
Sheets. For detailed descriptions of the SSL methods which are cross-referenced by
method code in the table of contents in this manual, refer to the Soil Survey Laboratory
Methods Manual, SSIR No. 42 (Soil Survey Staft, 2004), which is available online at
http://soils.usda.gov/technical/lmm/.

2.1 Methods and Codes

Standard operating procedures: The SSL ensures continuity in its analytical
measurement process by using standard operating procedures (SOPs). A standard
method is defined herein as a method or procedure developed by an organization, based
on consensus opinion or other criteria and often evaluated for its reliability by a
collaborative testing procedure (Taylor, 1988). An SOP is a procedure written in a
standard format and adopted for repetitive use in the performance of a specific
measurement or sampling operation; i.e., an SOP may be a standard one or one
developed by a user (Taylor, 1988).

The use of SOPs provides consistency and reproducibility in soil preparations and
analyses and helps to ensure that these preparations and analyses provide results of
known quality. SSIR No. 42, Version 4.0, replaces as a methods reference all earlier
versions (Soil Survey Staff, 1989, 1992, 1996). It also replaces Procedures for
Collecting Soil Samples and Methods of Analysis for Soil Survey, SSIR No. 1 (Soil
Conservation Service, 1984). All SSL methods are performed with methodologies
appropriate for the specific purpose. The SSL SOPs are standard methods, peer-
recognized methods, SSL-developed methods, and/or methods specified in Keys to Soil
Taxonomy (Soil Survey Staff, 2010). SSIR No. 42 also serves as the primary document
from which its companion manual, the Soil Survey Laboratory Information Manual
(SSIR No. 45), was developed. The current manual, SSIR No. 45, is the second version;
the original version was published in 1995 (Soil Survey Staff, 1995). SSIR No. 45
describes the application of SSL data in more detail than SSIR No. 42.

Method codes: Included in SSIR No. 42 (Soil Survey Staff, 2004) are descriptions
of current as well as obsolete methods, all of which are documented by method codes
and linked with analytical results that are stored in the SSL database. This linkage
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between laboratory method codes and the respective analytical results is reported on the
SSL data sheets. Reporting the method by which the analytical result is determined
helps to ensure user understanding of SSL data. In addition, this linkage provides a
means of technical criticism and traceability if data are questioned in the future.

The methods in current use at the SSL are described in SSIR No. 42 in enough
detail that they can be performed in many laboratories without reference to other
sources. Descriptions of the obsolete methods are located at the back of the methods
manual. Because information is not available, the descriptions of some obsolete
procedures are not as detailed as those of current laboratory methods.

Since the publication of SSIR No. 42, Version 3.0 (Soil Survey Staff, 1996), there
has been a significant increase in the number and kind of methods performed at the
SSL. As a result, the method codes have been restructured. As in past versions of SSIR
No. 42, the current method codes are hierarchical and alphanumerical. The older
method code structure had a maximum of only four characters, e.g., 6A1b, whereas the
new structure allows more characters, which provide more information about the
method, e.g., particle-size and sample weight bases for reporting data. SSIR No. 42,
Version 4.0 (Soil Survey Staff, 2004), carries not only the new method codes but also
the older ones. These older codes are cross-referenced in a table preceding the
descriptions of the obsolete SSL methods. It is important to maintain this linkage
between the two method code systems as many older SSL data sheets and scientific
publications report the older codes.

Data sheets: The SSL provides data in reports, e.g., Primary and Supplementary
Characterization Data Sheets and, more recently, Taxonomy and Dynamic Soil
Properties Characterization Data Sheets. Data are also provided in electronic forms,
including tapes, disks, and CD-ROMs, and are available online at
http://ssldata.nrcs.usda.gov/. While the Primary Characterization Data Sheet is mainly
composed of analytical data, some calculated values also are presented. Historically, the
SSL has described and assigned method codes to only those data reported on the
Primary Characterization Data Sheet (as opposed to the Supplementary Characterization
Data Sheet). This tradition was followed in SSIR No. 42 (Soil Survey Staff, 2004).
Some of the more recently developed calculated values on the Primary Characterization
Data Sheet are not described or assigned method codes in SSIR No. 42 (Soil Survey
Staff, 2004). For more detailed information about the calculation and application of
these derived values, refer to other sections of this manual (SSIR No. 45) and to Keys to
Soil Taxonomy (Soil Survey Staff, 2010).

2.2 Data Types

The methods described in this section identify the specific type of analytical or
calculated data. Most of these methods are analytical in nature, i.e., quantitative or
semiquantitative measurements, and include physical, chemical, mineralogical, and
biological analyses. Sample collection and preparation in the field and in the laboratory
also are described. Historically, SSIR No. 42 has described some derived values, e.g.,
coefficient of linear extensibility (COLE) and water retention difference (WRD), and
reported these values along with the analytical data on the SSL Primary
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Characterization Data Sheets. SSIR No. 42 (Soil Survey Staff, 2004) follows this
tradition. The more recently developed calculated values that appear on the Primary
Characterization Data Sheet (e.g., estimated organic carbon, estimated organic matter,
and “Pedon Calculations™) are not described or assigned method codes in SSIR No. 42
(Soil Survey Staff, 2004) but are described in the introduction to this manual. Also refer
to Keys to Soil Taxonomy (Soil Survey Staff, 2010) for more information on the use of
“Pedon Calculations,” e.g., weighted clay average, and other derived data. The SSL
Taxonomy Data Sheet is a mixture of distinct analytical data as well as data repeated
from the Primary Characterization Data Sheet for user convenience. The Supplementary
Characterization Data Sheet is considered to contain the interpretive physical data for
pedons analyzed at the SSL. These data are primarily calculated data; the analytical data
are used as the basis for calculation.

2.3 Particle-Size Size-Fraction Basis for Reporting Data
2.3.1 Particles <2 mm
2.3.2 Particles <Specified Size >2 mm

Unless otherwise specified, all SSL data are reported on the basis of the <2-mm
material. Other size fractions reported on the Primary Characterization Data Sheets
include, but are not limited to, the <0.4-mm, <20-mm, <75-mm, and whole-soil basis.
The maximum coarse-fragment size for the >2-mm basis varies. The basis usually
includes those fragments as large as 75 mm (3 in), if they occur in the soil. The
maximum size for fragments >75 mm, commonly termed whole soil, includes boulders
with maximum horizontal dimensions less than those of the pedon. The maximum
particle-size set is recorded in parentheses in the column heading. The basis with which
to calculate the reported >2-mm percentages includes all material in the sample smaller
than the particle size recorded in the column heading.

2.4 Sample Weight Basis for Reporting Data
2.4.1 Air-Dry/Oven-Dry
2.4.2 Field-Moist/Oven-Dry
2.4.3 Correction for Crystal Water

Unless otherwise specified, all SSL data are reported on an oven-dry weight or
volume basis for the designated particle-size fraction. The calculation of the air-
dry/oven-dry (AD/OD) ratio is used to adjust AD results to an OD weight basis and, if
required in a procedure, to calculate the sample weight that is equivalent to the required
OD soil weight. The AD/OD ratio is converted to a crystal water basis for soils with
gypsum (Nelson et al., 1978). The calculation of the field-moist/oven-dry (FM/OD)
ratio is used to adjust FM results to an OD weight basis and, if required in a procedure,
to calculate the sample weight that is equivalent to the required OD soil weight.

AD and OD weights are defined herein as constant sample weights obtained after
drying at 30+5 °C (= 2 to 7 days) and at 110£5 °C (= 12 to 16 h), respectively. As a
general rule, air-dry soils contain about 1 to 2 percent water and are drier than soils at
1500-kPa water content. FM weight is defined herein as the sample weight obtained
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without drying prior to laboratory analysis. In general, these weights are reflective of
the water content at the time of sample collection.

2.5 Significant Figures and Rounding

Unless otherwise specified, the SSL uses the procedure of significant figures to
report analytical data. Historically, significant figures are said to be all digits that are
certain plus 1, which contains some uncertainty. If a value is reported as 19.4 units, the

0.4 is not certain; i.e., repeated analyses of the same sample would vary more than one-
tenth of a whole unit but generally less than a whole unit.

2.6 Data Sheet Symbols

The analytical result of “zero” is not reported by the SSL. The following symbols
are used or have been used for trace or zero quantities and for samples not tested.

tr, Tr, TR Trace; either is not measurable by quantitative procedure used or is less than
reported amount.

tr(s) Trace; detected only by qualitative procedure more sensitive than quantitative
procedure used.

- Analysis run but none detected.

-- Analysis run but none detected.

-(s) None detected by sensitive qualitative test.
blank Analysis not run.

nd Not determined; analysis not run.

< Either none is present or amount is less than reported amount; e.g., <0.1 is in fact
<0.05 since 0.05 to 0.1 is reported as 0.1.

3 Soil Physical and Fabric-Related Analyses

This section describes the SSL methods for soil physical and fabric-related analyses
and their specific method applications and interferences, as follows:

e Particle-size distribution analysis

e Bulk density
e Water retention
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e Ratios, estimates, and calculations associated with particle-size distribution
analysis, bulk density, and water retention

Micromorphology

Aggregate stability

Particle density

Atterberg limits

3.1 Particle-Size Distribution Analysis

This section on particle-size distribution analysis (PSDA) provides general
information about the various soil classification systems as well as definitions of
particle-size limits and the historical background for the development and/or
modifications to these limits. Applications of PSDA data and the calculations derived
from these data also are discussed. Particle-size distribution (soil texture) is a major soil
property affecting a soil’s susceptibility to erosion and as such is a key parameter in any
soil erosion prediction model. For these reasons, the process of soil loss is described and
references to case studies/datasets are presented as evidentiary examples of the
actions/practices that have promoted or diminished this soil process. Major
developments in the knowledge, science, and technology of soil and water conservation
also are discussed.

Procedures for particles <2 mm in diameter using the pipet and hydrometer
methods are described. The sieve and pipet method is the standard SSL method,
whereas the hydrometer method is used by the USDA Soil Mechanics Laboratory
(SML) as well as by NRCS soil survey offices. Included in the discussions about these
PSDA methods is information about the use of air-dry versus field-moist samples as
well as routine versus nonroutine pretreatment and dispersion techniques. Also
described in this section are the SSL procedures for >2-mm particles using weight
estimates by field and laboratory weighing; weight estimates from volume and weight
estimates; and volume estimates. For detailed descriptions of the SSL methods which
are cross-referenced by method code in the table of contents in this manual, refer to
SSIR No. 42 (Soil Survey Staff, 2004), which is available online at
http://soils.usda.gov/technical/lmm/. Also refer to the Soil Survey Field and Laboratory
Methods Manual, SSIR No. 51 (Soil Survey Staff, 2009; available online at
http://www.soils.usda.gov/technical/), for detailed descriptions of field methods as used
by NRCS soil survey offices.

3.1 Particle-Size Distribution Analysis
3.1.1 Classification Systems

Particle-size distribution analysis: Perhaps the single most important physical
property of a soil and one of the most requested SSL characterization analyses is
particle-size distribution analysis. The behavior of most physical soil properties and
many chemical soil properties is sharply influenced by particle-size distribution classes
and their relative abundance. Precise meaning is given to the term “soil texture” only
through the concept of particle-size distribution (Skopp, 1992). Particle-size distribution
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analysis is a measurement of the size distribution of individual particles in a soil
sample. These data may be presented on a cumulative PSDA curve. These distribution
curves are used in many kinds of investigations and evaluations, e.g., geologic,
hydrologic, geomorphic, engineering, and soil science (Gee and Bauder, 1986).
Cumulative curves have the advantage of allowing comparison of particle-size analyses
that use different particle-size classes. Most commonly, the cumulative percentage of
particles finer than a given particle size is plotted against the logarithm of “effective”
particle diameter (Gee and Bauder, 1986). In soil science, particle size is used as a tool
to explain soil genesis, quantify soil classification, and define soil texture. Refer to
Appendix 2 (Wildmesa Pedon) and Appendix 5 (Caribou Pedon) for example particle-
size distribution curves.

USDA classification system: In the USDA soil classification system, soil texture
refers to the relative proportions of clay, silt, and sand on a <2-mm basis. The system
also recognizes proportions of five subclasses of sand (Soil Survey Division Staff,
1993). The USDA classification scheme uses a textural triangle to show the percentages
of clay, silt, and sand. Refer to Appendix 6 (Guide for Textural Classification). The
USDA soil classification system classifies soil particles (soil separates) according to
size, as follows: Very coarse sand, 2.0 to 1.0 mm; coarse sand, 1.0 to 0.5 mm; medium
sand, 0.5 to 0.25 mm; fine sand, 0.25 to 0.10 mm; very fine sand, 0.10 to 0.05 mm; silt,
0.05 to 0.002 mm; and clay, <0.002 mm. In soil science, the terms clay, silt, very fine
sand, fine sand, and coarse sand are used to define not only soil separates but also
specific soil classes. In addition, the term c/ay is used to define a class of soil minerals
(Sumner, 1992). The PSDA data by the SSL are soil separates reported as weight
percentages on a specified basis.

Other classification systems: In addition to the USDA soil classification scheme,
other classification systems include the particle-size classes for differentiation of
families in Soil Taxonomy (Soil Survey Staff, 1975); the International Union of Soil
Science (IUSS); the Canadian Soil Survey Committee (CSSC); and the American
Society for Testing and Materials (ASTM). In reporting and interpreting data, it is
important to recognize that these other classification systems are frequently cited in the
literature, especially engineering systems, e.g., the American Association of State
Highway and Transportation Officials (AASHTO) and the ASTM Unified Soil
Classification System (USCS) (Gee and Bauder, 1986). The AASHTO system,
developed in 1929 by the Bureau of Public Roads, currently uses seven major groups of
soils (A1 to A7) and provides a general rating of the soil as a subgrade for road
construction. Developed by Casagrande in 1942, the USCS is widely used by
geotechnical engineers. The AASHTO and USCS engineering classification systems as
applied in soil survey are discussed in more detail in the “National Soil Survey
Handbook,” available online at http://www.soils.usda.gov/technical/handbook/. The
National Soil Information System (NASIS), available online at
http://www.soils.usda.gov/technical/nasis/, serves as the depository of all soil survey
information, thereby integrating information on soil properties and qualities as well as
groupings for engineering properties and AASHTO and USCS classes.

Particle-size classes: In general, the term particle size is used to characterize the
grain-size composition of the mineral portion of a whole soil, while the term texture is
used in describing its fine-earth fraction (Soil Survey Staff, 2010). As used herein, the
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fine-earth fraction refers to particles <2 mm in diameter and the whole soil is all
particle-size fractions, including boulders with maximum horizontal dimensions less
than those of the pedon. The term rock fragments means particles of the whole soil that
are >2 mm in diameter and includes all particles with horizontal dimensions smaller
than the size of the pedon (Soil Survey Division Staff, 1993; Soil Survey Staff, 2010).
At one time, the term rock fragments was differentiated from the term coarse
fragments, which excluded stones and boulders with diameters >250 mm (Soil Survey
Staff, 1951, 1975). The rationale for this distinction was that particles <250 mm were
generally regarded as part of the “soil mass;” i.e., they affect moisture storage,
infiltration, runoff, root growth, and tillage (Soil Survey Staff, 1951). In the descriptions
of soil horizons, particles >250 mm were excluded from the soil textural class name but
phase names for stoniness and rockiness, although not a part of the textural class names,
were used to modify the soil-class part of the soil-type name, e.g., Gloucester very stony
loam (Soil Survey Staff, 1951). Refer to Soil Survey Staff (1951) for additional
discussion of the rationale for this particle-size distinction. Refer to Soil Survey
Division Staff (1993) for additional discussion on rock fragments. Refer to Soil Survey
Staff (2010) for additional discussion on particle-size classes.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm

Clay, historical concepts and class limits: The definition of c/ay has been debated
for many years. Early concepts of clay attempted to characterize clay on the basis of its
chemical nature and its effects upon the soil (Baver, 1956). Osborne (1887), who
developed the beaker method of soil mechanical analysis in 1886, defined clay as
follows: “True clay is here meant that material derived from the decomposition of
feldspars and similar silicates, which is capable of uniting with a considerable amount
of water, and thus assuming a gelatinous condition in which it exerts a powerful binding
action upon the particles of sand in the soil. To some extent, probably, this action is also
exerted by iron and alumina hydroxides, as well as by colloid organic bodies.”

The purely chemical definition of clay by Osborne (1887) was eventually replaced
by one that was colloidal in meaning (Baver, 1956). The colloidal concept of clay was
developed when the ideas of disperse systems were applied to the study of soils by
Oden (1921-1922) and other investigators. Oden (1921-1922) defined clay as “disperse
formations of mineral fragments in which particles of smaller dimensions than 2 pm
(0.002 mm) predominate;” i.e., clay consists of primary mineral fragments together with
the secondary products of weathering as long as the individual particle sizes are small
enough (Baver, 1956). The definition of clay with an upper size limit of 2 pm was first
introduced by Atterberg (1912). Refer to the discussion of clay versus colloidal clay
under the data element fine clay.

Atterberg classification system, scientific rationale: The Atterberg definition of
clay and the classification of other soil particles according to size were accepted by the
International Society of Soil Science in 1913. This classification of soil particles
according to size is as follows: Gravel, 20 to 2.0 mm; coarse sand, 2.0 to 0.2 mm; fine
sand, 0.2 to 0.02 mm; silt, 0.02 to 0.002 mm; and clay, <0.002 mm. Atterberg’s scientific
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rationale for setting up the various size limits and for characterizing clay as <2 pm is
described by Baver (1956) as follows:

The 20- to 2-mm limit is between the points where no water is held in pore spaces
between particles and where water is weakly held in the pores. The lower limit of
the 2- to 0.2-mm is the point where water is held in the pores by the forces of
capillary attraction. The lower limit of the 0.2- to 0.02-mm fraction is given the
theoretical significance that smaller particles cannot be seen by the naked eye; do
not have the usual properties of sand; and can be coagulated to form the crumbs
that are so significant in the mechanical handling of soils, i.e., there are the limits
between dry sand which gives poor soils, and adequately moist sand, which forms
productive sandy soils. The lower limit of the 0.02- to 0.002-mm fraction is
established on the basis that particles smaller than 2 um (clay) exhibited Brownian
movement in aqueous suspension. Capillary movement of water is very slow for
<2-um particles, and the properties of stiff clays are strongly manifested. Thus, silt
is visualized as a range of particle-sizes from the point where sand begins to
assume some clay-like properties to the upper limit of clay.

Atterberg definition of clay, scientific justification: The Atterberg definition of
clay as a soil separate with an upper size limit of 2 pm has scientific justification in
mineralogical studies of soils (Marshall, 1935; Robinson, 1936; Truog et al., 1936).
Robinson (1936) determined that the <2-pum fraction is primarily composed of colloidal
products of weathering and is truly the chemically active portion of the soil. Marshall
(1935) and Truog et al. (1936) found that very few unweathered primary minerals exist
in the <2-um fraction. Baver (1956) later modified the definition of clay by Oden
(1921-1922) as follows: “Clays are disperse systems of the colloidal products of
weathering in which secondary particles of smaller dimensions than 2 um
predominate.”

USDA classification system, historical: In 1896, investigators in the USDA
Bureau of Soils modified the beaker method developed by Osborne. They extended the
separation of the smallest particles from 0.1 to 0.005 mm (5 um) and gave the latter
limit the designation of clay. The choices of the different limits were arbitrarily made,
based apparently on the convenience of calibration with the particular eyepiece
micrometer that was used (Baver, 1956), as illustrated by the following statements:
“With the microscope used in this Division the 1-in eyepiece and 3/4-in objective, three
of the 0.1 mm spaces of the eyepiece micrometer measure 0.05 mm on the stage. With
the same eyepiece and 1/5-in objective, two spaces of the micrometer are equal to 0.01
mm, and one space to 0.005 mm. These three values are sufficient for the beaker
separation” (Whitney, 1896). This classification of soil separates was used in the United
States until 1937.

USDA classification system, revisions, clay: In 1937, the USDA Bureau of
Chemistry and Soils changed the size limits for clay from <5 to <2 pm. It was hoped
that this change to 2 um as the upper limit for clay would make the data from
mechanical analysis more useful by effecting a better correlation between field textural
classification and classification from the data of mechanical analysis (Soil Science
Society of America, 1937). The reduction in size limits tended to reduce the percentage
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of clay, thus offsetting, in part, the higher percentage obtained by modern dispersion
methods (Soil Science Society of America, 1937). Additionally, this change made the
definition for the clay separate the same for the USDA and International classification
systems.

USDA classification system, revisions, silt: In 1937, the Bureau of Chemistry and
Soils also changed the size limits for silt to that fraction between 0.002 and 0.05 mm (2
and 50 um). In addition, an extra pipetting at 0.02 mm (20 pm) was added, making it
possible to compare data with those reported under either the former American system
or the International system (Soil Science Society of America, 1937). The split at 20 um
is a class limit between the sand and silt fractions in the International system proposed
by Atterberg (1912). The split at 20 um is the class limit between fine silt and coarse
silt in the USDA classification system.

Particle-size distribution analysis, objectives: Particle-size analysis (mechanical
analysis) consists of isolating various particle sizes or size increments and then
measuring the amount of each size-fraction. The major features of PSDA include the
destruction or dispersion of soil aggregates <2 mm in diameter into discrete units by
chemical, mechanical, or ultrasonic means followed by the separation or fractionation
of particles according to the size limits by sieving and sedimentation (Gee and Bauder,
1986). The primary objectives of dispersion are the removal of cementing agents,
rehydration of clays, and the physical separation of individual soil particles (Skopp,
1992). Chemical dispersion usually involves the use of hydrogen peroxide and sodium
hexametaphosphate. The hydrogen peroxide oxidizes the organic matter. The sodium
hexametaphosphate complexes any calcium in solution and replaces it with sodium on
the ion exchange complex, which results in the repulsion of individual particles (Skopp,
1992). Upon completion of the chemical treatments, mechanical agitation is used to
enhance separation of particles and facilitate fractionation. Fractionation data provide
the size or range of sizes that a measurement represents and the frequency or cumulative
frequency with which the size occurs. The most common methods of fractionation are
sieving and sedimentation by the hydrometer or pipet method. The Kilmer and
Alexander (1949) pipet method was chosen by the USDA Soil Conservation Service
(now the USDA/NRCS) because it is reproducible in a wide range of soils.

Particle-size distribution analysis, interferences: The sedimentation equation is
derived from Stokes’ Law and relates the time of settling to the particle size sampled.
The sedimentation equation follows.

Equation 3.1.2.1:

v =2rg(ps-pp/(9m)
where
v = Velocity of fall
r = Particle radius
g = Acceleration due to gravity
ps = Particle density
p1= Liquid density
1 = Fluid viscosity
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Assumptions used in applying Stokes’ Law to soil sedimentation measurements are as
follows:

1. Terminal velocity is attained as soon as settling begins.
2. Settling and resistance are entirely due to the viscosity of the fluid.
3. Particles are smooth and spherical.

4. There is no interaction between individual particles in the solution (Gee and
Bauder, 1986; Gee and Or, 2002).

Since soil particles are not smooth and spherical, the radius of the particle is
considered an equivalent rather than an actual radius. Effective or equivalent diameters
are used to represent either an average value or the replacement of the actual value by a
value representative of simplified geometry (Skopp, 1992). The use of effective
diameters also emphasizes that determinations of particle sizes are biased by the
measurement technique (Skopp, 1992). Identical particles measured by different
techniques commonly appear to have different diameters.

Gypsum interferes with PSDA by causing flocculation of particles. The SSL
removes gypsum by stirring and washing the soil with reverse osmosis water. This
procedure is effective if the soil contains <25 percent gypsum. Currently, the SSL and
New Mexico State University (NMSU), an NCSS cooperator, are developing other
PSDA methods appropriate for soils with >25 percent gypsum. The SSL is developing a
method utilizing 70 percent ethanol and sonication. It has been theorized that the
smallest gypsum crystal size that can form in nature is approximately 5 pm. Since 2 pm
is the upper limit of clay, gypsum particles in the clay-size fraction would be fractured
crystals. This SSL method assumes that clay-size gypsum particles are not a significant
fraction and are ignored. New Mexico State University is investigating the use of
CaSOy-saturated solutions. For other PSDA laboratory methods developed for gypsic
soils, refer to Coutinet (1965), Loveday (1974), Hesse (1974), Matar and Douleimy
(1978), and Vieillefon (1979). In general, these other methods call for the pretreatment
of gypsic soils with BaCl, to coat gypsum with BaSO,4 prior to PSDA.

Partial flocculation may occur in some soils if excess H>O, is not removed from the
soil after its use in organic matter oxidation.

Treatment of micaceous soils with H,O, causes exfoliation of the mica plates and a
matting of particles when dried in the oven. Since exfoliation occurs in these soils, a
true measurement of fractions is uncertain (Drosdoff and Miles, 1938).

Air-dry versus field-moist samples: The standard SSL procedure for particles <2
mm in diameter is the air-dry method. While a homogenized sample is more easily
obtained from air-dry material than from moist material, some soils irreversibly harden
when dried; therefore, moist PSDA may be used upon the request of the project
coordinator. The phenomenon of aggregation through oven drying or air drying is an
important example of irreversibility of colloidal behavior in the soil-water system
(Kubota, 1972; Espinoza et al., 1975). Drying such soils decreases the measured clay
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content. This effect can be attributed to the cementation upon drying (Maeda et al.,
1977). The magnitude of the effect varies with the particular soil (Maeda et al., 1977).

Pretreatments: The results of particle-size distribution analysis are dependent on
the pretreatments used to disperse the soil. In the standard SSL PSDA method, a 10-g
sample of <2-mm air-dry soil is pretreated to remove organic matter and soluble salts.
Complete dispersion is often prevented in the presence of cementing agents, such as
carbonates, Fe, and Si. In these cases, special pretreatment procedures may be
performed upon request on either an air-dry or field-moist sample. However, these
special techniques in themselves may interfere with PSDA. These five nonstandard SSL
procedures are as follows:

(1) Carbonate removal, pretreatment: Soils high in carbonate content do not
readily disperse. Pretreatment of these soils with acid removes the carbonates
(Grossman and Millet, 1961; Jackson, 1969; Gee and Bauder, 1986; Gee and Or, 2002).
The determination of particle-size distribution after the removal of carbonates is used
primarily for studies of soil genesis and parent material. The removal of carbonates with
1 N NaOAc (pH 5) results in sample acidification. This pretreatment can destroy the
primary mineral structure of clay (Gee and Bauder, 1986).

(2) Iron removal, pretreatment: Iron and other oxides coat and bind particles of
sand, silt, and clay and form aggregates. Soils with iron cementation do not readily
disperse. The iron oxides are removed using bicarbonate-buffered sodium dithionite-
citrate solution (Mehra and Jackson, 1960; Gee and Bauder, 1986; Gee and Or, 2002). If
in the removal of iron the temperature of the water bath exceeds 80 °C, elemental S can
precipitate (Mehra and Jackson, 1960). This pretreatment can destroy primary mineral
grains in the clay fraction (EI-Swaify, 1980).

(3) Silica removal, pretreatment: Soils that are cemented by Si do not completely
disperse with hydrogen peroxide pretreatment and sodium hexametaphosphate. A
pretreatment with a weak base dissolves the Si bridges and coats and increases the soil
dispersion. The determination is used for soil parent material and genesis studies. The
effects of Si removal with 0.1 N NaOH on the clay fraction and particle-size distribution
are unknown.

(4) Ultrasonic dispersion, pretreatment. Soils that do not completely disperse with
standard PSDA can be dispersed using ultrasonic dispersion (Gee and Bauder, 1986;
Gee and Or, 2002). Pretreatments coupled with ultrasonic dispersion yield maximum
clay concentrations (Mikhail and Briner, 1978). This is a developmental procedure, as
no standard method has been adopted using ultrasonic dispersion. Ultrasonic dispersion
has been reported to destroy primary soil particles. Watson (1971) summarized studies
that reported the destruction of biotite and breakdown of microaggregates by ultrasonic
dispersion. Saly (1967), however, reported that ultrasonic vibration did not cause the
destruction of the clay crystalline lattice or the breakdown of primary grains. The
samples ranged from sandy to clayey soils. The cementing agents represented humus,
carbonates, and hydroxides of Fe and Al. No standard procedures have been adopted
using ultrasonic dispersion.

(5) Water dispersible, pretreatment: The phenomena of flocculation and dispersion
(deflocculation) are very important in determining the physical behavior of the colloidal
fraction of soils and thus, indirectly, have a major bearing on the physical properties
which soils exhibit (Sumner, 1992). In the standard SSL PSDA method, soils are
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pretreated to remove organic matter and soluble salts. Samples are chemically treated
with hydrogen peroxide and sodium hexametaphosphate to effect dispersion. Water
dispersible particle-size distribution analysis may be determined from a soil suspension
without the removal of organic matter or soluble salts or without the use of a chemical
dispersant. Upon omitting the procedural steps of removing organic matter or soluble
salts, or without the use of a chemical dispersant, the remainder of the standard SSL
PSDA method is performed. This method provides a means of evaluating the
susceptibility of a soil to water erosion. The degree to which a soil disperses without the
oxidation of organic matter, the removal of soluble salts, or the addition of a chemical
dispersant may be compared with results from chemical dispersion (Bouyoucos, 1929).
The standard SSL water dispersible PSDA for particles <2 mm in diameter is by pipet
analysis on air-dry samples. Water dispersible PSDA may also be determined on field-
moist samples for those soils that irreversibly harden when dried.

Dispersion and fractionation: Upon completion of the chemical pretreatments
(removal of organic matter and soluble salts) in the standard SSL PSDA method, the
sample is then dried in the oven to obtain the initial weight, dispersed with sodium
hexametaphosphate solution, and mechanically shaken. The sand fraction is separated
from the suspension by wet sieving and then fractionated by dry sieving. The clay and
fine silt fractions are determined using the suspension remaining from the wet sieving
process. This suspension is diluted to 1 L in a sedimentation cylinder and is stirred, and
25-mL aliquots are removed with a pipet at calculated predetermined intervals based on
Stolkes’ Law (Kilmer and Alexander, 1949). Particle density is assumed to be 2.65 g
cc .

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis

Pipet and sieve analysis: The standard SSL. PSDA method is by pipet and sieve
analysis. The pipet method was chosen by the USDA/NRCS because it is reproducible
in a wide range of soils (Kilmer and Alexander, 1949). The SSL routinely uses this
method to determine the soil separates of total sand (0.05 to 2.0 mm), silt (0.002 to 0.05
mm), and clay (<2 um), with five subclasses of sand (very coarse, coarse, medium,
fine, and very fine) and two subclasses of silt (coarse and fine). The coarse silt fraction
is a separate with 0.02- to 0.05-mm particle diameter. The fine silt fraction is a soil
separate with 0.002- to 0.02-mm particle diameter. In addition to the routine soil
separates of sand, silt, and clay, the SSL determines the fine-clay and/or carbonate-clay
fractions, depending on analytical requests and properties of the sample. The fine-clay
fraction consists of mineral soil particles with an effective diameter of <0.0002 mm
(<0.2 pm). Carbonate clay is a soil separate with <0.002 mm (<2 pm) particle diameter.
The SSL reports these various soil separates as weight percentages on a <2-mm basis.
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PSDA, process: In SSIR No. 42, Version 3.0 (Soil Survey Staff, 1996), the
analysis of <2-mm size fractions that were not routinely reported (e.g., fine-clay and/or
carbonate-clay) as well as nonroutine pretreatment and dispersion techniques were
described as stand-alone methods. In SSIR No. 42, Version 4.0 (Soil Survey Staff,
2004), these procedures are described more as a procedural process. This approach is
appropriate in that certain procedural steps may be modified, omitted, or enhanced by
the investigator, depending on the properties of the sample and on the requested
analyses. The process by which specific procedural steps are selected for sample
analysis is based upon knowledge or intuition of certain soil properties or related to
specific questions, e.g., special studies of soil genesis and parent material. In the
following section, the soil separates analyzed by the SSL are further defined and
discussed.

PSDA, measurements: In the following section, the SSL PSDA method for
particles <2 mm in diameter by sieve and pipet analysis is described. The hydrometer
method as used by the USDA Soil Mechanics Laboratory as well as by NRCS soil
survey offices also is discussed.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.1 Total Clay, <0.002 mm (<2 pm)

Total clay, definition: Clay is a soil separate with a particle diameter of <0.002
mm (<2 um). The SSL determines total clay by pipet analysis. The total clay value
determined by the SSL includes the carbonate-clay and fine-clay fractions. Clay is also
used to define a class of soil minerals. Refer to Table 3.1.2.1.1.1 (Sumner, 1992) for
particle dimensions, thickness, and surface area of some clay minerals.
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Table 3.1.2.1.1.1 Comparison of clay particle diameter dimensions, thickness,

and surface area’

Mineral Particle Particle Surface
dimensions thickness area
pm pm m’ g'1
Montmorillonite 0.03* 0.001 600-800
Micas 0.3-1 0.02-0.07 60-200
Vermiculite 0.03 0.001 400-800
Hydroxy- 0.2—-1* 0.02-0.07 80-150
interlayered
vermiculite
Kaolinite 0.3-2* 14 540
Halloysite, tubular 0.07* 0.04—1** 21-43
Halloysite, spheroidal 0.02-1
Goethite 0.02%* 0.05-0.1%** 30-200
Hematite 0.02-0.05 0.01-0.02 50-120
Gibbsite 0.1 0.005 10-30
Allophane 0.003-0.005* 1000
hollow spheres
Imogolite 0.002-0.003 1-3 1000

hollow filiform

! Sumner, M.E. 1992. “The Electrical Double Layer and Clay Dispersion,” pp. 1-32 in
Soil Crusting: Chemical and Physical Processes. M.E. Sumner and B.A. Stewart,
eds. Taylor & Francis Group LLC-Books. Reproduced with permission of Taylor &

Francis Group LLC—Books.

* Diameter
Length

Clay percentage, volumetric, whole-soil basis, calculation: Clay percentages or
any data may be calculated volumetrically on a whole-soil basis according to horizon
thickness. Refer to Appendix 2 (Wildmesa Pedon) for laboratory data used in the

following clay percentage calculation based on control section 15-65 cm.

Equation 3.1.2.1.1.1:

Product A = (Hem x pp33 x Cm)
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Equation 3.1.2.1.1.2:

Product B = (Product A x Clay)

where

Hcm = Horizon thickness, cm

ps33 = Bulk density at 33-kPa water content on <2-mm soil basis (g cm'3)

Clay = Weight percentage of clay on <2-mm soil basis

Cm = Coarse fragment conversion factor. If no coarse fragments, Cm = 1. If coarse
fragments are present, calculate Cm as follows:

Equation 3.1.2.1.1.3:

Cm = [Vl moist<2-mm fabric (€M) 1/[VO0limoist whole soil (€M°)]
OR (alternatively)

Equation 3.1.2.1.1.4:

Cm = (100-Vols2mm)/100

where
Volsomm = Volume percentage of the >2-mm fraction

Equation 3.1.2.1.1.5:

Weighted Average = (Sum of Products B)/(Sum of Products A)
where

Sum of Products A = Sum of (Hcm X pz33 X Cm) for all soil horizons

Sum of Products B = Sum of (Product A x Clay) for all soil horizons

Example: Refer to Appendix 2 (Wildmesa Pedon, S89CA027004)

Horizon Depth Hem  pg3s Cm  Product A Clay Product B
(cm) (cm) (gem™) (%)

2Bt 15-46 31 1.45 0.99 44.50 349 1553.07

2Btk 46-74 19 1.38 1.00 26.22 38.1 998.98

SUM 50 70.72 2552.05

Weighted Average = 2552.05/70.72 = 36 percent clay
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Refer to the discussion in the introduction to this manual, Section 1.2.4, for an
example calculation of clay percentage, weighted average, as it appears under “Pedon
Calculations” on the SSL Primary Characterization Data Sheet. In the pedon
calculations of weighted averages, bulk density and Cm values are not used in the
equations.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.2 Total Silt, 0.002 to 0.05 mm

Total silt, definition: 7oral silt is a soil separate with 0.002- to 0.05-mm particle
diameter. Total silt is the sum of the fine silt and coarse silt fractions. The SSL
determines the fine silt separate by pipet analysis and the coarse silt separate by
difference. Total silt is reported as a weight percentage on a <2-mm basis.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.3 Total Sand, 0.05 to 2.0 mm

Total sand, definition: 7otal sand is a soil separate with 0.05- to 2.0-mm particle
diameter. The SSL determines the total sand fraction by sieve analysis. Total sand is the
sum of the very fine sand (VFS), fine sand (FS), medium sand (MS), coarse sand (CS),
and very coarse sand (VCS) fractions. The rationale for five subclasses of sand and the
expansion of the texture classes of sand, e.g., sandy loam and loamy sand, is that the
sand separates are the most visible to the naked eye and the most detectable by “feel” by
the field soil scientist. Total sand is reported as a weight percentage on a <2-mm basis.

Total sand, weight to volume conversion: Particle-size analysis data by the
standard SSL procedure are reported as a weight percentage on a <2-mm mineral soil
basis, i.e., free of organic matter and salts. Using total sand as an example, PSDA data
can be converted from a weight to volume basis as follows:

Equation 3.1.2.1.3.1:
Viand = [Wtsand X ps33 X (1 - (Vor/100))]/2.65 g cm™

where

Viand = Volume percentage of sand (0.05- to 2.0-mm diameter) on <2-mm soil basis
Wtand = Weight percentage of sand (0.05- to 2.0-mm diameter) on <2-mm soil basis
ps3:= Bulk density at 33-kPa water content on <2-mm soil basis (g cm™)

2.65 = Assumed particle density for sand (g cm™)

Vom = Volume percentage of organic matter on <2-mm basis. Calculate V,, as follows:
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Equation 3.1.2.1.3.2:
Vom = (Wtoe X 1.724 X pp33)/1.1 gcm™

where

Wt = Weight percentage of organic C on <2-mm soil basis

1.724 = “Van Bemmelen factor”

ps33 = Bulk density at 33-kPa water content on <2-mm soil basis (g cm™)
1.1 = Assumed particle density of organic matter (g cm™)

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.14 Fine Clay, <0.0002 mm (<0.2 pm)

Fine clay, definition: The fine clay fraction consists of mineral soil particles with
an effective diameter of <0.0002 mm (<0.2 um). Fine clay amounts are never greater
than total clay. The SSL determines the fine clay fraction by centrifuging, followed by
pipet analysis using the soil suspension from the standard PSDA method. The time of
centrifugation is determined from the following equation modified from Stokes’ Law
(Jackson, 1969).

Equation 3.1.2.1.4.1:
tm = (63.0X1081’] log (1s™)) (N> Dp? Ap)'1

where

tm = Time in minutes

1 = Viscosity in poises

r = Radius in cm from center of rotation to sampling depth (3 cm + s)

s = Radius in cm from center of rotation to surface of suspension

Nm=rpm (1500)

Du = Particle diameter in microns (0.2 um)

Ap = Difference in specific gravity between solvated particles and suspension liquid

63.0x10%= Combination of conversion factors for convenient units of time in minutes,
tm, N @s rpm, and particle diameter in microns, Dp

Colloidal clay, definition: Colloids are small particles which, due to their size,
tend to remain suspended in solution and exhibit unique physical and chemical
properties compared to other soil particle-size classes (Bohn et al., 1979). They have a
large surface area per unit of mass and are chemically active with an electrical field that
extends into the soil solution. Many of the properties that a soil exhibits are related to
the types (both inorganic and organic) and amounts of colloidal materials that are
present in the soil.
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Colloidal clay versus clay: The distinction between clay and colloidal clay has
been debated for many years. Some early separations set the upper limit of the colloidal
range at 0.5 um (Freundlich, 1926), at I um (Brown and Byers, 1932; Bray, 1934), or at
0.2 pm (according to many colloidal chemists at the time). Prior to 1937, the U.S.
Bureau of Soils and Chemistry termed particles <0.002 mm (<2 pum) as colloids (Soil
Survey Staff, 1951). Other investigators (DeYoung, 1925; Joseph, 1925) stated that clay
and colloidal contents were identical if the sample was completely dispersed. Baver
(1956) considered 0.1 to 0.2 um a more reliable estimate of the upper limit of the
colloidal range. Such colloidal material not only conformed more closely to the
accepted standards of colloidal chemistry but also possessed a much greater chemical
and physical activity per unit weight than coarser fractions (Baver, 1956). The 0.0002-
mm (<0.2-um) separate reported as fine clay most closely corresponds to those
estimates of the upper colloidal range proposed by Baver (1956) and others. More
recently, the 0.001-um (1 nm) to 1-um range has been used to define colloidal particles
(van Olphen, 1977; Singer and Munns, 1987). It is difficult to establish exact size limits
for colloidal soil particles since activity of a colloid is determined not only by the
composition, size, and shape of the colloid but also by the concentration and
composition of the soil solution.

Fine clay, taxonomic significance: The percentage of fine clay is determined for
soils that are suspected of having illuviated clay or argillic horizons or as a tool to help
explain soil genesis. As soil genesis occurs, an argillic horizon may form through clay
translocation or the neoformation of minerals. The fine clay to total clay ratio is used as
an index of argillic development; i.e., this ratio is normally one-third higher than in the
overlying eluvial horizon or in the underlying horizon (Soil Survey Staff, 2010).

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.5 Carbonate Clay, <0.002 mm (<2 pm)

Carbonate clay, definition: Carbonate clay is a soil separate with <0.002-mm
(<2-um) particle diameter. Using the soil suspension from the standard PSDA method,
the SSL determines the carbonate-clay fraction by pipet analysis followed by acid
treatment in a closed system. The pressure is measured with a monometer and related
linearly to the CO, content in the carbonates. This determination is semiquantitative as
it is assumed that all of the carbonates in a soil sample are converted to CO; i.e., not
only the carbonates of Ca but also the carbonates of Mg, Na, and K react with the acid.

Carbonate clay, soil-related factors: The carbonate-clay fraction is considered
important in PSDA because clay-size (<2 um) carbonate particles have properties that
are different from those of noncarbonate clay. The cation-exchange capacity of
carbonate clay is very low compared to that of noncarbonate clay. Saturation
percentage, Atterberg limits, and 15-bar water retention for carbonate clay are ~ 2/3 the
corresponding values for the noncarbonated clays (Nettleton et al., 1991). Since
carbonate clay is a diluent, it is often subtracted from the total clay in order to make
inferences about soil genesis and clay activities. Total clay is routinely estimated and
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carbonates measured by soil scientists in the field. Generally, the amount of carbonate
clay, as estimated by hand texture, is underestimated by = 1/2 (Nettleton et al., 1991). In
Keys to Soil Taxonomy, carbonates of clay size are not considered to be clay for soil
texture but are treated as silt in all particle-size classes (Soil Survey Staff, 2010).

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.6  Fine Silt, 0.002 to 0.02 mm

Fine silt, definition: Fine silt is a soil separate with 0.002- to 0.02-mm particle
diameter. The SSL determines the fine-silt fraction by pipet analysis. The fine silt is
reported as a weight percentage on a <2-mm basis.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.7 Coarse Silt, 0.02 to 0.05 mm

Coarse silt, definition: Coarse silt is a soil separate with 0.02- to 0.05-mm particle
diameter. The SSL determines the coarse-silt fraction by difference. Coarse silt = (100 —
(% total clay + % fine silt + % total sand). The 0.02 mm (20 um) is the break between
sand and silt in the International classification system. The particle-size separation at 20
um also has significance in optical microscopy, as this class limit represents the optical
limits of the polarizing light microscope. The coarse silt is reported as a weight
percentage on a <2-mm basis.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.8 Very Fine Sand, 0.05 to 0.10 mm

Very fine sand, definition: Very fine sand is a soil separate with 0.05- to 0.10-mm
particle diameter. The SSL determines the very fine sand fraction by sieve analysis. The
SSL reports the very fine sand as a weight percentage on a <2-mm basis.

Very fine sand, taxonomic significance: Particle-size classes are a compromise
between engineering and pedologic classes (Soil Survey Staff, 2010). In engineering
classifications, the limit between sand and silt is a 0.074-mm diameter. The break
between sand and silt is 0.05 and 0.02 mm in the USDA and International classification
systems, respectively. In engineering classes, the very fine sand (VFS) separate is split.
In particle-size classes of the U.S. soil taxonomic system, the VFS is allowed to float;
i.e., the VFS is treated as sand if the texture is fine sand, loamy fine sand, or a coarser
class and is treated as silt if the texture is very fine sand, loamy very fine sand, sandy
loam, silt loam, or a finer class (Soil Survey Staff, 2010).
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3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.9 Fine Sand, 0.10 to 0.25 mm

Fine sand, definition: Fine sand is a soil separate with 0.10- to 0.25-mm particle
diameter. The SSL determines the fine sand fraction by sieve analysis. The SSL reports
the fine sand as a weight percentage on a <2-mm basis.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.10 Medium Sand, 0.25 to 0.50 mm

Medium sand, definition: Medium sand is a soil separate with 0.25- to 0.50-mm
particle diameter. The SSL determines the medium sand fraction by sieve analysis. The
SSL reports the medium sand as a weight percentage on a <2-mm basis.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.11 Coarse Sand, 0.5 to 1.0 mm

Coarse sand, definition: Coarse sand is a soil separate with 0.5- to 1.0-mm
particle diameter. The SSL determines the coarse sand fraction by sieve analysis. The
SSL reports the coarse sand as a weight percentage on a <2-mm basis.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.1 Pipet Analysis
3.1.2.1.12 Very Coarse Sand, 1.0 to 2.0 mm

Very coarse sand, definition: Very coarse sand is a soil separate with 1.0- to 2.0-
mm particle diameter. In 1947, the class name for the 1.0- to 2.0-mm fraction in the
USDA classification system was changed from fine gravel to very coarse sand. The SSL
determines the very coarse sand fraction by sieve analysis. The SSL reports the very
coarse sand as a weight percentage on a <2-mm basis.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.2 Hydrometer Analysis

Hydrometer method, Bouyoucos: The iydrometer method, like the pipet method,
depends fundamentally on Stokes’ Law (Gee and Bauder, 1986). The hydrometer
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method is based on the decrease in density that occurs at a given depth as a dispersed
suspension settles. The rate of decrease in density at any given depth is related to the
settling velocities of the particles, which in turn are related to their sizes (Kilmer and
Alexander, 1949). Since the introduction of the hydrometer by Bouyoucos (1927), this
method has been widely adopted for particle-size analysis of soils and other materials
(Kilmer and Alexander, 1949). The primary reasons for the popularity of this method
have been the rapidity with which a mechanical analysis can be made and the simplicity
of the equipment required (Kilmer and Alexander, 1949). Hydrometer readings at 40 s
and 2 h have been used to estimate sand and clay percentages, respectively.

The correlations between sand and clay and the 40-s and 2-h readings are empirical
(Gee and Bauder, 1986). Basic sedimentation theory indicates that the 2-h reading is a
better estimate of the 5-um limit than it is of the 2-pum limit (Gee and Bauder, 1986).
Errors in clay content using the 2-h reading often exceed 10 percent by weight for clay
soils, and differences between sieve and the 40-s hydrometer measurement often exceed
5 percent by weight (Gee and Bauder, 1979, 1986). These errors are primarily
attributable to the fact that in 1937 the Bureau of Chemistry and Soils changed the size
limits for silt and clay. With the change to 2 um as the upper limit for clay and the
lower limit for silt, a better correlation was determined between field textural
classification and laboratory classification by mechanical analysis (Soil Science Society
of America, 1937). The reduction in size limits to <2 pm tended to decrease the clay
percentage, thus offsetting in part the higher percentage obtained by modern dispersion
methods (Soil Science Society of America, 1937).

Hydrometer, ASTM method: Over time, modifications to the Bouyoucos
hydrometer specifications and procedure have been suggested and adopted (Casagrande,
1934; Bouyoucos, 1951, 1962; ASTM, 1958, 1963; Day, 1956, 1965; Gee and Bauder,
1986). The NRCS Soil Mechanics Laboratories (SML) in Lincoln, Nebraska, and Fort
Worth, Texas, use ASTM-designated methods for particle-size analysis by hydrometer.
Refer to ASTM D 422-63 for the standard test method for particle-size analysis of soils
(ASTM, 2008i). This test method covers the quantitative determination of the
distribution of particle sizes in soils. The distribution of particle sizes >0.075 mm
(retained on No. 200 sieve) is determined by sieving. The distribution of particle sizes
<0.075 mm is determined with a hydrometer by a sedimentation process. Separation
may be made on the No. 4 (4.75 mm), No. 40 (0.425 mm), or No. 200 (0.075 mm) sieve
instead of the No. 10 (2 mm) sieve. The procedure specifies an ASTM hydrometer,
graduated to read in specific gravity of the suspension or g L™ suspension and
conforming to the requirements for hydrometers 151H and 152H in Specifications E
100. Dimensions of both hydrometers are the same; the scale is the only item of
difference.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.3 Water Dispersible

Water dispersible PSDA: The phenomena of flocculation and dispersion
(deflocculation) are very important in determining the physical behavior of the colloidal
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fraction of soils and thus, indirectly, have a major bearing on the physical properties
which soils exhibit (Sumner, 1992). Particle-size distribution analysis by mechanical
means in distilled water without the removal of organic matter and soluble salts and
without the use of a chemical dispersant is referred to as water dispersible PSDA.

Water dispersible PSDA, pipet and hydrometer methods: On some SSL data
sheets, water dispersible PSDA by hydrometer is not designated by a specific SSL
method but rather by “SML” (Soil Mechanics Laboratory). There is no method
documented in SSIR No. 42 for water dispersible PSDA by hydrometer, as the standard
water dispersible PSDA is determined by the pipet method at the SSL. Refer to Soil
Survey Staff (2004) for the standard water dispersible PSDA method by pipet. Also
refer to ASTM D 4221-99 for the standard test method for dispersive characteristics of
clay soil by double hydrometer (ASTM, 2008h). This test method, when used in
conjunction with a test performed by ASTM D 422-63 on a duplicate soil sample,
provides an indication of the natural dispersive characteristics of clay soils. This test
method is applicable only to soils with a plasticity index (PI) >4, as determined in
accordance with ASTM D 4318-05 (ASTM, 2008k), and to soils in which >12 percent
of the soil fraction is finer than 0.005 mm, as determined in accordance with Method
422-63. Test method ASTM D 4221-99 (ASTM, 2008h) is similar to ASTM D 422-63,
except that the former determines the percent soil particles <0.005 mm in diameter in a
soil-water suspension without mechanical agitation and without the addition of a
dispersing agent. The amount of <0.005-mm particles by this method compared with the
total amount of <0.005-mm particles as determined by ASTM D 422-63 is a measure of
the dispersive characteristics of the soil. Test method ASTM D 4221-99 does not
identify all dispersive clay soils.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.3 Water Dispersible
3.1.23.1 Total Clay, <0.002 mm (<2 pm)

Water dispersible clay, definition: Water dispersible clay (WDC) is a soil
separate with <0.002-mm (<2-pum) particle diameter. The clay percentage determined
by mechanical means without the removal of organic matter and soluble salts and
without the use of a chemical dispersant is referred to as WDC. The SSL determines the
WDC by the pipet method. The SSL reports the WDC as a weight percentage on a
<2-mm basis.

Water dispersible clay, application: Middleton (1930) suggested a relationship
between the easily dispersed silt and clay (dispersion ratio) and soil erodibility. The
WDC measurement was evaluated as a predictor in the USDA/NRCS Water Erosion
Prediction Program (WEPP). This measurement has also been suggested as a parameter
for evaluating positive charge in tropical soils (Gillman, 1973). The WDC is a
significant factor in the physical condition of a soil in that many of the soil properties
that affect soil erodibility, aggregate stability, and crust formation are those properties
that affect the propensity of the clay fraction to disperse in water (Brubaker et al.,
1992). These properties include organic matter content; relative amounts of various
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cations on exchange sites; presence of soluble salts, such as gypsum; clay mineralogy;
nature of charge on colloids; and antecedent soil moisture content (Brubaker et al.,
1992). Water dispersible clay values can be useful when relationships can be developed
between these data and total clay amounts, as determined by standard PSDA.

Water dispersible clay, data assessments: In a study of 54 sites across the United
States, representing approximately 60 soil series, the soil property most strongly
correlated with WDC was total clay; less significantly correlated properties included
1500-kPa water content, dithionite-citrate extractable Fe and Al, coefficient of linear
extensibility, Wischmeier’s M, the content of very fine sand, the ratio of cation-
exchange capacity (CEC) to total clay, Bouyoucos’s clay ratio, and the CEC (Brubaker
et al., 1992). The best model for estimating WDC when all of the data were used in the
regression analysis included the total clay content and the ratio of CEC corrected for
organic (CCEC) to total clay (R* = 0.723); however, sorting the data by the ratio of
CCEC to total clay instead of including it in the model significantly improved the
overall fit of the model (R* = 0.879) (Brubaker et al., 1992). Results seem to indicate
that low-activity clays are about twice as dispersible as high-activity clays.

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.3 Water Dispersible
3.1.2.3.2  Total Silt, 0.002 to 0.05 mm

Water dispersible silt, definition: Water dispersible silt is a soil separate with
0.002- to 0.05-mm particle diameter. The silt percentage determined by mechanical
means without the removal of organic matter and soluble salts and without the use of a
chemical dispersant is referred to as water dispersible silt. The SSL determines the
water dispersible silt by the pipet method. The SSL reports the water dispersible silt as a
weight percentage on a <2-mm basis.

Water dispersible silt, application: Middleton (1930) cited the ratio of water
dispersible silt plus clay to total silt plus clay (dispersion ratio) as “probably the most
valuable single criterion in distinguishing between erosive and non-erosive soils.”

3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.3 Water Dispersible
3.1.2.3.3 Total Sand, 0.05 to 2.0 mm

Water dispersible sand, definition: Water dispersible sand is a soil separate with
0.05- to 2.0-mm particle diameter. The sand percentage determined by mechanical
means without the removal of organic matter and soluble salts and without the use of a
chemical dispersant is referred to as water dispersible sand. The SSL determines the
water dispersible sand by sieve analysis. The SSL reports the water dispersible sand as a
weight percentage on a <2-mm basis.
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3.1 Particle-Size Distribution Analysis
3.1.2 Particles <2 mm
3.1.2.4 Soil Loss Through Water Erosion and Wind Erosion, Processes, Case Studies, and
Major Developments

Soil erosion, processes: Particle-size distribution (soil texture) is a major soil
property that affects a soil’s susceptibility to erosion and as such is a key parameter in
any soil erosion prediction model. For these reasons, the process of soil loss is described
and references to case studies/datasets are presented as evidentiary examples of the
actions/practices that have promoted or diminished this soil process. Major
developments in the knowledge, science, and technology of soil and water conservation
also are discussed.

Soil erosion has been defined as the detachment or breaking away of soil particles
from land surface by some erosive agent (e.g., water and wind) and the subsequent
transportation of the detached particles to another location (Flanagan, 2002). Soil
erosion, a major cause of the degradation of water quality throughout the United States,
is the result of several factors, including rainfall intensity, steepness of slope, length of
slope, vegetative cover, and management practices (O’Geen et al., 2006). The inherent
properties of a soil also play a major role in erosion. This intrinsic property is the soil’s
erodibility (O’Geen et al., 2006). Four major soil properties govern erodibility: texture
(particle-size distribution), structure, organic matter content, and permeability. These
properties have been identified through nationwide studies performed by the USDA
Agricultural Research Service (ARS) using rainfall simulation tests (USDA/NRCS,
2009b), and the soil survey staff measures these properties and uses them to predict the
potential of the soil for erosion by water (O’Geen et al., 2006). This potential is called
the K factor, or soil erodibility.

Soil erosion is both a human-induced process and a natural process, the latter of
which is a critical factor in the formation of soil from rock parent material. Human-
induced erosion is caused by removal or reduction of plant and residue cover related to
such activities as crop removal, tillage, and livestock grazing. Water erosion can occur
on rainfed and irrigated lands and can result from snowmelt. Wind erosion has been
driven by cycles of climatic change over geologic time, resulting in transport and
accumulation of eolian sediments. It is a common phenomenon today in regions of arid
and semiarid climates and sparse vegetation (Busacca and Chandler, 2002). Erosion has
a range of impacts, both onsite and offsite. It removes fertile topsoil, organic matter, and
nutrients, thereby decreasing the tilth, water-holding capacity, and general productivity
of a soil for onsite agricultural production (Flanagan, 2002). In addition, erosion
impacts pollution of natural waters and environments through the transport of
agricultural inputs.

Soil erosion, case studies: The Dust Bowl of the 1930s is perhaps the most famous
area in the U.S. for historians studying erosion (Bonnifield, 1979; Worster, 1979; Hurt,
1981). This area encompasses western Kansas, southeastern Colorado, northeastern
New Mexico, and the panhandles of Oklahoma and Texas. It was during this period that
the USDA Soil Conservation Service (SCS) was created by public law (1935), which
declared soil erosion as a menace to the natural welfare. In 1936, the USDA/SCS began
cost sharing for soil conservation practices. The 3- to 10-year term contracts called for a
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number of conservation practices in the Great Plains, e.g., field and wind stripcropping,
windbreaks, waterways, terraces, diversions, erosion-control dams and grade-
stabilization structures, water-spreading systems, the reorganization of irrigation
systems, well and water storage facilities, the use of fencing to distribute grazing, and
control of shrubs. Perhaps the most far-reaching USDA/SCS recommendation in the
Great Plains was the conversion of cropland on highly erodible soils back to grassland,
thereby improving rangeland and pasture and further diversifying farming-ranching
(Helms, 1990). This recommendation was based on surveys in the 1930s showing that
failure in the Great Plains was related to two groups: strict dryland farmers who had no
cattle, and cattlemen who grew no feed. While technology has changed through the
years, these essential elements still guide the Great Plains conservation program
(Helms, 1990). These new technologies impacting the Great Plains included
conservation tillage, which was introduced in the 1970s. In 1988, the acreage planted
using conservation tillage in the southern and northern plains was estimated at 23
percent and 32 percent, respectively (National Association of Conservation Districts,
1988).

The Dust Bowl era was not the last of the episodes of wind erosion in the Great
Plains. The drought that struck the Great Plains in the 1950s led not only to emergency
drought measures but also eventually to new long-term conservation programs and
policies (Helms, 1990). The USDA/SCS recommended that farmers be assisted in
converting cropland back to grassland by paying 50 percent of the cost, provided that
these lands remained in grass for at least 5 years (USDA/SCS, 1955). While dust storms
are not common generally, several years of drought can set the stage for these storms.
Such a situation occurred in Kansas on March 14, 1989 (Helms, 1990). The 1988-1989
wind erosion season was the worst since 1954-1955, when SCS started keeping records
(USDA, 1989).

Another area in the United States severely impacted by erosion is the Southeast.
While soil loss in semiarid areas of cropland is primarily the result of wind erosion, soil
loss in the Southeast is most directly linked to water erosion. The history of the
Southeastern United States is largely a story of depletion, erosion, runoff, and farm
abandonment that can still be witnessed today in the behavior of the soils of this region
(Miller and Radcliffe, 1992). The intensive cultivation history in this area over the last
two centuries has transformed an area of deep soils and clear waters into a marginal
agricultural region of exposed subsoils and turbid, sediment-clogged streams (Miller
and Radcliffe, 1992). The study by Trimble (1974) is one of the classic investigations of
the long-term effects of erosion (1700-1970) on some highly erodible soils in this area
under continuous intensive cultivation. Trimble reported that soils of the Southern
Piedmont were stripped of their topsoil and dissected by gullies, with the entire region
(about 150,000 km?) having lost an average of 0.17 m of topsoil. Trimble attributed this
erosion to the advent of clean-cultivated cash crops, e.g., tobacco and cotton, and the
exploitative nature of land clearing. The decline in erosive land use in this area from
1920-70 was largely due to a decline in agriculture, mainly resulting from the
unsuitability of small, sloping, and irregular fields for modern machinery. Also, crops
formerly grown on the Piedmont could be grown more economically elsewhere;
nonfarm employment was available both within and outside the region; and in some
cases farms were so damaged by erosion that continued cultivation was no longer
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profitable. Poor physical land condition was the reported reason for 31 percent of the
land abandonment in the Southern Piedmont between 1930 and 1940 (U.S. Bureau of
the Census, 1943). The decline in agriculture from 1919 to 1967 is evidenced by row
crop acreages, e.g., 159,000 acres versus 9,000 acres, respectively, in Chambers
County, Alabama; 91,000 acres versus 1,000 acres, respectively, in Jasper County,
Georgia; 137,000 acres versus 9,000 acres, respectively, in Gwinnett County, Georgia;
and 33,000 acres versus 4,000 acres, respectively, in Stokes County, North Carolina
(Trimble, 1974). After 1935, soil conservation management (e.g., contour plowing,
terracing, crop rotation) improved dramatically and became widespread across the
Southern Piedmont, primarily due to the efforts of the USDA/SCS (Trimble, 1974).
Despite this apparent success in this area, there were few reports released from 1935 to
1970 relating quantitative measures to the effectiveness of the applied conservation
practices.

Over the years, estimates of soil loss in North America as a result of erosion have
differed or are variable over time, reflective of the types of agricultural practices and
applications of conservation techniques (Geiger, 1957; De Bivort, 1975; Pimentel et al.,
1976; Howard, 1981; Larson, 1981; Crosson, 1985). Estimates of soil loss in North
America have been derived from national, regional, or site-specific studies, and the site-
specific ones are often related to areas of increased concern, sometimes termed “hot
spots.” In the Cordillera region of Canada, Stichling (1973) estimated the soil loss rate
to be greater than 3 t ha” yr''. As a result of logging and clearcutting and mining, the
Oldman River basin in Alberta was shown to have stream instability; undercut, massive
landslides; gullying; and bank erosion (Northwest Hydraulic Consultants, Ltd., 1980).
Brown (1984) reported that the Mississippi River carries 331 million tons of soil into
the Gulf of Mexico each year. Other areas of concern in the United States are areas with
sandy soils caused by the lack of binding agents for aggregation; peats in Florida, which
may erode when drained, cleared, and cultivated; and light loess soils that occur in some
parts of Washington State and parts of the Great Plains (Warren, 2002). Frazier et al.
(1983) reported that soils of the Palouse region, which formed in loess, are some of the
most vulnerable soils in the United States.

At the national level, for over five decades the USDA/NRCS (formerly the
USDA/SCS) has conducted periodic inventories of natural resources. The 1945 Soil and
Water Conservation Needs Inventory (CNI), a reconnaissance study, was the foundation
for the 1958 and 1967 CNIs, the agency’s first efforts to collect data nationally for
scientifically selected field sites. The 1975 Potential Cropland Study focused on
identifying lands best suited for cultivation. One of the more recent efforts by the NRCS
is the National Resources Inventory (NRI), a statistical survey of natural resource
conditions and trends on nonfederal land in the U.S. The NRI was conducted every 5
years from 1977 to 1997, the inventory is currently transitioning to an annual process.
In 1982, soil loss was estimated at 3.1 billion tons annually on U.S. cropland, with 29
percent of this land eroding at excessive rates; but the estimates for 1997 and 2001 were
1.9 billion tons and 1.8 billion tons, respectively (USDA/NRCS, 2001). From 1982 to
2001, the rate of sheet and rill erosion dropped by almost 41 percent and the rate of
wind erosion dropped by 43 percent. The acreage of highly erodible cropland declined
from 123.9 million acres in 1982 to 101.1 million acres in 2001. Reductions in soil loss
during this 20-year period may be due in part to the enactment of the Food Security Act
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of 1985, which linked farmers’ eligibility for USDA programs (e.g., price support
payments and crop insurance) to conservation preservation, especially on highly
erodible lands. Title XII of this act was the Conservation Reserve Program (CRP), a
program with roots in the Soil Bank Act of 1956. The CRP was a voluntary long-term
cropland retirement program which provided participants (farm operators or tenants)
with annual per-acre rent plus half the cost of establishing a permanent land cover
(usually grass or trees). In exchange, the participant retired highly erodible or
environmentally sensitive cropland from production for 10 to 15 years.

The Food Security Act of 1985 was in effect a reversal of the “plant fence row to
fence row” philosophy of the 1970s, which in retrospect was detrimental to the gains
that conservation programs had made in the previous 40 years (Cain and Lovejoy,
2004). A 1977 Congressional study found that 26 percent of farmers in the Great Plains
Conservation Reserve Program had plowed up their newly established grasslands for
wheat production after their contracts expired. This study emphased the difficulty of
maintaining long-term conservation practices, especially in land retirement programs
(Doering, 1997).

In general, soil erosion is more severe in North America than in some countries in
Europe, partly as a result of differences in climate, e.g., higher intensity rains and
climatic extremes (hot summers, cold winters), which increase the soil’s susceptibility
to water erosion (Lal, 1990). Other reasons for this difference are related to intensive
land use, monocropping without frequent use of soil-conserving cover crops, continuous
cropping, and the excessive and often unnecessary use of heavy machinery (Lal, 1990).

In the last 50 years, great strides have been made in the development and
application of soil and water conservation techniques in North America. In a somewhat
parallel manner, data collection and erosion assessment technologies have also
improved during this period. More recently, advances have been made in estimating on-
farm economic costs of erosion, e.g., the Productivity Index (PI) model developed by
Pierce et al. (1983) and the Erosion Productivity Impact Calculation (EPIC) model
(USDA/SCS, 1989). All of these are important ingredients in the ongoing development
and understanding of the cause-and-effect relationships of the soil erosion process and
the appropriate methods that provide constraint/stress alleviation, restoration, and
quality enhancement.

Major developments in knowledge, science, and technology in soil and water
conservation: Since 1945, soil and water conservation technologies in the U.S.,
individually and in combination, have been developed and refined. These technologies
are most commonly presented in conservation plans. Earlier efforts to reduce soil
erosion were promoted by the Department of the Interior’s soil erosion program, which
evolved to the USDA/SCS in 1935 and to the USDA/NRCS in 1994. These vegetative
or mechanical technologies, which address erosion by water and by wind, include but
are not limited to: terraces, interseeding, crop rotations, stripcropping, vegetative
waterways, buffer strips, filter strips, cover crops, conservation tillage (e.g., no-till,
ridge-tillage, mulch-till), residue management, contour cropping, management-intensive
grazing (MIG) systems, tree windbreaks, herbaceous windbreaks, artificial barriers,
land reshaping to reduce erosion on knolls, and maintaining clods or stable aggregates
at the soil surface (USDA, 1957; Troeh et al., 1980; Weesies et al., 2002; Tibke, 2002).

53



In the 1970s, conservation tillage became a major part of the conservation program
in the U.S., due in large part to advances in herbicide developments that took place in
the 1960s. Prior to this time, lack of weed control had defeated previous practical
attempts to utilize crop residue for its known erosion-control potential (Doren, 1986).
Since this time, the application of conservation tillage has been modified and adapted to
encompass a wide range of tillage practices, climates, and soils. Additionally,
conservation tillage has become integrated as one component of an overall soil
management system. Conservation tillage has been described as any tillage and planting
system in which 30 percent or more of the soil surface is covered with crop residue after
planting, thus reducing the hazard of soil erosion by water (Weesies et al., 2002). Where
soil erosion by wind is the primary concern, any system that maintains the equivalent of
at least 1120 kg/ha (1000 Ib/acre) of flat, small grain residue on the soil surface
throughout the critical wind erosion period qualifies as conservation tillage.

Assessment methods for soil and water erosion have changed dramatically over the
years, i.e., from experimental research plots (e.g., Columbia, Missouri, in 1917) to
prediction models, e.g., empirical, physical or process-based, and hybrid models.
Empirical models have used mathematical equations or sets of equations developed and
used since the 1950s, such as the Wind Erosion Equation (Woodruff and Siddoway,
1965), the Universal Soil Loss Equation (water) (Wischmeier and Smith, 1978), and the
Revised Universal Soil Loss Equation (RUSLE) (Renard et al., 1997). The development
of T factors (soil loss tolerance) in the 1950s and 1960s was based on cropland and was
not applicable to permanent pasture or rangeland. The development of process-based
models to predict soil erosion by wind or water is largely a result of advances in
computer technology. These process-based models include the USDA/ARS Water
Erosion Prediction Program (WEPP) (Flanagan and Nearing, 1995) and the USDA/ARS
Wind Erosion Prediction System (WEPS) (Hagan, 1991). The WEPP model is a steady-
state model that uses numerous U.S. databases of climate, soils, tillage, and crops
information and incorporates information on disturbed sites (e.g., forest roads and
burned areas). Runoff in the WEPP model is generated from rainfall input using an
infiltration equation (Lane and Nearing, 1989). The WEPS model is a daily time-step
model that predicts soil erosion via simulation of the physical processes that control
wind erosion. It is intended for use in soil conservation and environmental planning.
Hybrid models have also been developed, such as EPIC (Erosion Productivity Impact
Calculator, Environmental Policy Integrated Climate), which has evolved over time
(Williams et al., 1984; Sharpley and Williams, 1990). Other developments in the
assessment of erosion and deposition include cesium-157, derived from weapons testing
after 1945 and used as a tracer; remote sensing; and monitoring of fields and sediment
yield of rivers (Boardman, 2002). The advantages and limitations of some of these
methods/models for the assessment of erosion are reviewed by Rose, 1998, 2002;
Arnold et al., 2002; and Laflen, 2002.

The publication of scientific papers in the Soil Science Society of America (SSSA)
Division S-6, Soil and Water Management and Conservation, closely parallels the
temporal and spatial shifts of emphasis in this area. There was an overall decline in
scientific publications in soil and water conservation from 1962 to 1965 (9.7 percent)
and from 1966 to 1973 (7.4 percent) but an increase from 1982 to 1985 (12.9 percent)
(Doren, 1986), somewhat coinciding with the renewed interest in soil erosion and the
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enactment of the USDA Farm Bill of 1985. Over 49 percent of the papers in this
division were from the North Central Region (1962 to 1965). From 1970 to 1977, the
emphasis shifted to the West with 59 percent. The average for each of these two regions
was 34 percent from 1978 to 1986 (Doren, 1986).

3.1 Particle-Size Distribution Analysis
3.1.3 Particles >2 mm

Particles >2 mm, definitions: Rock and pararock fragments are defined as
particles >2 mm in diameter and include all particles with horizontal dimensions less
than the size of a pedon (Soil Survey Division Staff, 1993). Rock fragments are further
defined as strongly cemented or more resistant to rupture, whereas pararock fragments
are less cemented than the strongly cemented class; most of these fragments are broken
into particles 2 mm or less in diameter during the preparation of samples for particle-
size analysis in the laboratory. Rock fragments are generally sieved and excluded from
most chemical, physical, and mineralogical analyses. Exceptions are described in SSIR
No. 42 (Soil Survey Staff, 2004). It is necessary to know the amount of particles >2 mm
in diameter for several applications, e.g., available water capacity and linear
extensibility (Grossman and Reinsch, 2002). Refer to the “National Soil Survey
Handbook” (USDA/NRCS, 2009b) for a detailed description of rock fragments, their
significance, classes, size, shape, hardness, etc. Nonflat rock fragment classes are
defined as follows:

e The 2- and 5-mm fraction corresponds to the size openings in the No. 10 and
No. 4 screen (4.76 mm), respectively, used in engineering. Coarse fractions with
2- to 5-mm particle diameter correspond to the rock fragment division fine
gravel.

e The 5- and 20-mm fraction corresponds to the size of openings in the No. 4
screen (4.76 mm) and the 3/4-in screen (19.05 mm), respectively, used in
engineering. Coarse fractions with 5- to 20-mm particle diameter correspond to
the rock fragment division medium gravel.

e The 20- and 75-mm fraction corresponds to the size of openings in the 3/4-in
screen (19.05 mm) and the 3-in screen (76.1 mm), respectively, used in
engineering. Coarse fractions with 20- to 75-mm particle diameter correspond to
the rock fragment division coarse gravel.

e The 75-mm fraction corresponds to the size of opening in the 3-in screen (76.1
mm) used in engineering. The 0.1 and 75 mm division is for taxonomic
placement of particle-size class, i.e., to distinguish loamy and silty family
particle-size classes.

Particles >2 mm, measurements: In this section, the SSL PSDA methods for
>2-mm diameter particles are described. These include weight estimates by field and
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laboratory weighing; weight estimates from volume and weight estimates; and volume
estimates. For detailed descriptions of the SSL methods which are cross-referenced by
method code in the table of contents in this manual, refer to SSIR No. 42 (Soil Survey
Staff, 2004), which is available online at http://soils.usda.gov/technical/lmm/.

3.1 Particle-Size Distribution Analysis
3.1.3 Particles >2 mm
3.1.3.1 Weight Estimates
3.1.3.1.1 By Field and Laboratory Weighing
3.1.3.1.2 From Volume and Weight Estimates
3.1.3.2 Volume Estimates

Weight estimates by field and laboratory weighing: The SSL determines weight
percentages of the >2-mm fractions by field and laboratory weighing. In the field or in
the laboratory, the sieving and weighing of the >2-mm fraction are limited to the
<75-mm fractions. In the field, fraction weights are usually recorded in pounds, whereas
in the laboratory, fraction weights are recorded in grams. The 20- to 75-mm fraction is
generally sieved, weighed, and discarded in the field. This is the preferred and usually
the most accurate method. Less accurately, the 20- to 75-mm fraction is estimated in the
field as a volume percentage of the whole soil. If this fraction is sieved and weighed in
the laboratory, the results are usually not reliable because of small sample size.

Weight estimates from volume and weight estimates; volume estimates: The
SSL estimates weight percentages of the >2-mm fractions from volume estimates of the
>20-mm fractions and weight determinations of the <20-mm fractions. The volume
estimates are visual field estimates. Weight percentages of the >20-mm fractions are
calculated from field volume estimates of the 20- to 75-mm, 75- to 250-mm, and
>250-mm fractions. The >250-mm fraction includes stones and boulders that have
horizontal dimensions that are smaller than the size of the pedon. Weight measurements
for the 2- to 20-mm fraction are laboratory measurements. Weight measurements of the
20- to 75-mm fractions in the field are more accurate than visual volume estimates.
Weight measurements of this fraction in the laboratory are not reliable. The volume
estimates that are determined in the field are converted to dry weight percentages. For
any >2-mm fractions estimated by volume in the field, the SSL calculates weight
percentages. The visual volume estimates of the >20-mm fraction are subjective. The
conversion of a volume estimate to a weight estimate assumes a particle density of 2.65
g cc”! and a bulk density for the fine-earth fraction of 1.45 g cc'. Measured values can
be substituted in this volume to weight conversion, if required. Unless otherwise
specified, the SSL reports the particle-size fractions 2 to 5, 5 to 20, 20 to 75, and 0.1 to
75 mm on a <75-mm oven-dry weight percentage basis. The total >2-mm fraction is
reported on a whole soil oven-dry weight percentage basis.

Weight and volume estimates, interferences: Soil variability and sample size are
interferences to weight determinations of the >2-mm particles. Enough soil material
needs to be sieved and weighed to obtain statistically accurate rock fragment content. In
order to accurately measure rock fragments with maximum particle diameters of 20 and
75 mm, the minimum dry specimen sizes that need to be sieved and weighed are 1.0 and
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60.0 kg, respectively. Refer to ASTM method D 2488-06 (ASTM, 2008c). Whenever
possible, the field samples or “moist” material should have weights two to four times as
large (ASTM, 2008c). Therefore, sieving and weighing the 20- to 75-mm fraction
should be done in the field. The <20-mm fractions are sieved and weighed in the
laboratory. Refer to Table 1.2.1 for minimum dry weights for particle-size analysis.

The visual volume estimates of the >75-mm fractions are subjective. The
conversion of a volume estimate to a weight estimate assumes a particle density of 2.65
g cc”' and a bulk density for the fine-earth fraction of 1.45 g cc™'. If particle density and
bulk density measurements are available, they are used in the calculations.

3.2 Bulk Density

This section describes the SSL field and laboratory methods for bulk density and
information on key definitions and applications of resulting data. There are two broad
groupings of SSL bulk density methods: (1) those for soil materials coherent enough
that a field-sample can be removed and (2) those for soils too fragile for removal of a
sample, in which case an excavation operation must be performed. The SSL uses bulk
density notations to designate the water state of the sample when the volume was
measured as follows: ps, pa33, pPsod, and pp, for field-state, 33-kPa, oven-dry, and rewet,
respectively. This section also describes the soil process of compaction, and references
to case studies/datasets are presented as evidentiary examples of the actions/practices
that have promoted or diminished this soil process. For detailed descriptions of the SSL
methods which are cross-referenced by method code in the table of contents in this
manual, refer to SSIR No. 42 (Soil Survey Staff, 2004), which is available online at
http://soils.usda.gov/technical/lmm/. Refer to SSIR No. 51 (Soil Survey Staff, 2009;
available online at http://www.soils.usda.gov/technical/) for descriptions of field
methods as used in NRCS soil survey offices.

3.2 Bulk Density

3.2.1 Assessments and Predictions

Bulk density, definition: Density is defined as mass per unit volume. Soil bulk
density of a sample is the ratio of the mass of solids to the total or bulk volume. This
total volume includes the volume of both solids and pore space. Bulk density is
distinguished from particle density, which is mass per unit volume of only the solid
phase (Blake and Hartge, 1986b). Particle density excludes pore spaces between
particles.

Bulk density, general applications: In the USDA soil survey program, bulk
density has been studied and related to soil genesis, classification, and interpretations as
follows: to convert data from a weight to a volume basis, to determine the coefficient of
linear extensibility (COLE), to estimate saturated hydraulic conductivity, to detect the
presence of significant amounts of volcanic ash and pumice in soil material, to estimate
the degree of weathering of rocks and soils, to follow volume changes with soil genesis,
and to study gains and losses of soil materials (Buol et al., 1980). A bulk density of
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<0.90 g cc' (g em™) at 33-kPa water retention is a diagnostic criterion for andic soil
properties (Soil Survey Staff, 2010).

Bulk density, data assessments: Bulk densities of Histosols range from 0.05 to
0.15 g cm™ for fibric and most of the hemic materials (Lynn et al., 1974). For sapric
materials, the range is wider, but densities >0.25 g cm™ are limited to organic soils with
<7 percent rubbed fiber, of which most are from cultivated surface soil. Bulk density
measurements have also been commonly used to assess soil compaction. Relationships
have been established between high bulk density and lack of root penetration
(Veihmeyer and Hendrickson, 1948; Grossman et al., 1994). Vrindts et al. (2005) found
that dry bulk density of >1.6 g cm™ limited winter wheat yields, but otherwise no
relation was observed between the yield and dry soil bulk density. Bulk densities >1.8 g
cc”! have been related to root growth impedance, and densities of 1.6 to 1.8 g cc”’ may
indicate that aeration and water movement are too low for optimum growth (National
Soil Survey Laboratory Staff, 1975). Some plow layers approach densities of 1.8 g cc™,
and some natural formations, e.g., duripans, fragipans, and petrocalcic horizons (Soil
Survey Staff, 2010), have densities this high or higher (National Soil Survey Laboratory
Staff, 1975). Bulk density has also been used as a key parameter in the development of
a numerical index to quantify soil productivity and assess long-term changes due to
erosion (25, 50, 100 yr) in Major Land Resource Area (MLRA) 105 in Minnesota
(Pierce et al., 1983). This model was based on the assumption that soil is a major factor
of crop yield (other factors being climate, management, and plant genetic potential)
because of its effects on root growth, i.e., resistance to root growth as expressed by bulk
density. Refer to additional discussion on physical root limitations (Grossman et al.,
1994) and on nonlimiting, restriction-initiation, and root-limiting bulk densities for
<2-mm family particle-size classes (Pierce et al., 1983).

Bulk density, predictions: In a study of pedotransfer functions to estimate bulk
density (pp) using existing Brazilian soil survey data, Benites et al. (2007) found that pg
could be predicted from other properties, i.e., total N*, clay*, sum of basic cations
(SB)*, C:N, water dispersible clay, Al,Os, and Ca + Mg. These variables explained 70
percent of pp variance, with * variables as the strongest contributors. A simplified
regression model using only soil organic carbon (SOC), clay, and SB described 66
percent of the pp variation in all soils at all depths, and partitioning the dataset (n =
1002) into groups by soil depth and soil order did not lead to remarkable improvements
in pp prediction. On the other hand, using the 1997 SSL characterization data (N =
47,000, subsoil + surface samples), Heuscher et al. (2005) found that partitioning the
database by soil suborder improved the regression relationships (R* = 0.62, p <0.001).
In a stepwise regression procedure, SOC was the strongest contributor to pp prediction;
other significant variables included clay and water contents and, to a lesser extent, silt
content and depth. In general, the accuracy of regression equations was greater for
suborders containing more SOC (most Inceptisols, Spodosols, Ultisols, and Mollisols)
and more poorly predicted for suborders of Aridisols and Vertisols that contain little or
no SOC. Heuscher et al. (2005) concluded that regression equations are a feasible
alternative for bulk density estimation.
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3.2 Bulk Density
3.2.2 Soil Compaction, Process and Case Studies

Soil compaction, process: The term soil compaction refers to the compression of a
soil (reduced spaces between soil particles) resulting in reduced pore space, decreased
movement of water and air into and within the soil, decreased water storage, and
increased surface runoff and erosion.

Soil compaction, case studies: Human-induced compaction has increased
dramatically over recent decades, largely resulting from mechanical stress caused by
off-road wheel traffic and machinery traffic (Hakansson and Voorhees, 1998). This
trend is related to increasing mechanization and use of larger, more efficient farm
vehicles, which lead to increased soil densification and a corresponding reduction of
productivity in some regions. Reductions in content of organic matter related to
overtillage and extensive use of inorganic fertilizers have also been related to increased
susceptibility to compaction.

Soil compaction (traffic pans, hardpans, and plowpans resulting from constant
depth plowing) and associated yield reductions have been observed since the 1930s, and
the literature on this topic has increased over the last 30 years (Hakansson and
Voorhees, 1998). Because of complex and interrelated soil, management, and climatic
factors, however, the challenge has been to directly and quantitatively relate compaction
to yield reductions and the resulting economic impact.

Many experiments have evaluated the effects of soil pans on crop yields. In some
cases yields did not increase upon pan disruption, whereas in other cases yields
increased substantially upon tillage. Those cases in which yields did not respond to
disruption of a discernible pan may have been due in part to other more yield-limiting
factors. It is difficult to isolate and evaluate the direct effects of physical resistance
because of its interaction with other environmental factors; i.e., sufficient physical and
chemical factors need to be measured and interactions understood in order to assign a
probable cause-effect relationship to excessive soil strength (Taylor, 1971).

Those cases in which yields did respond to tillage have been shown for many crops
and across geographical areas representing a wide range of soil types, as follows: cotton
in the Central Valley of California (Carter and Tavernetti, 1968) and Big Spring, Texas
(Taylor and Burnett, 1964); grass species (Barton et al., 1966); corn in lowa (Phillips
and Kirkham, 1962); grain sorghum in the southern Great Plains (Taylor and Burnett,
1964); and sugar beets (Taylor and Bruce, 1968). Lal and Ahamdi (2000) directly
related tillage effects and axle load to higher soil bulk density and yield reductions on
some soils in Ohio. Similarly, Raghavan et al. (1978) related delays in development and
reductions in yield to magnitude of vehicle contact pressure and number of passes, with
yield reductions over 50 percent, suggesting that careful traffic planning was essential
to better production in agricultural fields in Quebec. Rogers and Thurlow (1973)
directly related the effects of soil compaction to reductions in soybean yields during the
critical pod-filling period, when rainfall is usually poorly distributed in Alabama and
much of the Southeast. These compaction effects were exacerbated in dry years
compared to normal rainfall years, with 10 percent and 60 percent relative yields,
respectively. This study recommended ameliorative practices of deeper plowing;
operating the tractor with its wheels on unplowed land rather than in a furrow when the
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soil is turned; limiting wheel traffic to certain rows after planting; and making fewer
trips over the field. This study and resulting recommendations predated the
development and wide application of conservation tillage (no-till or reduced tillage) and
its associated benefits, e.g., reduced machinery traffic and increased residue.

Going a step further in establishing these cause-effect relationships, Mehuys (1984)
attributed 85 percent of the economic impact of soil degradation in Quebec to
compaction, estimating its impact to be 15 percent of potential yields, representing a
$100 million farm revenue loss. Gill (1971) estimated U.S. on-farm losses through land
compaction at $1.2 billion per year. Eswaran et al. (2001) estimated that soil compaction
causes yield reductions of 25 to 50 percent in North America. In Ohio, reductions in
crop yields were estimated over a 7-year period at 25 percent for maize, 20 percent for
soybeans, and 30 percent for oats (Lal, 1993).

Soil compaction induces or accelerates other soil degradation processes, such as
runoff and erosion. Chancellor (1976) found higher operational costs of irrigation due to
poor infiltration and presumably higher evaporative losses on some compacted soils in
California. Lindstrom et al. (1981) attributed higher runoff and erosion rates to topsoil
compaction under different long-term continuous corn (Zea mays L.) tillage systems
(conventional, conservation, no-till) in south-central Minnesota. This study was
conducted at a time when conservation tillage systems (no-till or reduced tillage) were
receiving considerable attention as measures for controlling water runoff and soil
erosion. An interesting finding of this study was that the no-till system, while
effectively absorbing the energy of falling raindrops, was not capable of retaining water
from heavy rainstorms, due in part to a consolidated soil surface condition prior to the
establishment of the no-tillage system. This prior surface compaction could not be
corrected through 10 years of normal amelioration processes (e.g., freezing and
thawing, wetting and drying, and soil fauna activity).

While the various causes and effects of soil compaction are interrelated and are
often difficult to assess, it is generally considered that this process and its amelioration
are understood well enough that systems for its management on the farm can be
reasonably formulated. This generalization is of course tempered with the recognition
that practices to reverse subsoil compaction (e.g., subsoiling) compared to surface
compaction are more costly and in some cases counterproductive if not irreversible,
resulting in denser recompaction due to destabilization from the mechanical energy
input from the subsoiling operation (Zoebisch and Dexter, 2002).

Soil compaction has been managed through the use of controlled traffic, in which
heavy traffic is confined to specific lanes through the crop and from year to year. In
recent years the controlled traffic approach has been facilitated by the development and
use of GPS-based guidance systems (Reeder, 2002). Shallow compaction resulting from
random wheel traffic has been shown to reduce cotton yields in areas planted using a
no-till system (Burmester et al., 1995). Restricting compaction to trafficked lanes
removes some of the problems with no-till systems, in which the potential for
compaction by driving on wet soil can be a concern. Additionally, controlled traffic
helps to retain the long-term benefits of subsoiling for alleviating compaction (Reeder,
2002).

The assessment of surface sealing and crusting and compaction has received less
attention, both globally and within the United States, than assessments of other
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degradation processes, e.g., erosion and salinity. Dryland salinity maps were developed
for the northern Great Plains of Canada and the United States (Vander Pluym, 1978).
Erosion maps were prepared for Canada on the basis of suspended sediment load
(Stichling, 1973). Maps and statistical surveys of erosion in the United States are
available (USDA/NRCS, 2001). Even though soil compaction and crusting are common
in areas of cropland and rangeland, maps at any scale of their distribution are currently
not known to exist, perhaps because these phenomena are so common and occur
haphazardly (Dregne, 1998). Additionally, the effects of these processes have
historically been considered “temporal” properties rather than inherent soil properties
and are not captured in taxonomic classification (Soil Survey Staff, 2010). In the 1990s,
the USDA/NRCS developed a soil quality initiative to address and incorporate these
types of assessments into soil survey. Research findings and practical technologies of
this USDA initiative can be found at http://soils.usda.gov/sqi/.

Technologies in the production and application of maps in the United States have
improved dramatically over the last decade, as evidenced by the USDA soil survey
program. National and global assessments are important in providing generalized
information on the extent, severity, and location of land degradation, and maps are
typically the most useful way to present this information (Dregne, 1998). These maps,
however, do not provide the specificity that is needed to understand and address these
problems in any meaningful way, due in part to scale. In general, maps of any soil
degradation process are scarce at any scale (Dregne, 1998). These kinds of maps are
critical to any long-term assessment, monitoring, or restoration of soil quality and its
interrelated components. The production of maps is likely less cost prohibitive than the
interpretations of these maps, generated from onsite field investigations and laboratory
analyses.

3.2 Bulk Density

3.2.3 Saran-Coated Clods
3.2.3.1 Field-State (Ppr)
3.2.3.2  33-kPa Equilibration (pg33)
3.2.3.3  Oven-Dry (PBod)
3.2.3.4 Rewet (Ppr)

3.2.4 Reconstituted
3.2.4.1 33-kPa Equilibration
3.24.2 Oven-Dry

3.2.5 Compliant Cavity

3.2.6 Ring Excavation

3.2.7 Frame Excavation
3.2.7.1 Field-State

3.2.8 Soil Cores
3.2.8.1 Field-State

Bulk density, soil water content: Bulk density may be highly dependent on soil

conditions at the time of sampling. Changes in soil volume due to changes in water
content will alter bulk density. Soil mass remains fixed, but the volume of soil may
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change as water content changes (Blake and Hartge, 1986a). Bulk density, as a soil
characteristic, is actually a function rather than a single value. Therefore, subscripts are
added to the bulk density notation, pg, to designate the water state of the sample when
the volume was measured. The SSL uses the bulk density notations of pas, pPs33, Paod,
and pgp; for field-state, 33-kPa equilibration, oven-dry, and rewet, respectively.

Bulk density methods, groupings: In general, there are two broad groupings of
bulk density methods: one for soil materials coherent enough that a field sample can be
removed and the other for soils too fragile for the removal of a sample, in which case an
excavation operation must be performed. Under the former condition, there are clod
methods in which the sample has an undefined volume, the sample is coated, and the
volume is determined by submergence. Also, there are various methods in which a
cylinder of known volume is obtained of soil sufficiently coherent that it remains in the
cylinder. The complete cylinder may be inserted, or only part of the cylinder is inserted,
and the empty volume is subtracted from the total volume of the core (e.g., variable
height method, Grossman and Reinsch, 2002). Three SSL excavation procedures have
been used to determine ppras follows: (1) compliant cavity, (2) ring excavation, and
(3) frame excavation (Grossman and Reinsch, 2002; Soil Survey Staff, 2004).

Bulk density, measurements: The following section describes the SSL field and
laboratory procedures for bulk density as well as their specific method applications and
interferences. Using the broad groupings previously discussed and their associated
water contents, the SSL method categories for bulk density (g cm™) are as follows:

e For soil materials coherent enough that a field sample can be removed, use the
following:
o saran-coated natural clods at water contents—
= field-state (par)
= 33-kPa equilibration (ps33)
= oven-dry (Psod)
= rewet (pgr)
o soil cores at field-state (pgr)
e For soils subject to tillage or other mechanical disturbances followed by an
extreme water-state cycle, use the following:
o reconstituted bulk density
= 33-kPa equilibration (pg33)
*  oven-dry (pPsod)
e For soils too fragile for the removal of a sample and for which an excavation
operation must be performed, use the following:
o compliant cavity
= field-state (pgr)
o ring excavation
= field-state (par)
o frame excavation
= field-state (par)
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3.2 Bulk Density
3.2.3 Saran-Coated Clods
3.2.3.1 Field-State (ppr)
3.2.3.2  33-kPa Equilibration (pz33)
3.2.3.3  Oven-Dry (Pgod)
3.2.3.4 Rewet (Ppr)

Saran-coated natural clods, field-state (pgs), definition and measurement: pps is
the bulk density of a soil sample at field-soil water content at the time of sampling. pgt
is particularly useful if the soil layers are at or above field capacity and/or the soils have
low extensibility and do not exhibit desiccation cracks even if below field capacity. par
using saran-coated clods is determined by collecting field-occurring fabric (clods) from
the face of an excavation. One coat of plastic lacquer is applied in the field. Additional
coats of plastic lacquer are applied in the laboratory. In its field-water state or after
equilibration, the clod is weighed in air to measure its mass and in water to measure its
volume. After the clod is dried in an oven at 110 °C, its mass and volume are
determined again.

Saran-coated natural clods, 33-kPa equilibration (pz33), definition and
measurement: pgs3 is the bulk density of a soil sample that has been desorbed to 33
kPa. Field-occurring fabric (clods) is collected from the face of an excavation. One coat
of plastic lacquer is applied in the field. Additional coats of plastic lacquer are applied
in the laboratory. The clod is desorbed to 33 kPa. After equilibration, the clod is
weighed in air to measure its mass and in water to measure its volume. After the clod is
dried in an oven at 110 °C, its mass and volume are determined again.

Saran-coated natural clods, oven-dry (pp.q), definition and measurement: pgoq
is the bulk density of a soil sample that has been dried in an oven at 110 °C. Field-
occurring fabric (clods) is collected from the face of an excavation. One coat of plastic
lacquer is applied in the field. Additional coats of plastic lacquer are applied in the
laboratory. The clod is dried in an oven at 110 °C and then weighed in air to measure its
mass and in water to measure its volume.

Saran-coated natural clods, rewet (pz,), definition and measurement: pp;, is the
bulk density of a soil sample that has been equilibrated, air dried, and reequilibrated.
The pg; 1s used to determine the irreversible shrinkage of soils and subsidence of
organic soils. Field-occurring fabric (clods) is collected from the face of an excavation.
One coat of plastic lacquer is applied in the field. Additional coats of plastic lacquer are
applied in the laboratory. After equilibration, the clod is weighed in air to measure its
mass and in water to measure its volume. The clod is air dried and reequilibrated, and
its mass and volume are remeasured. After the clod is dried in an oven at 110 °C, its
mass and volume are determined again.

Saran-coated natural clods, interferences: The complication concerning the
difference between bulk density of the soil and that of the sample is particularly
important for the clod method as presented herein, which permits determination of the
volume at different water contents and, hence, volumes. If the water content is at or near
field capacity, desiccation cracks are closed and the bulk density (pg33 or ppr if field-
water is near field capacity) of the soil and of the sample are considered the same;
however, if the sample is at water content below field capacity through drying after
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sampling or because the sample was taken below field capacity, then desiccation cracks
that occur in place are excluded from the soil and the sample bulk density exceeds that
of the soil. If the sample is large and inclusive of the desiccation cracks, as in some
excavation procedures, then again the sample and soil bulk density are the same. The
difference between sample bulk density and soil bulk density is particularly large for
oven-dry clods (pgoq) of soils with high extensibility and may also be large for soils
subject to a large increase if taken through a rewet cycle. Grossman and Reinsch (2002)
discuss the manipulation of clod bulk densities (the sample) at water contents below
field capacity to obtain an estimate of the soil bulk density at such water contents.
Similarly, estimates of soil bulk density at intermediate field-water contents between
field capacity and oven dryness inclusive of desiccation crack space are discussed by
Grossman et al. (1990).

Errors are caused by nonrepresentative samples. Only field-occurring fabric (clods)
should be sampled. The whole bulk density may be overestimated because sampled
clods frequently exclude the crack space between clods (Grossman and Reinsch, 2002).

The penetration of plastic lacquer into the voids of sandy or organic soil interferes
with the corrections of mass and volume of the plastic coat and with the accuracy of
water content determinations. Penetration can be reduced by spraying water on the clod
and then immediately dipping the clod in the plastic lacquer.

Loss of soil during the procedure will void the analyses because all calculations are
based on the oven-dry soil mass. Holes in the plastic coating, which are detected by
escaping air bubbles from the submerged clod, introduce errors in volume
measurement. An inadequate evaporation of the plastic solvent results in overestimation
of the soil mass. A drying time of 1 h is usually sufficient time for evaporation of
solvent; however, clods with high organic matter content may need to dry longer.

As bulk density (pp) is usually reported for the <2-mm soil fabric, the mass and
volume of rock fragments are subtracted from the total mass and volume (Brasher et al.,
1966; Blake and Hartge, 1986a). This correction for rock fragments with >2-mm
diameter requires either knowledge or an assumption of the rock fragment density.
Estimate or measurement errors of rock fragment density affect the accuracy of the soil
bulk density value. The porosity of the rock fragments also is a factor that must be
considered when the values for soil bulk density and water-holding capacity are
corrected. In SSL bulk density calculations, corrections are made for the mass and
volume of rock fragments and, if applicable, for plastic coatings (Brasher et al., 1966;
Blake and Hartge, 1986a; Grossman and Reinsch, 2002).

3.2 Bulk Density
3.2.4 Reconstituted
3.2.4.1 33-kPa Equilibration
3.2.4.2 Oven-Dry

Reconstituted, 33-kPa equilibration (pg33), oven-dry (pzeq), definition and
measurement: Some models and programs require one bulk density to represent a
given horizon. Reconstituted bulk density provides a single, reproducible value for
horizons that are subject to tillage or other mechanical disturbances followed by an
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extreme water-state cycle (Reinsch and Grossman, 1995). In this procedure, a <2-mm
sample is formed into a clod by wetting and desiccation cycles that simulate
reconsolidating by water in a field setting. Plastic lacquer is applied in the laboratory to
form an impermeable coat on the clod. The clod is desorbed to 33 kPa. After
equilibration, the clod is weighed in air to measure the mass and in water to measure the
volume. After the clod is oven dried at 110 °C, its mass and volume are determined
again (Brasher et al., 1966; Blake and Hartge, 1986a; Grossman and Reinsch, 2002).
Bulk density by 33-kPa equilibration and oven-dry are reported for this bulk density
method.

3.2 Bulk Density
3.2.5 Compliant Cavity
3.2.6 Ring Excavation
3.2.7 Frame Excavation
3.2.7.1 Field-State

Compliant cavity, field-state (pps), definition, measurement, and interferences:
The compliant cavity (pps) is designed for fragile cultivated near-surface layers and O
horizons of forestland soils. This method has the important advantage that it is not
necessary to flatten the ground surface on steep slopes or to remove irregularities; i.e.,
the surficial zone is usually not altered (Grossman and Reinsch, 2002). The cavity
volume on the zone surface is lined with thin plastic, and water is added to a datum
level. Soil is quantitatively excavated in a cylindrical form to the required depth. The
difference between the initial volume and the volume after excavation is the sample
volume. The excavated soil is dried in an oven and then weighed. Bulk density by
compliant cavity can be made on soils with rock fragments but is more complex
(Grossman and Reinsch, 2002).

Ring excavation, field-state (pzr), definition, measurement, and interferences:
Ring excavation (pgr) is a robust, simple, and rapid method. This method is good for O
horizons in the woods where local variability is large and rock fragments are common.
The diameter can range down to 15 cm and up to 30 cm or more. It is not necessary to
excavate from the whole area within the ring. A limit of 2 cm on the minimum
thickness of the sample should be considered. The size of the 0.1 m” is sufficient to
encompass considerable local variability. A 20-cm ring is inserted into the ground. A
piece of shelf standard is placed across the ring near to a diameter. The distance to the
ground surface is measured at eight points equally spaced along the diameter using the
depth-measurement tool to measure the distance. The piece of shelf is rotated 90
degrees, and eight more measurements are made. The 16 measurements are then
averaged. The soil is excavated to the desired depth, and the distance measurements are
repeated. The change in distance is calculated on the removal of the soil. This change in
distance is then multiplied by the inside cross-sectional area of the ring to obtain the
volume of soil. The excavated soil is oven dried and weighed. Rock fragments may
make it impossible to insert the ring into the ground.

Frame excavation, field-state (pp), definition and measurement: Frame
excavation (pgs) is appropriate for O horizons in the woods where local variability is
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large and rock fragments are common. The size of the 0.1 m? is sufficient to encompass
considerable local variability. The assembled frame is placed on the ground surface.
The four threaded rods are pushed through the holes in the corners of the frame deep
enough to hold. The frame is then secured onto the soil surface by screwing down wing
nuts, and plastic is placed over the frame and secured. The depth-measurement tool is
placed on top of a slot to measure the distance to the soil surface. The slots are
traversed, and measurements of the distance to the ground surface are made at about 40
regularly spaced intervals. The plate is then removed, and soil is excavated and retained.
Measurements of the distance to the ground surface are repeated. The volume of soil is
determined by taking the difference in height and multiplying by 1000 cm”. The rock
fragments up to 20 mm are included in the sample. Excavated soil is oven dried and
weighed.

3.2 Bulk Density
3.2.8 Soil Cores
3.2.8.1 Field-State

Soil cores, field-state (pzr), measurement: Soil cores (pgr) also are determined by
the SSL. A metal cylinder is pressed or driven into the soil. The cylinder is removed,
and a sample of known volume is extracted. The moist sample weight is recorded. The
sample is then dried in an oven and weighed.

3.3 Water Retention

This section describes the standard SSL procedures and their specific method
applications. These procedures include pressure-plate (6, 10, 33, 100, 200 kPa) and
pressure-membrane (1500 kPa) extractions as well as water retention at field-state.
Sample materials for these various procedures include, but are not limited to, <2-mm
particles, natural clods, and soil cores. This section also provides information on key
definitions, historical development of these terms, and expressions and calculations
related to water content. For detailed descriptions of the SSL methods which are
cross-referenced by method code in the table of contents in this manual, refer to
SSIR No. 42 (Soil Survey Staff, 2004), which is available online at
http://soils.usda.gov/technical/lmm/. Also refer to SSIR No. 51 (Soil Survey Staff,
2009; available online at http://www.soils.usda.gov/technical/) for detailed descriptions
of field methods as used by NRCS soil survey offices.

3.3 Water Retention
3.3.1 Definitions and Data Assessments

Water content, definition: In soil science, water content has traditionally been
expressed as either a dimensionless ratio of two masses or two volumes or as a mass per
unit volume (Gardner, 1986). When either of these dimensionless ratios is multiplied by
100, the values become percentages and the basis (mass or volume) is stated.
Conversions from gravimetric to volumetric basis or vice versa require a measure or an
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estimate of bulk density. In either case (mass or volume basis), the amount of water in
the sample must be determined by either the removal or measurement of the water or by
determination of the sample mass before and after water removal, i.e., dried to a
constant weight (Gardner, 1986). In addition, when precision is critical, there must be
criteria for determining the point at which the sample is considered “dry.” The SSL
defines air-dry and oven-dry weights as constant sample weights obtained after drying
at 30+5 °C (= 2 to 7 days) and 110+5 °C (= 12 to 16 h), respectively.

Water content, data assessments: Direct or indirect (index) determinations of soil
water content are generally required in many soil studies. In the field, measurements or
estimates of soil water content are required to determine plant-available water. In the
laboratory, soil water data are necessary for determining and reporting many physical
and chemical properties (Gardner, 1986). In addition, soil water content may be used to
help determine the water retention function, the water-holding capacity, the pore-size
distribution, and the porosity of a soil sample at a specific water content and to calculate
unsaturated hydraulic conductivity.

Water retention, definitions: Water retention is defined as the soil water content
at a given soil water suction (Gardner, 1986). By varying the soil suction and recording
the changes in soil water content, a water retention function or curve is determined. This
relationship is dependent on particle-size distribution, clay mineralogy, organic matter,
and structure or physical arrangement of the particles as well as hysteresis, i.e., whether
the water is absorbing into or desorbing from the soil. The data collected in these
procedures are from water desorption (Gardner, 1986). Water retention or desorption
curves are useful directly and indirectly as indicators of other soil behavior traits, such
as drainage, aeration, infiltration, plant-available water, and rooting patterns (Topp et
al., 1993).

The relation between the soil water content and the soil water suction is a
fundamental part of the characterization of the hydraulic properties of a soil (Klute,
1986). For many purposes, water retention properties of individual soil horizons are
more usefully combined to form a complete profile, and the importance of a large or
small value for available water or air capacity varies in relation to properties of
neighboring horizons (Hall et al., 1977). Agricultural, pedological, and hydrological
interpretations depend mainly on the assemblage of properties of the whole profile (Hall
etal., 1977).

Water retention, 33-kPa, definition: Water retention, 33-kPa, has become
identified with field capacity in some soils (Richards and Weaver, 1944) and as such the
upper limit of plant-available water. Water retention at 10 kPa may be used as the upper
limit of plant-available water for coarse materials. Coarse materials are defined (Soil
Survey Division Staff, 1993) as follows: if strongly influenced by volcanic ejecta, soil
material must be nonmedial and weakly or nonvesicular; if not strongly influenced by
volcanic ejecta, soil material must meet the sandy or sandy-skeletal family particle-size
criteria and also be coarser than loamy fine sand with <2 percent organic C and <5
percent water at 1500-kPa suction; and computed total porosity of <2-mm fraction must
be >35 percent. Refer to Soil Survey Division Staff (1993) and Grossman et al. (1994)
for additional discussion of coarse materials and the significance of soil water content at
lower suctions, e.g., 5 and 10 kPa, as well as suggestions for the selection of these lower
suctions for the determination of water retention difference (WRD).
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Water retention, 1500-kPa, definition: Water retention, 1500-kPa, has become
identified with the permanent wilting point (PWP) and is frequently used as an index of
PWP (Richards and Weaver, 1943; Kramer, 1969). The maximum size pore filled with
water at 1500 kPa is 0.2-um diameter. This diameter is in the clay-size range. For this
reason, a high correlation usually exists between this water content and clay percentage
(National Soil Survey Laboratory Staff, 1983). Clay percentages may be estimated by
subtracting the percent organic C from the 1500-kPa water content and then multiplying
by 2.5 or 3 (Soil Survey Staff, 2010). Refer to Soil Survey Staff (2010) for the
appropriate use of these estimates, e.g., criteria for oxic and kandic horizons.

The percent water retained at 1500-kPa suction (dried and undried samples)

is also used as a criterion for modifiers that replace particle-size classes, e.g.,

ashy and medial classes, and for strongly contrasting particle-size classes, e.g., ashy
over medial-skeletal (Soil Survey Staff, 2010). Refer to Soil Survey Staff (2010) for a
more detailed discussion of these criteria.

Water retention, 5-kPa, definition: Some investigators (Hall et al., 1977) have
defined the upper limit of plant-available water as the percentage of water retained in a
core sample when equilibrated at 5-kPa suction (retained water capacity). This
application of 5-kPa water is supported by some investigations of field moisture
regimes under British conditions (Thomasson, 1967; Webster and Beckett, 1972). Even
in very permeable, well drained soils, the suction in surface horizons commonly is in
the range of 3 to 7 kPa (0.03 to 0.07 bar) during winter and spring, when the soil
moisture deficit is effectively zero (Webster and Beckett, 1972). Interest in water
retention at small suctions, e.g., 5 kPa, is a result of the need to identify a moisture
content near to the field-capacity state and to measure differences in pore-size
distribution in the >10-um diameters, the fraction of pores considered by some as
critical for water movement, aeration, root growth, and soil fauna (Hall et al., 1977).
Pores in this size range are sensitive to soil structural condition. Subsequently, the water
content between 5 and 1500 kPa has been viewed by some as the more appropriate
approximation of AWC. As the fine pores are mainly associated with the clay fraction
of a soil, the correlation between clay content and water retention increases with
increasing suction, e.g., 1500 kPa (decreasing pore size). Silt and organic matter appear
to have more effect on coarse-pore distribution; therefore, it is at the lower suctions,
e.g., 5 kPa, that they are most significant in accounting for variation in retained water.
Both silt content and organic matter content are positively correlated with water
retention, and in topsoils, bulk density has been related as the major single factor
explaining variance in water retention after clay, silt, and organic matter have been
considered (Hall et al., 1977).

Field capacity, definition: The term field capacity was first introduced by
Veihmeyer and Hendrickson (1931) and has been used widely to refer to the relatively
stable soil water content after which drainage of gravitational water has become very
slow—generally within 1 to 3 days after the soil has been thoroughly wetted by rain or
irrigation. The intent of this concept was twofold: (1) to define the upper limit of plant-
available water retained by the soil, and (2) to provide a concept that would encourage
farmers in irrigated regions not to irrigate excessively (Cassel and Nielsen, 1986). This
water that is slowly draining is assumed to be subject to interception by most plant roots
and therefore plant available (Salter and Williams, 1965). There are several unstated
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assumptions to the field capacity concept; i.e., the soil is deep and permeable, no
evaporation occurs from the soil surface, and no water table or slowly permeable
barriers occur at shallow depths in the profile (Cassel and Nielsen, 1986).

The term in situ field water capacity is defined by the Soil Science Society of
America (SSSA) (2010) as the content of water, on a mass or volume basis, remaining
in a soil 2 or 3 days after having been wetted and after free drainage is negligible. A
problem with this definition is the difficulty in defining when the drainage rate is
negligible. Many factors affect the field capacity measurement, including the conditions
under which it is measured, e.g., initial saturation or presence of wetting front, as well
as the characteristics of the soil itself, e.g., degree of nonuniformity.

Field capacity, measurements: Laboratory determinations of the field capacity of
a soil are useful data but are not necessarily reliable indicators of this value in the field
because of the effects of soil profile and structure. Laboratory determinations are
usually made by simulating the tension that develops during drainage in the field by use
of pressure membranes or tension tables. There has been considerable debate as to the
appropriate tension to apply. In a study by Richards and Weaver (1944), the average
soil moisture content at 33-kPa pressure for 71 different soils (<2 mm) approximated
the moisture equivalent or field capacity of the soils. Water content at field capacity
may be overestimated from sieved-sample data (Young and Dixon, 1966). Some studies
have indicated that the upper limit of plant-available water may be more appropriately
represented in some soils by the moisture contents at 10- or 5-kPa water retention. As
field capacity has no fixed relationship to soil water potential, it cannot be considered as
a soil moisture constant (Kramer, 1969). The amount of water retained at field capacity
decreases as the soil temperature increases (Richards and Weaver, 1944). Field capacity
is not a true equilibrium measurement but rather a soil condition of slow water
movement with no appreciable changes in moisture content between measurements
(Kramer, 1969).

Some investigators have attempted to remove the term field capacity from technical
usage (Richards, 1960; Sykes and Loomis, 1967). The usage of this term persists,
however, in both technical and practical applications; to date, no alternative concept or
term has been advanced to identify the upper limit of plant-available water (Cassel and
Nielsen, 1986). It has been argued from a practical standpoint that the concept of field
capacity should be clarified and maintained until a viable alternative is advanced
(Cassel and Nielsen, 1986).

Permanent wilting point, definition: The term permanent wilting percentage or
point (PWP) has been widely used to refer to the lower limit of soil water storage for
plant growth. The establishment of this lower limit of available water retained by the
soil reservoir is of considerable practical significance (Cassel and Nielsen, 1986).
Briggs and Shantz (1912) defined this lower limit, first termed wilting coefficient, as the
water content at which plants remain permanently wilted (assuming that leaves exhibit
visible wilting), unless water is added to the soil. Briggs and Shantz (1911, 1912)
conducted a large number of measurements on a wide variety of plants and found little
variation in the soil water content at which wilting occurred (Kramer, 1969). Other
investigators (Richards and Wadleigh, 1952; Gardner and Nieman, 1964) determined
that the soil water potential at wilting for indicator plants, e.g., dwarf sunflower,
approximated -1000 to -2000 kPa with a mean value of -1500 kPa. The percentage of
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water at 1500-kPa retention has become identified with PWP and is frequently used as
an index of PWP (Richards and Weaver, 1943; Kramer, 1969).

The PWP criteria (Briggs and Shantz, 1912) were later modified by Furr and Reeve
(1945) to include the incipient wilting point, the water content at which the first (usually
lower) leaves wilted, and the permanent wilting point, a much lower soil water potential
at which all the leaves wilted. The incipient wilting percentage is related to the lower
limit at which soil water is available for plant growth; i.e., water extraction may occur at
lower contents. In addition, there is no physical reason why continued water extraction
may not occur after growth ceases or even after plant death (although much reduced
because of stomatal closure) (Kramer, 1969). The PWP is defined by the SSSA (2010)
as the water content of a soil when indicator plants growing in the soil wilt and fail to
recover when placed in a humid chamber (usually estimated by the water content at
-1500-kPa soil matric potential). In general, there is a considerable range in water
content between the incipient and the permanent wilting percentage (Gardner and
Nieman, 1964).

Permanent wilting point, soil-related factors: There are many factors that may
affect the onset of wilting and the visible wilting of plants in the field. These factors
include the soil water conductivity as well as the transient inability of the water supply
system in the plant to meet evaporative demand (as opposed to conditions associated
with permanent wilting) (Kramer, 1969). Slatyer (1957) criticized the concept of PWP
as a soil constant and defined wilting as the loss of turgor (zero point of turgor), which
is primarily associated with osmotic characteristics of the leaf tissue sap; i.e., wilting
occurs when there is a dynamic balance between the plant and soil water potentials. Soil
water potential at wilting can vary as widely as the variation in osmotic potential in
plants, which can range from -500 to -20000 kPa (Kramer, 1969). Furthermore, in the
equilibrium measurement (Briggs and Shantz, 1912), the PWP is merely a function of
the index plant for any given soil. Because of the shape of the water potential/water
content curve of soils, however, marked changes in water potential often accompany
small changes in water content, so that for practical purposes, the PWP or the
percentage at 1500-kPa retention can still be viewed as an important soil value (Kramer,
1969). This approximation is particularly appropriate for most crop plants, as the
osmotic potentials of many species range from -1000 to -2000 kPa (Kramer, 1969).

Available water capacity, definition: The term available water capacity (AWC)
refers to the availability of soil water for plant growth and is usually considered the
amount of water retained in a soil between an upper limit termed field capacity and a
lower limit termed permanent wilting percentage (PWP). The SSSA (2010) defines
available water as the portion of water in a soil that can be absorbed by plant roots and
is the amount of water released between in situ field water capacity and the PWP,
usually estimated by water content at soil matric potential of -1500 kPa (-15 bar). These
upper and lower limits represent a range which has been used in determining the
agricultural value of soils. The importance of AWC relates to the water balance in the
soil during the growing season, i.e., the difference between evapotranspiration and
precipitation.

The range of water available for plant survival is substantially greater than that
available for good growth. In addition, within the range of available water, the degree of
availability usually tends to decline as soil water content and potential decline (Richards
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and Wadleigh, 1952; Kramer, 1969). There is no sharp limit between available and
unavailable water. The PWP is only a convenient point on a curve of decreasing water
potential and decreasing availability (Kramer, 1969). The range of soil water between
field capacity and PWP, however, constitutes an important field characteristic of soils
when interpreted properly (Kramer, 1969). Refer to the “National Soil Survey
Handbook” (USDA/NRCS, 2009b) for additional discussion related to estimates,
significance, and classes.

Available water capacity, soil-related factors: Available water capacity varies
widely in different soils. In general, finer textured soils have a wider range of water
between field capacity and permanent wilting percentage than do coarser textured soils.
In addition, in finer textured soils, the slope of the curve for water potential over water
content indicates a more gradual water release with decreasing water potential, whereas
coarser soil materials, with their large proportion of noncapillary pore space and
predominance of larger pores, usually release most of their water within a narrow range
of potential (Kramer, 1969). Available water capacity only approximates the soil’s
ability to retain or store water and does not provide an estimate of the supplying
capacity of a soil or even the amount that plants extract. The supplying capacity is
affected by many factors, e.g., hydraulic conductivity, stratification, runoff, run-on,
irrigation, rainfall, osmotic potential, and the plants themselves. Caution is required
when readily available water data are used because the availability of water depends on
many factors. For example, deep rooting in the whole soil profile can compensate for a
narrow range of available water in one or more soil horizons as opposed to restricted
root distribution combined with a narrow range of available water.

Available water capacity estimate, water retention difference, between 33, 10,
or 5 kPa and 1500 kPa: In interpretations, the interest is usually not the water retention
differences (WRD) but the AWC (Grossman et al., 1994). The calculation of the WRD
can be used in the approximation of the AWC. The first step in the estimation of the
AWC is the selection of the suction to approximate the water retention at field capacity.
Usually, this is 33 kPa (10 or 5 kPa for coarse soil materials). The second step in the
AWC estimate is the selection of the WRD for the fine-earth fraction (WRDy). The third
step is to adjust the WRDy for salts (WRDg) (Baumer, 1992). The fourth step is to
adjust downward for the volume percentage of the >2-mm fraction. The fifth and final
step in the AWC estimate is to adjust for root restriction (Grossman et al., 1994). Refer
to Baumer (1992) and Grossman et al. (1994) for additional discussion of AWC
estimates that are either calculated using measured water retention data or estimated
using other soil properties, e.g., family particle-size classes (>2-mm fraction excluded),
bulk density, and clay mineralogy.

Available water capacity estimate, ratio of 33 minus 1500-kPa water to silt
content: The ratio of 33 minus 1500-kPa water to silt content has been used in
estimating AWC (National Soil Survey Laboratory Staff, 1983). The water retained
between these two suctions has been correlated with 0.2- to 10-um diameter pores
(National Soil Survey Laboratory Staff, 1983). Hence, the amount of silt is important to
the concept of plant-available water. Ratios of 33 minus 1500-kPa water to silt content
range from 0.12 to 0.25 in many soils with silicate clays, quartz and feldspar silts and
sands, and modest amounts of organic matter. Higher ratios in soils may be associated
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with amorphous material and significant amounts of organic matter (National Soil
Survey Laboratory Staff, 1983).

Air-filled porosity, 5 kPa: The air-filled porosity at 5 kPa has been used as a
measure of tilth (McKeague et al., 1982). This measurement is related to an
approximation of that fraction of coarse pores (>60 pm) in the soil. These pores are
normally air filled, except during short periods following heavy rainfall. Air capacity is
that percent of sample volume occupied by air at a specified suction. Total pore space is
that volume of sample not occupied by solid soil material and is available to water
and/or air. Clay contents and bulk density have been associated with the most variation
in air capacity, both of which are negatively correlated with air capacity (Hall et al.,
1977). Air capacity has received less attention than available water, but as a
measurement of coarse porosity, it is a useful indicator of saturated hydraulic
conductivity and aeration. Divergence between water content at 5 kPa and field capacity
48 h after saturation is likely to be greatest in coarse-textured soils with shallow ground
water and in peaty soils. Elsewhere, many believe that the difference would be small
and often within the random error inherent in physical measurements of this nature. It
has been suggested that an important advantage of using laboratory-measured 5-kPa
water content, instead of a field measurement, e.g., tensiometers, is that horizons of a
similar nature can be compared on a common basis, i.e., standardized laboratory
procedure. Similarly, air capacity at 5 kPa has been considered a much more
reproducible value than air voids at field capacity, even though a field measurement
would be useful in an intensive investigation of an experimental site (Hall et al., 1977).
A large difference in air capacity between two soil horizons would be expressed as a
large difference in conductivity.

Air-filled porosity, 5 kPa, calculation: The air-filled porosity at 5 kPa (Soil
Survey Division Staff, 1993; Grossman et al., 1994) may be calculated as follows:

Equation 3.3.1.1:
AFP = {[100 - (100 x pg33)/pp] - (Ws X p533)} X [(1 - Vo21nm)/100]

where

AFP = Air-filled porosity at 5-kPa water content. Total porosity minus volume fraction
of water at 5 kPa.

ps33 = Bulk density at 33-kPa water content on a <2-mm soil basis (g cm™)

Ws= Weight percentage of water at 5 kPa. Data obtained from soil water retention
curve. Refer to Appendix 2 (Wildmesa Pedon) and Appendix 5 (Caribou
Pedon) for example water retention curves.

Vaomm = Volume percentage of >2-mm fraction

pp, = Particle density (g cm™). Calculate pp as follows:

Equation 3.3.1.2:

pp = 100/{[(SOC x 1.7)/pp1] + [(Fe x 1.6)/ppa] + [100 — (Fe x 1.6) + (SOC x 1.7)/pps]}
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where

pp = Particle density (g cc™h)

SOC = Weight percentage of soil organic C on a <2-mm soil basis

Fe = Weight percentage of dithionite-citrate extractable Fe on a <2-mm soil basis

pp1=14g cm™, assumed particle density of organic matter

Pr2=42¢g cm”, assumed particle density of the minerals from which dithionite-citrate
extractable Fe originates

Pp3=2.65 g cm™, assumed particle density of material exclusive of organic matter and
minerals contributing to the dithionite-citrate extractable Fe

Equation 3.3.1.1 may be used to calculate air-filled porosity at any suction by
substitution of the weight percentage of water at the specified suction for Ws. The water
content for any suction can be computed from the calculated soil water characteristic.

Available water, water retention, and porosity, general trends: Some general
trends in water retention, available water, and air capacity have been cited (Hall et al.,
1977) for both topsoil and subsoil samples, as follows: unavailable water increases with
rising clay content; air capacity increases with increasing amounts of sand; available
water is at a maximum for silty classes and at a minimum for sandy classes; and bulk
density (inversely related to total pore space) is generally higher for sandy particle-size
classes. The main difference between topsoils and subsoils is that the amount of
available water is higher in topsoils than in subsoils because of the higher content of
organic matter and the inherently lower density of the topsoils. Other trends (Hall et al.,
1977) are that clayey soils release small amounts of water at low tensions, retaining
about one-half of the available water at suctions >200 kPa (2 bar); clay loams reflect the
same general release characteristics, although they hold slightly more water at suctions
<200 kPa; sandy soils hold small quantities of water at high suctions and hence the
majority is easily available, approximately one-half at suctions <400 kPa (4 bar); and silt
loams and sandy silt loams have a more even distribution of water throughout the
available range. In practice, the proportion of easily available water (<200 kPa, 2 bar) in
a soil may be agronomically significant as total available water in assessing
droughtiness. Total porosity may not necessarily be the best indicator of aeration or
water movement. More recently, emphasis has been on pore-size distribution. The >10-
um diameter range has been considered by some as critical for water movement,
aeration, root growth, and soil fauna, and the >60-pm diameter range has also been used
as a good indicator of saturated hydraulic conductivity (Hall et al., 1977).

Expressions related to water content: Calculating the amount of pore space and
the amount of water in the pore space is often a complex soil physics problem. Some
general definitions and relationships, e.g., bulk density and porosity, are required so that
comparisons between soils are appropriate. Some of these definitions and relationships
as well as techniques to calculate soil water content (Skopp, 1992) are as follows:

Equation 3.3.1.3:

PB = MY/I/S+V
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where

pp = Bulk density of soil

M, = Mass of solids

Vs+v = Volume of solids + volume of voids = volume of soil

Bulk density is highly dependent on soil conditions at the time of sampling.
Changes in soil swelling due to changes in water content alter the bulk density. Once
the bulk density is specified, then the relative amount of pore space also is fixed. The
amount of pore space is usually described in terms of volumes (ratio of volumes), as
follows:

Equation 3.3.1.4:
&= VV/VY+V

where

¢ = Total porosity

V, = Volume of voids

Vv = Volume of solids + volume of voids = volume of soil

Using the definitions for bulk density and particle density, the derivation of a
formula for porosity based on these properties is as follows:

Equation 3.3.1.5:

e=1-(ps/py

where

&= Total porosity

pp = Bulk density of soil
pp = Particle density of soil

This relationship is not empirical but is the result of definitions that confirm that for
every value of bulk density for a specified soil there is one possible value of porosity.
However, a soil does not have one possible value for bulk density.

Porosity is usually defined as a ratio of volumes which is dimensionless and, thus,
can just as easily be defined as a ratio of equivalent depths. In order to make this
relationship, a comparison is required based on equal cross-sectional areas (A) which
comprise the volumes as follows:

Equation 3.3.1.6:
e=WV/Vy=Ad/Ad, = d,/d;

where
¢ = Total porosity
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V, = Volume of voids
Vs = Volume of soil

A = Cross-sectional area
dy = Depths of voids

ds = Depths of soil

Unlike voids, which are usually related in terms of volume, the amount of soil
water can be expressed on either a mass (gravimetric) or volumetric basis as follows:

Equation 3.3.1.7:

O, = M,/M,
where
0O, = Gravimetric water content
M,, = Mass of water
M; = Mass of solids
Equation 3.3.1.8:
6, =V,/V

where

0, = Volumetric water content
V. = Volume of water

Vs = Volume of soil

The gravimetric water is based on dry solids, whereas the volumetric water is based
on the volume of the soil (solids, water, and gas) at the moisture content at the time of
measurement. These water content values can be related as follows:

Equation 3.3.1.9:
0, = (O x p)/pw
where
0, = Volumetric water
Om = Gravimetric water
ps = Bulk density
p,, = Particle density of water
The depth of water can be related to the volumetric water as follows:
Equation 3.3.1.10:
dy = (6,xdy)

75



where

dw = Depth of water
0y = Volumetric water
ds = Depth of soil

The maximum soil water content (saturation) is the point at which all the voids are
filled with water. Saturation may be defined as follows:

Equation 3.3.1.11:

where
0,= Volumetric water
E = Total porosity

In reality, saturated soils are uncommon since a small amount of gas is typically
present even after prolonged wetting; i.e., the soil is satiated (Skopp, 1992). The water
content of a satiated soil has no fixed value and will change with time (as gas diffuses
out of soil) and is strongly dependent on the soil water content prior to wetting as well
as the manner of wetting (Skopp, 1992).

A number of other expressions are used to characterize the amount of water or air
in the soil. These expressions (Skopp, 1992) are as follows:

Equation 3.3.1.12:
eA = Va/Vs+v
where
0 = Air-filled porosity
Va = Volume of air
Vv = Volume of solids + volume of voids = volume of soil
Equation 3.3.1.13:
Or = (6/E)
where
Or = Relative saturation
0, = Volumetric water
E = Total porosity
Equations 3.3.1.14 and 3.3.1.15:
A=V/Vs=A=¢/(l-¢
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where

A = Void ratio

V,= Volume of voids
Vi, = Volume of solids
¢ = Total porosity

Water retention methods and general applications: Two desorption
procedures—suction and pressure methods—are commonly used to measure water
retention. The SSL uses the pressure method (U.S. Salinity Laboratory Staff, 1954) with
either a pressure-plate or pressure-membrane extractor (Soil Survey Staff, 2004).
Except for the 1500-kPa measurement, the pressure-plate extractor is used for all SSL
water retention procedures. These procedures are used for the water retention function,
water-holding capacity, pore-size distribution, porosity, and saturated conductivity of a
soil sample at specific water contents.

Water retention measurements: In this section, the SSL water retention
procedures are described. The SSL reports water retention as percent gravimetric water.
Major method categories and their associated water retention and material types are as
follows:

e Pressure-plate extraction

o 6,10,33,100,200 kPa, <2-mm, air-dry sieved samples

o 6,10, 33, or 100 kPa, natural clods

o 6,10, 33, or 100 kPa, soil cores

o 33 kPa, rewet, natural clods
e Pressure-membrane extraction

o 1500-kPa, <2-mm (sieved), air-dry or field-moist soil sample
e Fiecld-state

o cores, clods, or bulk

3.3 Water Retention
3.3.2 Pressure-Plate Extraction
3.3.2.1-5 6,10,33,100, or 200 kPa
3.3.2.1-5.1.1 <2-mm (Sieved), Air-Dry
3.3.2.14.2 Natural Clods
3.3.2.1-4.3 Soil Cores
3.3.2.1.34 Rewet
3.3.2.1.3.5 Reconstituted

Pressure-plate extraction, 6, 10, 33, 100, or 200 kPa, <2-mm (sieved), air-dry
samples, measurements: A <2-mm (sieved), air-dry soil sample of nonswelling loamy
sand or coarser soil and of some sandy loams is placed in a retainer ring sitting on a
porous ceramic plate in a pressure-plate extractor. The plate is covered with water to
wet the sample by capillarity. The sample is equilibrated at the specified pressure (6, 10,
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33, 100, or 200 kPa; 0.06, 0.1, 1/3, 1, or 2 bar, respectively). The pressure is kept
constant until equilibrium is obtained (Klute, 1986).

Pressure-plate extraction, 6, 10, 33, or 100 kPa, natural clods, measurements:
Natural clods are placed on a tension table and equilibrated at a 5-cm tension at the base
of the sample. The clods are then transferred to a porous ceramic plate, which is placed
in a pressure-plate extractor. The sample is equilibrated at the specified pressure (6, 10,
33, or 100 kPa). The pressure is kept constant. Equilibrated samples are weighed, oven
dried at 110 °C overnight, and then weighed again. This procedure is usually used in
conjunction with the SSL method for bulk density at 33 kPa (pgs3).

Pressure-plate extraction, 6, 10, 33, or 100 kPa, soil cores, measurements: A
metal cylinder is pressed or driven into the soil. Upon removal from the soil, the
cylinder extracts a sample of known volume. The sample weight is recorded. The
sample is dried in the oven and then weighed. The soil core is placed on a tension table
and equilibrated at a 5-cm tension at the base of the sample. The core is then transferred
to a porous ceramic plate, which is placed in a pressure-plate extractor. The sample is
equilibrated at the specified pressure (6, 10, 33, or 100 kPa). The pressure is kept
constant until equilibrium is obtained. This procedure is usually used in conjunction
with the SSL method for bulk density at 33 kPa (pg33). The equilibrated sample is oven
dried at 110 °C overnight and then weighed.

Pressure-plate extraction, 33 kPa, rewet, natural clods, measurements: Natural
clods are equilibrated at 33 kPa, air dried, and reequilibrated. The resulting data are
called rewet water retention and are usually used in conjunction with the rewet bulk
density to estimate changes in physical properties of a soil as it undergoes wetting and
drying cycles. Natural clods are placed on a tension table and equilibrated at a 5-cm
tension at the base of the sample. The clods are then transferred to a porous ceramic
plate, which is placed in a pressure-plate extractor. The samples are equilibrated at 33
kPa. The pressure is kept constant until equilibrium is obtained. The clods are air dried
and then placed on a tension table and desorbed again. The equilibrated samples are
oven dried at 110 °C overnight and then weighed.

Pressure-plate extraction, 33 kPa, reconstituted, measurement: Natural clods
are placed on a tension table and equilibrated at a 5-cm tension at the base of the
sample. The clods are then transferred to a porous ceramic plate, which is placed in a
pressure-plate extractor. The samples are equilibrated at 33 kPa. The pressure is kept
constant until equilibrium is obtained. The equilibrated samples are oven dried at 110
°C overnight and then weighed.

3.3 Water Retention
3.3.3 Pressure-Membrane Extraction
3.3.3.1 1500 kPa
3.33.1.1 <2-mm (Sieved)
3.3.3.1.1.1-2  Air-Dry or Field-Moist

Pressure-membrane extraction, 1500 kPa, <2-mm (sieved), air-dry or field-

moist samples, measurements: A <2-mm (sieved), air-dry soil sample is placed in a
retainer ring sitting on a cellulose membrane in a pressure-membrane extractor. The

78



membrane is covered with water to wet the sample by capillarity. The sample is
equilibrated at 1500 kPa. The pressure is kept constant until equilibrium is obtained.
The equilibrated sample is oven dried at 110 °C overnight and then weighed. Soils with
gypsum are a special case because gypsum (CaSO4:2H,0) loses most of its two water
molecules at 105 °C (Nelson et al., 1978). Properties of soils with gypsum, such as
1500-kPa water content, that are reported on an oven-dry weight basis are converted to
include the weight of crystal water in gypsum.

Pressure-plate and pressure-membrane methods, interferences: Laboratory-
determined water retention data are usually higher than field-determined water retention
data because the confining soil pressure is not present in the laboratory (Bruce and
Luxmoore, 1986). Water retention data for soils with expansive clay are overestimated
when sieved samples are used in place of natural soil fabric for tensions of 6, 10, and 33
kPa (Young and Dixon, 1966).

Aerated 0.005 M CaSOy has also been recommended for use in determining water
retention (Dane and Hopmans, 2002), especially for fine-textured soils that contain
significant amounts of swelling clays. Distilled or deionized water can possibly promote
dispersion of clays in samples, and freshly drawn tapwater is often supersaturated with
air, affecting the water content at a given pressure head (Dane and Hopmans, 2002).

3.3 Water Retention
3.3.4 Field-State

3.3.4.1 Cores
3.3.4.2 Clods
3.3.43 Bulk

Field-state, measurements and interferences: Soil samples (cores, clods, or
bulk) are collected in the field. The samples are stored in plastic or metal containers to
prevent drying and are then transported to the laboratory. Field water content is
determined by weighing, drying, and reweighing a soil sample. The resulting data are
used to estimate the water content at the time of sampling. Field-moist water content is
calculated as follows:

Equation 3.3.3:
H>0 % =100 x (Mgtw - Ms)/(M; - M)
where
H,0 % = Percent gravimetric water content
M;+w = Weight of solids and H,O (g) + container (g)
M; = Oven-dry weight of solids (g) + container (g)
M, = Weight of container (g)

Leaks in the plastic or metal storage containers can cause the samples to dry,
resulting in an underestimation of the field water content.
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3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention

This section describes the ratios, estimates, and calculations provided by the SSL
related to particle-size analysis, bulk density, and water retention. These methods
include the ratios for air-dry/oven-dry (AD/OD), field-moist/oven-dry (FM/OD), and
correction for crystal water. This section also includes the calculations of the coefficient
of linear extensibility (COLE), the water retention difference (WRD) at various
suctions, the 1500-kPa water content/total clay ratio, and various particle-size fractions
(e.g., total silt, total sand, and >2-mm fractions). In addition, this section provides
definitions of terms as well as applications of these ratios, estimates, and calculations.
For detailed descriptions of the SSL methods which are cross-referenced by method
code in the table of contents in this manual, refer to SSIR No. 42 (Soil Survey Staff,
2004), which is available online at http://soils.usda.gov/technical/lmm/.

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention
3.4.1 Air-Dry/Oven-Dry Ratio (AD/OD)
3.4.2 Field-Moist/Oven-Dry Ratio (FM/OD)
3.4.3 Correction for Crystal Water

Air-dry/oven-dry ratio and field-moist/oven-dry ratio: Soil properties generally
are expressed on an oven-dry weight basis. The calculation of the air-dry/oven-dry
(AD/OD) ratio or field-moist/oven-dry (FM/OD) ratio is used to adjust all results to an
oven-dry basis and, if required in a procedure, to calculate the sample weight that is
equivalent to the required oven-dry soil weight.

The air-dry (AD) and oven-dry (OD) weights are defined herein as constant sample
weights obtained after drying at 3015 °C (= 2 to 7 days) and at 110+5 °C (= 12 to 16 h),
respectively. As a general rule, air-dry soils contain about 1 to 2 percent water and are
drier than soils at 1500-kPa water content. FM weight is defined herein as the sample
weight obtained without drying prior to laboratory analysis. In general, these weights
are reflective of the water content at the time of sample collection.

A sample is weighed, dried to a constant weight in an oven, and reweighed. The
moisture content is expressed as a ratio of the air-dry to the oven-dry weight (AD/OD)
or as a ratio of field-moist to the oven-dry weight (FM/OD).

Correction for crystal water: Soils with gypsum are a special case because
gypsum (CaSO4-2H,0) loses most of its two water molecules at 105 °C. Properties of
soils with gypsum that are reported on an oven-dry weight basis should be converted to
include the weight of crystal water in gypsum. The AD/OD ratio is calculated. This
ratio is used to convert soil properties to an oven-dry basis. The AD/OD ratio is
converted to a crystal water basis (Nelson et al., 1978). The inclusion of weight of
crystal water in gypsum allows the properties of soils with gypsum to be compared with
those properties of soils with no gypsum. This conversion also avoids the possible
calculation error of obtaining >100 percent gypsum when the data are expressed on an
oven-dry basis (Nelson, 1982).
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Properties of soils with gypsum that are reported on an oven-dry weight basis are
converted to include the weight of the crystal water. When the water content of soils
with gypsum is reported, the crystal water content must be subtracted from the total
oven-dry water content. The AD/OD ratio is corrected to a crystal water basis when the
gypsum content of the soil is >1 percent.

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention
3.4.4 Coefficient of Linear Extensibility (COLE)

Coefficient of linear extensibility, definition: Coefficient of linear extensibility
(COLE) is a derived value that denotes the fractional change in the clod dimension from
a moist to a dry state (Franzmeier and Ross, 1968; Grossman et al., 1968; Holmgren,
1968). COLE may be used to make inferences about shrink-swell capacity and clay
mineralogy. The COLE concept does not include irreversible shrinkage, such as that
occurring in organic soils and some andic soils. Certain soils with relatively high
contents of smectite clay have the capacity to swell significantly when moist and to
shrink and crack when dry. This shrink-swell potential is important for soil physical
qualities (large, deep cracks in dry seasons) as well as for genetic processes and soil
classification (Buol et al., 1980). Greene-Kelly (1974) found that soils with equal
amounts of kaolinite and smectite are similar to those with smectite alone. In a study of
Vertisols in El Salvador, Yerima et al. (1985, 1987) found that kaolinite-rich, fine clay
soils have physical behavior (shrink-swell) similar to that of smectitic soils because of
their large surface area.

COLE can also be expressed as percent, i.e., linear extensibility percent (LEP).
LEP = COLE x 100. The LEP is not the same as LE. In Keys to Soil Taxonomy (Soil
Survey Staft, 2010), linear extensibility (LE) of a soil layer is the product of the
thickness, in centimeters, multiplied by the COLE of the layer in question. The LE of a
soil is defined as the sum of these products for all soil horizons (Soil Survey Staff,
2010). Refer to Soil Survey Staff (2010) for additional discussion of LE.

Coefficient of linear extensibility, air-dry or oven-dry to 33-kPa tension,
calculation: The SSL calculates the COLE for the whole soil (air-dry or oven-dry to
33-kPa suction). The COLE value is reported in cm cm™. Calculate COLE when coarse
fragments are present as follows:

Equation 3.4.4.1:
COLEys = { 1/[Cm X (pg33<2mm/Prod<amm) + (1 - Cm)]} - 1

where

COLE; = Coefficient of linear extensibility on whole-soil basis

pa33<2mm = Bulk density at 33-kPa water content on <2-mm soil basis (g cm™)
PBod<2mm = Bulk density, oven-dry or air-dry, on <2-mm soil basis (g cm™)
Cm = Coarse fragment (moist) conversion factor
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Equation 3.4.4.2:

If no coarse fragments, Cm = 1. If coarse fragments are present, calculate Cm as
follows:

Cm= V01<2mm/ VOlwhole

where
Voloomm = Volume moist <2-mm fabric (cm®)
Volyhole = Volume moist whole soil (cm3)

OR (alternatively)
Equation 3.4.4.3:
Cm= (100 — V01>2mm)/100

where
Volsomm = Volume percentage of the >2-mm fraction

Equation 3.4.4.4:
If no coarse fragments, Cm = 1, the previous equation reduces as follows:

COLE, = (pBod<2mm/ [~)B33<2mm)1/3 -1

where

COLE; = Coefficient of linear extensibility on whole-soil basis

Pod<2mm= Bulk density, oven-dry or air-dry, on <2-mm soil basis (g cm™)
Pr33<2mm = Bulk density at 33-kPa water content on <2-mm soil basis (g cm™)

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention
3.4.5 Water Retention Difference (WRD), Whole Soil

Water retention difference, definition: The calculation of the water retention
difference (WRD) is considered the initial step in the approximation of the available
water capacity (AWC). Refer to the section on water retention for more information on
AWC estimates. The WRD does not allow for restriction of roots from the soil layer or
osmotic pressure. The volume of rock fragments is usually considered a diluent
containing no water between the suctions that define WRD. The WRD, as defined by
the SSL, is a calculated value that denotes the volume fraction for water in the whole
soil that is retained between 1500-kPa suction and an upper limit of usually 33- or
10-kPa suction. The upper limit (lower suction) is selected so that the volume of water
retained approximates the volume of water held at field capacity. The 10-, 33-, and
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1500-kPa gravimetric water contents are then converted to a whole soil volume basis by
multiplying by the bulk density (pg33) and adjusting downward for the volume fraction
of rock fragments, if present in the soil. The lower suctions, e.g., 10- or 5-kPa, are used
for coarse materials. Refer to Soil Survey Division Staff (1993) and Grossman et al.
(1994) for additional discussion on coarse materials and the significance of soil water
content at lower suctions, e.g., 5 kPa and 10 kPa, as well as suggestions for the selection
of these lower suctions for the determination of water retention difference (WRD).

Water retention difference, between 33 and 1500 kPa, calculation: The SSL
calculates the WRD between 33- and 1500-kPa suctions in the whole soil. The WRD is
reported as centimeters of water per centimeter of depth of soil (cm cm™), but the
numbers do not change when other units, e.g., in in" or ft ft', are needed. The WRD
with W33 as the upper limit is reported as cm cm™. This WRD is calculated on a whole-
soil basis as follows:

Equation 3.4.5.1:
WRDys = [(W33<2mm - W1500<2mm) X (pB33<2mm) X Cm]/ (Pw X 100)

where

WRDys= Volume fraction (cm® cm™) of water retained in the whole soil between 33-
kPa and 1500-kPa suction reported in cm cm™

Wisomm = Weight percentage of water retained at 33-kPa suction on <2-mm soil basis

Wisoo<2mm = Weight percentage of water retained at 1500-kPa suction on <2-mm soil
basis. If available, moist 1500 kPa is the first option in the WRD
calculation; otherwise, dry 1500 kPa is used.

ps33<2mm = Bulk density at 33-kPa water content on a <2-mm soil basis (g crn'3)

P,, = Density of water (1 g cm™)

Cm = Coarse fragment material conversion factor. If no coarse fragments, Cm = 1. If
coarse fragments are present, calculate Cm as follows:

Equation 3.4.5.2:

Cm = Volwmm/Volyhole

where

Voloomm = Volume moist <2mm fabric (cm®)
Volyhole = Volume moist whole soil (cm3)
OR (alternatively)

Equation 3.4.5.3:

Cm= (100 - V01>2mm)/100

where
Volsomm = Volume percentage of the >2-mm fraction
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Water retention difference (between 10 and 1500 kPa), calculation: The SSL
also calculates the WRD between 10-kPa (W) and 1500-kPa suctions (Wisgo). This
WRD value can be calculated by substituting the W in place of W33 in equation
3.4.5.1. The W, may be used as the upper limit of plant-available water for coarse soil
materials.

Water retention difference (between 33 kPa rewet and 1500 kPa), calculation:
The SSL also calculates the WRD between 33 kPa rewet (W;) and W509. This WRD
value can be calculated by substituting the W; in place of W33 in equation 3.4.5.1. The
W, is used for organic materials.

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention
3.4.6 1500-kPa Water Content/Total Clay

1500-kPa water content/total clay, calculation: Divide the percent 1500-kPa
water retention by the total clay percentage. This ratio is reported as a dimensionless
value. In the past, the ratios of 1500-kPa water:clay have been reported as g g'. For
more detailed information on the application of this ratio, refer to Soil Survey Staff
(2010).

1500-kPa water content/total clay, data assessments: Water retention at 1500
kPa is considered the wilting point for many agricultural plants and has been equated
with water retained in pores <0.2-um diameter and on particle surfaces. Therefore, due
to the much greater amount of surface area of clay-sized materials on a per weight basis
relative to silt and sand, a high correlation exists between 1500-kPa water and clay
content. Thus, this ratio is a good tool for data assessment for dispersion of clays during
particle-size analysis (National Soil Survey Laboratory Staff, 1983). A reference point
for soils dominated by silicates that disperse well in the standard PSDA is as follows:

Equation 3.4.6.1:
Wisoo/Clayr = 0.4
OR (alternatively)
Equation 3.4.6.2:
Clayt = 2.5 x Wis00
where
Wisoo= Weight percentage of water retained at 1500-kPa suction on a <2-mm soil basis

Clayr = Weight percentage of total clay on a <2-mm soil basis

A number of soil-related factors can cause deviation from this 0.4 reference point.
Low-activity clays, e.g., kaolinites, chlorites, and some micas, tend to lower the ratio to
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<0.35. High-activity clays, e.g., smectites and some vermiculites, tend to increase this
ratio. The relationship between 1500-kPa water and the amount of clay has been
characterized for groups of soils dominated by different kinds of clay minerals
(National Soil Survey Laboratory Staff, 1990), and some average ratios are as follows:
0.45 for smectite (r* = 0.88, n = 547); 0.42 for clay mica (r* = 0.90, n = 493); and 0.32
for Bt horizons of Paleudults (r* = 0.98, n = 18). Whether these differences in the ratios
are caused by differences in clay mineralogy or by differences in other properties
associated with the different clay mineralogies is not known. Likewise, Wilson et al.
(2002) studied a group of soils in eastern Oregon and found that horizons with a subsoil
clay mineralogy dominated by smectite and vermiculite had a better correlation of
measured and calculated clay using a factor of 1.7 (1500 kPa/clay = 0.59).

Keys to Soil Taxonomy (Soil Survey Staff, 2010) uses this ratio to determine the
adequacy of laboratory-measured clay for family particle-size classes; i.e., the 1500
kPa/clay ratio should be between 0.4 and 0.6 to document adequate dispersion. Failure
of this relationship in the majority of the particle-size control section results in the use
of calculated clay as follows:

Equation 3.4.6.3:
Clay (%) = (1500-kPa water - % organic C) x 2.5

Due to the low water retention capacity of minerals (e.g., kaolinite, Fe oxides) in highly
weathered soils, the calculation when used for oxic horizon criteria (Soil Survey Staff,
2010) is as follows:

Equation 3.4.6.4:
Clay (%) = (1500-kPa water - % organic C) x 3.0

Keys to Soil Taxonomy (Soil Survey Staff, 2010) recognizes that soil organic
matter (SOM) increases the 1500-kPa water retention and subsequently increases the
1500 kPa/clay ratio. An increased 1500 kPa to clay ratio can be expected if the soil
organic carbon (SOC) percent is >0.1 of the percent clay (National Soil Survey
Laboratory Staff, 1983). In a study of 34 Borolls (National Soil Survey Laboratory
Staff, 1990), each percentage increase in SOC increased the 1500-kPa percentage
approximately 1.5 percent (r* = 0.67). In a study of 53 Xerolls (National Soil Survey
Laboratory Staff, 1990), each percentage increase in SOC increased the 1500-kPa
percentage approximately 1.3 percent (r* = 0.72).

Poorly crystalline materials also tend to increase this ratio. If this ratio is >0.6 and
SOC does not adequately explain the increased value, incomplete dispersion in PSDA
may be a factor (National Soil Survey Laboratory Staff, 1983). Soil components which
act as cements and cause poor dispersion include gypsum, Fe oxides, and poorly
crystalline Si. Soils from volcanic materials or with andic soil properties (Soil Survey
Staff, 2010) can be dominated by poorly crystalline minerals, such as allophane or
imogolite. These minerals lack a discrete and well defined particle shape as typical of
most phyllosilicate minerals and thus do not react in the same manner during particle-
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size analysis. These minerals may be more porous or gel-like and may form coatings on
other particle grains. Thus, the standard theory used for particle-size measurement is not
functional and calculations of clay content based on 1500-kPa water retention are
inadequate. Therefore, Andisols and soils that have andic soil properties or are
composed of a large amount of pyroclastic materials (volcanic glass, pumice, or
cinders) have been assigned a substitute particle-size family class in Keys to Soil
Taxonomy (Soil Survey Staff, 2010).

Clay-sized carbonate tends to decrease the ratio in most cases. The 1500-kPa water
retention for carbonate clays is = 2/3 the corresponding value for the noncarbonate clays
(Nettleton et al., 1991). Clay used for determination of family particle-size classes is
silicate clay, and thus carbonate clay measured in the laboratory must be subtracted
from the total (measured or calculated) clay for family particle-size class (Soil Survey
Staft, 2010).

In sandy textured soils, the low amount of clays results in SOC and surface area of
other nonclay constituents having a greater influence on the 1500-kPa water retention.
Any small increase or decrease in measured clay can result in a large change of the
1500 kPa/clay ratio. For these reasons, ratios above 0.5 for some samples with less than
5 to 10 percent clay may erroneously indicate poor PSDA dispersion (National Soil
Survey Laboratory Staff, 1990) and application of this ratio must used judiciously.

Poor dispersion by the SSL standard particle-size distribution analysis (PSDA) is
typical in Andisols. In some soils, however, poor dispersion emphasizes one of the
fundamental guidelines of the laboratory, i.e., standard methods. Documenting the
response of a particular soil to a standard operating procedure is necessary in order to
determine differences between soils. These comparisons have been critical factors in
developing many relationships used in understanding soils and in the development of
the U.S. soil taxonomic system (Soil Survey Staff, 2010). Not all soils are composed of
well defined particles that could be dispersed into their appropriate fraction if only the
“correct method” were used. In addition, there is no exacting measure of poor
dispersion. The 1500 kPa/clay ratio is one measure, and the comparison of laboratory-
versus field-determined soil textures and clay contents is another (Nettleton et al.,
1999). Neither measure nor indicator is perfect. Alternative and additional pretreatments
may extract additional clay from a soil sample, but are these pretreatments freeing or
creating clay particles? The fact that a particular soil sample reacts differently to a
standard method in itself provides information concerning the soil’s properties.

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention
3.4.7 Total Silt Fraction

Total silt, definition and application: Total silt is a soil separate with 0.002- to
0.05-mm particle diameter. The SSL determines the fine silt separate by pipet analysis
and the coarse silt separate by difference. The silt to clay ratio is an important criterion
for classification of soils in the Tropics (Van Wambeke, 1962) and for evaluating such
phenomena as clay migration, stage of weathering, and age of parent material (Ashaye,
1969). In general, soils with high silt contents are associated with unweathered soils that
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are fertile. Sandy clay and sandy clay loam textures (low silt contents) are common in
highly weathered materials. Total silt is reported as a weight percentage on a <2-mm
soil basis.

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention
3.4.8 Total Sand Fraction

Total sand, definition and application: 7otal sand is a soil separate with 0.05- to
2.0-mm particle diameter. The SSL determines the sand fractions by sieve analysis.
Total sand is the sum of the very fine sand (VFS), fine sand (FS), medium sand (MS),
coarse sand (CS), and very coarse sand (VCS) fractions. The rationale for five
subclasses of sand and the expansion of the texture classes of sand, e.g., sandy loam and
loamy sand, is that the sand separates are the most visible to the naked eye and the most
detectable by “feel” by the field soil scientist. Total sand is reported as a weight
percentage on a <2-mm soil basis.

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention
3.4.9 2-to5-mm Fraction

2- to 5-mm fraction, definition: The 2- to 5-mm fraction corresponds to the size of
opening of the No. 10 screen and the No. 4 screen (4.76 mm), respectively, used in
engineering. Coarse fractions with 2- to 5- mm particle diameter correspond to the
nonflat rock fragment class fine gravel (USDA/NRCS, 2009b). Coarse fractions with
2- to 5-mm particle diameter are reported as a weight percentage on a <75-mm basis.

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention
3.4.10 5-to 20-mm Fraction

5- to 20-mm fraction, definition: The 5- to 20-mm fraction corresponds to the size
of opening of the No. 4 screen (4.76 mm) and the 3/4-in screen (19.05 mm),
respectively, used in engineering. Coarse fractions with 5- to 20-mm particle diameter
correspond to the nonflat rock fragment class medium gravel (USDA/NRCS, 2009b).
Coarse fractions with 5- to 20-mm particle diameter are reported as a weight percentage
on a <75-mm basis.

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention
3.4.11 20-to 75-mm Fraction

20- to 75-mm fraction, definition: The 20- fo 75-mm fraction corresponds to the
size of opening of the 3/4-in screen (19.05 mm) and the 3-in screen (76.1 mm),
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respectively, used in engineering. Coarse fractions with 20- to 75-mm particle diameter
correspond to the nonflat rock fragment class coarse gravel (USDA/NRCS, 2009b).
Coarse fractions with 20- to 75-mm particle diameter are reported as a weight
percentage on a <75-mm basis.

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention
3.4.12 0.1- to 75-mm Fraction

0.1- to 75-mm fraction, definition: The 75-mm fraction corresponds to the size of
opening in the 3-in screen (76.1 mm) used in engineering. These data are listed for
taxonomic placement for particle-size class, i.e., to distinguish loamy and silty family
particle-size classes. Refer to Soil Survey Staff (2010) for additional discussion on
particle-size classes. Coarse fractions with 0.1- to 75-mm particle diameter are reported
as a weight percentage on a <75-mm basis.

3.4 Ratios, Estimates, and Calculations Related to Particle-Size
Analysis, Bulk Density, and Water Retention

3.4.13 >2-mm Fraction

>2-mm fraction, definition: Coarse fractions with >2-mm particle diameter are
reported as a weight percent on a whole-soil basis. For more information on these data,
refer to Soil Survey Division Staff (1993) and Soil Survey Staff (2010).

3.5 Micromorphology
3.5.1 Thin Sections

This section summarizes the method for preparation of a thin section. In addition, it
provides background information related to micromorphology, description and
terminology of microfabrics, and interpretations of these fabrics (Nettleton, 2004).

3.5 Micromorphology
3.5.1 Thin Sections

3.5.1.1 Preparation

Micromorphology is used to identify fabric types, skeleton grains, weathering
intensity, and illuviation of argillans and to investigate genesis of soil or pedological
features. In this method, a soil clod is impregnated with a polymer resin (Innes and
Pluth, 1970). A flat surface of the soil sample is glued to a glass slide. The soil sample
is cut and ground to a thickness of # 30 um. The thin section is examined with a
petrographic microscope (Anonymous, 1987; Cady, et al., 1986).
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3.5 Micromorphology
3.5.1 Thin Sections

3.5.1.2 Interpretations

Background

Micromorphology may be defined as the study of soils or regolith samples in their
natural undisturbed arrangement using microscopic techniques (Cady et al., 1986;
Stoops, 2003). This technique, also termed microfabric analysis, entails descriptive
terminology that has been developed over the past 50 years. The science and
terminology of microfabric analysis were initially documented by Kubiena (1938).
Since then, important publications documenting terminology have included Brewer
(1964); FitzPatrick (1984, 1993); Bullock et al. (1985); and Stoops (2003).
Methodological descriptions for producing thin sections can be found in Cady et al.
(1986); FitzPatrick (1984); Murphy (1986); Fox et al. (1993); and Fox and Parent
(1993). An excellent book on examination of mineral weathering in thin sections is
Delvigne (1998), and the Soil Science Society of America (1993) has a CD collection of
images that illustrate many features of microfabrics.

Examination of thin sections with a polarizing light microscope can be considered
an extension of field morphological studies. The level of resolution increases from field
examination to optical microscopic examination and finally to submicroscopic
techniques (electron microscopy), but this sequence of techniques increasingly
sacrifices field of view (Cady et al., 1986). Thus, the results of micromorphological
studies are most useful when they are combined with other field (landscape description,
pedon morphological description) and laboratory data (Cady, 1965). Micromorphology
is used to identify types and sequences of active processes occurring in soils via
identification of argillans, fabric types, skeleton grains, and weathering intensity. It is an
ideal tool for investigating genesis of soil or pedological features.

Initially, the investigator should scan the overall features of a thin section and
determine those features that require emphasis. This initial scanning may include all the
thin sections from a soil profile or all those related to a particular problem. Different
kinds of illumination should be used with each magnification. Strong convergent light
with crossed polarizers elucidates structures in dense or weakly birefringent material
that may appear opaque or isotropic. Structures in translucent specimens become more
clearly visible if plain light is used and the condensers are stopped down. Everything
should be viewed in several positions of the stage or during slow rotation with cross-
polarized light.

A thin section is a two-dimensional slice through a three-dimensional body. The
shapes of mineral grains and structural features are viewed in one plane, and the true
shapes must be inferred. A grain that appears needle-shaped may be a needle or the
edge of a flat plate. An elliptical pore may be an angular slice through a tube. A circular
unit is probably part of a sphere. With a three-dimensional perspective in mind as well
as an awareness of section thickness, repeated viewing of similar features that appear to
be cut at different angles is the best way to accustom oneself to a volume rather than a
planar interpretation of shape. A well prepared section is 20- to 30-um thick. Grains
smaller in thickness are stacked and cannot be viewed as individual grains. Similarly,
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pores smaller than 20 to 30 um cannot be seen clearly. A pore size of 20-um diameter
equates to a soil moisture tension of 15 kPa (0.15 bar) (Rode, 1969) so that visible pores
in thin section are mostly drained at water contents below field capacity.

Sand and silt grains in thin sections are identified by standard methods presented in
petrography texts. The general analytical approach is the same for grain studies as it is
for thin sections; however, in grain studies the refractive index is used only as a relative
indicator, and other optical and morphological properties are more important.
Furthermore, in thin sections, a concern with minerals that occur in small quantities or
an attempt to quantify mineralogical analysis is seldom necessary. The separate particle-
size fractions should be used for the identification and mineralogical analyses that are
important to a study, whereas the thin sections should be used mainly for information
about component arrangement. Recognition of aggregates, concretions, secondary
pseudomorphs, and weathered grains is more important in thin section studies than in
sand and silt petrography. Recognition of these components in thin section is easier
because interior structures are exposed. Although grain studies are important in soil
genesis studies, the arrangement of components is destroyed or eliminated by sample
preparation procedures that separate the sand, silt, and clay.

In the United States, the emphasis in micromorphology has been on clay
arrangement. Clay occurs not only in the form of aggregates but also in massive
interstitial fillings, coatings, bridges, and general groundmass. Even though the clay
particles are submicroscopic, they can be described, characterized, and sometimes
identified; e.g., the 1:1 and 2:1 lattice clays can be distinguished. Completely dispersed,
randomly arranged clay of less than 1 um exhibits no birefringence and appears
isotropic in cross-polarized light. Clay in a soil is seldom all random and isotropic. Clay
develops in oriented bodies, either during formation or as a result of pressure or
translocation. If enough plate-shaped particles are oriented together in a body that is
large enough to see, birefringence can be observed.

With the exception of halloysite, the silicate clay minerals in soils are platy. The a
and b crystallographic axes are within the plane of the plate, and the ¢ axis is almost
perpendicular to this plane. Even though the crystals are monoclinic, the minerals are
pseudohexagonal, as the distribution of stems along the a and b axes is so nearly the
same and the c axis is so nearly perpendicular to the other axes. The optical properties,
crystal structure, and general habit of clay are analogous to those of the micas, which
can be used as models to analyze and describe clay properties.

The speed of light that travels in the direction of the ¢ axis and vibrates parallel to
the a axis is almost the same as that light that vibrates parallel to the b axis. Therefore,
the refractive indices are very close, and the interference effects in cross-polarized light
are small when observed along the c axis. Light that vibrates parallel to the ¢ axis
travels faster than in other directions. Hence, the refractive index is lower. If the edge of
the crystal or aggregate of crystals is viewed along the a-b plane between crossed
polarizers, two straight extinction positions are viewed and interference colors are
manifested in other positions. If a clay concentration is organized so that most of the
plates are parallel, the optical effects can be observed. The degree and quality of optical
effects depend on the purity, continuity, and orientation process of the clay body.

Kaolinite has low birefringence and has refractive indices slightly higher than those
of quartz. In the average thin section, interference colors for kaolinite are gray to pale
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yellow. In residual soils that are derived from coarse-grained igneous rocks, kaolinite
occurs as booklike and accordionlike aggregates of silt and sand size.

Even though halloysite can form oriented aggregates, it should not show
birefringence because of its tubular habit (Churchman et al., 1984). Halloysite may
show very faint, patternless birefringence, which is caused by impurities or by
refraction of light at the interfaces between particles.

The 2:1 lattice minerals (Fig. 3.5.1.2.1) have high birefringence and show bright,
intermediate-order interference colors if the edges of aggregates are viewed. In the clay-
sized range, distinctions among smectite, mica, vermiculite, and chlorite in thin section
are seldom possible. These clay minerals are usually mixed in the soil and seldom occur
pure. In many soils, these clay minerals are stained and mixed with iron oxide and
organic matter.

Residual clay has been in place since its formation by weathering. Although it may
have been transported within fragments of weathered material, it remains in place
relative to the fabric of these fragments. This clay may be random, have no orientation,
and thus be isotropic; however, more often, it shows some birefringence. In transported
materials, silt-sized flakes and other small aggregates are common. In many residual
materials, clay is arranged either in forms that are pseudomorphs of rock minerals or in
definite bodies of crystal aggregates, e.g., vermicular or accordionlike kaolin books.
The regular, intact arrangement of these materials is usually diagnostic of residual
material.

Clay rearrangement may result from differentially applied stress that produces
shear (Fig. 3.5.1.2.2). Platy particles become oriented by slippage along a plane, e.g.,
slickenside faces in a Vertisol or in clayey layers. Platy particles also are oriented inside
the blocks. Root pressure, mass movement, slump, and creep can produce stress
orientation. If the faces on structural units are smooth and do not have separate coatings,
stress orientation can be inferred. Otherwise, in plain light, stress orientation cannot be
observed. In plain light, clay in the thin section may be homogeneous and featureless. In
cross-polarized light, the orientation pattern is reticulate, consisting of bright lines
showing aggregate birefringence, often intersecting at regular angles. The effect is that
of a network in a plaid pattern. There may be numerous sets of these slippage planes,
which appear in different positions as the stage is turned. Stress-oriented clay may be
near rigid bodies, e.g., quartz grains, or along root channels. Stress-oriented clay is
often strongly developed on ped faces. Stress can also orient mica flakes and any other
small platy grains.

Location features that distinguish translocated clay from residual clay are its
occurrence in separate bodies, usually with distinct boundaries, and its location on
present or former pore walls, channel linings, or ped faces. Translocated clay may have
a different composition than matrix clay, especially if its origin is another horizon. This
clay is more homogeneous and is usually finer than the matrix clay. Translocated clay
displays lamination, indicating deposition in successive increments, and manifests
birefringence and extinction, indicating that these translocated clay bodies are oriented
aggregates. If these bodies are straight, they have parallel extinction. If these bodies are
curved, a dark band is present wherever the composite ¢ axis and the composite a and b
axes are parallel to the vibration planes of the polarizers. When the stage is rotated,
these dark bands sweep through the clay aggregate.
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Other substances, such as goethite, gibbsite, carbonate minerals (Fig. 3.5.1.2.3),
and gypsum, may form pore linings and ped coatings. These substances can be
identified by their mineralogical properties.

Amorphous coatings of organic matter, with or without admixed Fe and Al, are
common, especially in spodic horizons. This material is dark brown to black, is
isotropic or faintly birefringent, and is often flecked with minute opaque grains.
Amorphous coatings of organic matter occur as the bridging and coating material in B
horizons of sandy Spodosols and as thin coatings or stains on pore and ped faces in
other soils.

Description of Microfabrics

Terms have been defined for distribution patterns of the components of soil thin
sections (Brewer, 1964 and 1976; Stoops and Jongerius, 1975; Brewer et al., 1983;
Bullock et al., 1985; Stoops, 2003). As these terms have become more widely
adopted in the literature, the SSL increasingly uses them in Soil Survey Investigations
Reports (SSIRs) and in soil project correspondence. Micromorphological descriptions
often contain terminology from different sources to describe properties of the fabric.

Related distribution patterns: The five “coarse-fine related distribution patterns”
of Stoops and Jongerius (1975) are in common usage. The nomenclature of these
distribution patterns, as described by Stoops and Jongerius (1975), is intended to be
broadly defined. There are no restrictions on material type, absolute size, orientation,
granulation, or origin. The system may be used to describe the distribution of primary
particles, e.g., quartz grains, as well as compound units, e.g., humic microaggregates.
The coarser particles may be silt, sand, or gravel, whereas the finer material may be
clay, silt, or sand. Figure 3.5.1.2.4 shows the average textures, linear extensibilities
(LE), and drained pore to filled pore (DP/FP) ratios of some related distribution patterns
of a number of U.S. soils.

The monic type (granic type of Brewer et al., 1983) consists of fabric units of only
one size group, e.g., pebbles, sand, lithic fragments (coarse monic), or clays (fine
monic). In the gefuric type, the coarser units are linked by bridges of finer material but
are not surrounded by this material. In the chitonic type (chlamydic type of Brewer et
al., 1983), the coarser units are surrounded by coatings of finer material. In the enaulic
type, the larger units support one another and the interstitial spaces are partially filled
with finer material. The enaulic fabric consists of material finer than that found in either
the gefuric or chitonic type but not so fine as that found in the porphyric type. In the end
member of the sequence, the porphyric type, the large fabric units occur in a dense
groundmass of smaller units and there is an absence of interstitial pores. This type is
equivalent to the earlier porphyroskelic class of Brewer (1964) or to the current
porphyric class (Brewer et al., 1983). The class may be divided into types based on the
spacing of the coarser units.

Plasma fabrics: Brewer (1976) divided soil materials into three groups for
descriptive purposes: peds, pedological features, and s-matrices. Peds are the basic units
in soils that contain organized structural units and are composed of skeleton grains,
plasma, and pedological features. The s-matrix is the material within which pedological
features occur, having no definite boundary, size, shape, or orientation (Brewer, 1976).
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Skeleton grains of a soil material are individual grains larger than colloidal size. The
soil plasma includes all the colloidal size material as well as relatively soluble material
not bound in skeleton grains.

The description of plasmic fabrics is based on the interpretations of optical
properties under cross-polarized light, especially extinction phenomena. Plasma
concentrated or crystallized into pedological features is not included in the description
of plasmic fabrics. In general, the descriptive terms for the s-matrix are those defined by
Brewer (1976). The s-matrix plasma fabrics are divided into two groups: the asepic and
sepic types. Asepic fabrics are those with anisotropic plasma in which the domains, i.e.,
the plasma separations, are not oriented relative to each other. Sepic fabrics are those
with anisotropic domains with various orientation patterns visible under cross-polarized
light. Figure 3.5.1.2.5 shows some plasma fabrics and their clay, silt + clay, and linear
extensibility averages for a number of U.S. soils.

Eswaran (1983) characterized the <25-um2 size domains of monomineralic soils
using a scanning electron microscope (SEM). These features are smaller than some
domains described by Brewer (1976); however, these small features provide the detail
expected of the interparticle relationships present in the larger separations. The domains
in allophanic soils are composed of globular aggregates. The halloysitic soils differ in
that the halloysite tubes generally may be seen as protrusions from globular forms. The
domains in micaceous soils retain the face-to-face packing that is common in micas and
may retain some of the booklike forms as well. The domains in montmorillonitic soils
are bent to conform to the shape of skeleton grains. The packing is essentially face to
face, however, and, upon drying, the fabric is very dense and compact. In kaolinitic
soils, the domains frequently are present as booklets that are packed face to face, unless
iron hydrous oxide has disrupted the platelets, in which case the platelets may still be
packed face to face in subparallel stacks.

Asepic plasmic fabrics are subdivided into two groups: argillasepic and silasepic
types. Argillasepic fabrics are dominated by anisotropic clay minerals and have a
random orientation pattern of clay-sized domains. Overall, asepic fabrics have flecked
extension patterns. Silasepic fabrics have a wider range of particle sizes than the
argillasepic types; however, a careful observer may view silt-sized domains or plasma
bodies that give the matrix an overall flecked extinction pattern (Fig. 3.5.1.2.6).

The sepic plasmic fabrics have recognizable domains with various patterns of
orientation. Internally, the domains, i.e., plasma separations, have striated extinction
patterns. Brewer (1964) recognizes seven kinds, most of which are widely adopted.
Insepic fabrics consist of isolated, striated plasma domains within a flecked plasma
matrix (Fig. 3.5.1.2.7). Mosepic fabrics consist of plasma domains with striated
orientation that may adjoin each other or may be separated by small plasma areas with
flecked orientation that are not oriented relative to each other (Fig. 3.5.1.2.8). The fabric
is vosepic when the plasma separations with striated orientation are associated with
channel or pore (void) walls. The fabric is skelsepic when the plasma separations occur
at the skeleton grain-matrix contact (Fig. 3.5.1.2.9).

The remaining three sepic plasmic fabrics are most common in fine-textured soils.
In masepic fabrics, the plasma separations occur as elongated zones within the s-matrix
and apparently are not associated with void walls or skeleton grains (Fig. 3.5.1.2.10).
The striations have orientations parallel to zone length. Lattisepic fabrics are similar to
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masepic fabrics, except that the acicular and prolate domains occur in latticelike
patterns. In omnisepic fabrics, all of the plasma has a complex striated orientation
pattern.

Three other kinds of plasmic fabrics are characteristic of particular minerals or
kinds of soils. Undulic plasmic fabrics have practically isotropic extinction patterns at
low magnification, and the domains are indistinct even at high magnification. Isotic
plasmic fabrics have isotropic plasma, even at highest magnifications with high light
intensity. Crystic plasmic fabrics have anisotropic plasma with recognizable crystals,
typically of soluble materials.

Pedological features, cutans: The term cutan and definitions of its respective
types (Brewer, 1964) have been widely adopted by soil scientists. Cutan is defined by
Brewer as a modification of the texture, structure, or fabric at natural surfaces in soil
materials due to the concentration of particular soil constituents or as in-place
modification of the plasma (Fig. 3.5.1.2.11). Generally, the cutans are subdivided on the
basis of their location, composition, and internal fabric. Cutan locations are surfaces of
grains, peds, channels, or voids. The mineralogical nature of cutans is characterized,
e.g., argillans, ferri-argillans, or organo-argillans. Argillans are composed dominantly
of clay minerals, ferri-argillans have iron oxides as a significant part of their
composition, and organo-argillans have significant color addition by inclusion of
organic matter.

Sesquan 1s a general term used for a cutan of sesquioxides or hydroxides. Sesquans
that are specific for goethite, hematite, and gibbsite are called goethans, hematans, and
gibbsans, respectively. Similarly, cutans of gypsum, carbonate, calcite, halite, quartz,
silica, and chalcedony are called gypsans, calcans, calcitans, halans, quartzans, silans,
and chalcedans, respectively. Skeleton grains that adhere to the cutanic surface are
called skeletans.

Pedological features, glaebules: Glaebules (Brewer, 1964) are three-dimensional
pedological units (e.g., Fe oxide or carbonate nodules) within the s-matrix; their
morphology is incompatible with the composition of the present matrix material. (The
name is derived from the Latin term glaebula, meaning a small lump or aggregate of
earth.) Glaebules are typically prolate to equant. A glaebule is recognized as a unit
either because of a greater concentration of a constituent, or difference from the s-
matrix fabric, or because of the presence of distinct boundaries of a constituent within
the enclosing s-matrix. Glaebules include papules, nodules, concretions, and pedodes.
Papules are pedogenic features composed of clay minerals with continuous and/or
laminar fabric, sharp external boundaries, and commonly prolate to equant, somewhat
rounded shapes. Nodules (Fig. 3.5.1.2.12) are pedological features with undifferentiated
internal fabric. Concretions are pedological features with concentrically laminated
structures about a center. Pedodes are pedological features with hollow interiors,
commonly lined with crystals.

Pedological features, voids: Voids are the empty spaces within the s-fabric. Those
voids with diameters of 20 pm to >2 mm can be studied and measured in thin section.
Brewer (1976) classifies these voids as follows: (1) simple packing voids (empty spaces
due to random packing of single skeleton grains), (2) compound packing voids (Fig.
3.5.1.2.13) (empty spaces between peds or other compound individuals), (3) vughs (Fig.
3.5.1.2.14) (relatively large spaces that are not formed by packing of skeleton grains,
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(4) vesicles (Fig. 3.5.1.2.15) (relatively large empty spaces with smooth, regular
outlines), (5) chambers (empty spaces with smooth, regular outlines that connect to
other voids), (6) joint planes (plane, empty spaces that traverse the s-matrix in a regular
pattern), (7) skew planes (plane, empty spaces that traverse the s-matrix in an irregular
pattern), (8) craze planes (plane, empty spaces that traverse the s-matrix in a highly
irregular pattern of short, flat or curved planes), and (9) channels (mostly cylindrical,
empty spaces that are larger than packing voids).

Interpretations

Related distribution patterns: Usually, the basic descriptive terms for soil fabrics
do not imply any specific genesis of the feature. Modifiers commonly are added,
however, when fabric descriptions are complete enough to explain the means of
formation; i.e., stress cutan, or in-place plasma modification, is the result of differential
forces, e.g., shearing, whereas an illuviation cutan is formed by movement of material
in solution or suspension and later deposited (Brewer, 1964).

The average properties of some related distributions we have described are given in
Figure 3.5.1.2.4. In an experimental study of soil microfabrics by anisotropic stresses of
confined swelling and shrinking, Jim (1986) showed that with an increase in the activity
and proportion of the clay fraction, the related distribution patterns alter from
dominantly matrigranic (monic, with the units being aggregates) to matrigranodic
(enaulic) to porphyric. Similarly, our data for some U.S. soils show that the relative
pore volumes at 30 kPa for some soil coarse-fine distributions increase from enaulic
through open porphyric (Fig. 3.5.1.2.16).

Some monic fabrics are inherited, including soil fabrics that formed in sand dunes,
sandy sediments deposited by streams and rivers, beach deposits, and gruss. Fauna can
produce monic fabrics that are mostly fecal pellets. Monic fabrics can also form by
fracturing and flaking of organic coatings in the upper B horizons of the Spodosols
(Flach, 1960) and by freezing and thawing (Brewer and Pawluk, 1975).

Several kinds of finer material (plasma) can bridge the coarser particles (skeleton
grains) to form gefuric related distribution patterns. Gefuric patterns are common in
weakly developed argillic and spodic horizons and in duripans. Silicate clays can bridge
skeleton grains in some argillic horizons; the organic matter, iron, and aluminum
complexes in some kinds of spodic horizons; and the amorphous silica in some kinds of
duripans.

In soils that are slightly more developed than those with gefuric patterns, chitonic
related distribution patterns form. These are common in argillic and spodic horizons and
in duripans. Bridges and complete coatings of skeleton grains are present. Typically, the
cement or plasma is material that adheres to skeleton grains. These cements have
covalent bonds and commonly include silica (Fig. 3.5.1.2.17), iron, aluminum, and
organic matter (Chadwick and Nettleton, 1990).

The enaulic related distribution patterns are more common in soil material in which
the cement bonds to itself more strongly than to skeleton grains. In sandy soils, ionic-
bonded calcite and gypsum tend to bond to themselves more strongly than to skeleton
grains (Fig. 3.5.1.2.3), thereby producing open porphyric related distribution patterns
(Chadwick and Nettleton, 1990). Even though organic matter has covalent bonds and
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typically surrounds grains, organic material forms pellets in void spaces between
skeleton grains in some spodic horizons.

Porphyric related distribution patterns form as a result of the normal packing of
grains in materials with a high proportion of fine material. These patterns can be the end
member of several kinds of sequences (Brewer et al., 1983). In porphyric related
distribution patterns, there may or may not be skeleton grains of primary minerals,
pedorelicts, organics, lithic fragments of shale, sandstone, or other rocks. In the
porphyric related distribution patterns, the material consists of silt and clay and the
interstices tend to be filled with coatings exhibiting minimal formation. In precursors of
the porphyric related distribution patterns, the silt to clay ratio is used to identify the
kind of sequences by which the porphyric pattern forms (Brewer et al., 1983). The
porphyric patterns are common in loessial soils, especially in argillic and petrocalcic
horizons, duripans, and ortstein.

Plasmic fabrics: The asepic plasmic fabrics differ in composition mainly in silt to
clay ratios. Argillasepic fabrics have the higher clay contents, typically <30 percent but
in some cases as much as 70 percent (Brewer et al., 1983). Organic matter or iron stains,
resulting in a flecked distribution pattern, mask the birefringence of the plasma.
Argillasepic fabrics are important fabrics in many fine-textured B horizons. Silasepic
plasmic fabrics have low clay contents and have more silt than clay. The silasepic
fabrics are common in porphyric related distribution patterns in A and B horizons of
Solonetz, Solodized Solonetz, and Solodic Soils, Soloths, Red Podzolic Soils, and
Lateritic Podzolic Soils and are also associated with some sedimentary deposits (Brewer
et al., 1983). Silasepic plasma fabrics are common in A and B horizons of loessial soils
in association with other kinds of plasma separations. Even if there is high clay content,
the horizons with asepic plasmic fabrics have low effective linear extensibilities (LE)
either because the clays are low-swelling types or because the soils do not dry enough
to undergo the full range of laboratory-measured LE.

In soils that form in the same climate, the kinds of sepic plasmic fabrics form a
sequence relative to increasing linear extensibility (Nettleton et al., 1969; Holzhey et al.,
1974). In increasing order of shrink-swell stress, the plasmic fabric sequence is insepic,
mosepic, lattisepic, omnisepic, and masepic. Using x-ray diffraction (Clark, 1970) and
scanning electron microscopy (Edil and Krizek, 1976), observations of deformation
experiments indicate that the degree of clay orientation increases with an increase in
applied stress. In an experimental study of soil microfabrics by anisotropic stresses of
confined swelling and shrinking, Jim (1986) shows that with an increase in the activity
and content of the clay fraction there is an increase in the long and narrow plasma
separations, i.e., a progression from insepic to mosepic to masepic plasmic fabrics.

Insepic plasmic fabrics are very common in finer grained porphyric B horizons of a
wide range of soil groups (Brewer et al., 1983). Soil horizons with insepic fabrics
generally have an LE of <4 percent. In some insepic plasmic fabrics, the plasma islands
or papules are pseudomorphs of some weatherable mineral, whereas in other insepic
fabrics the papules are clay skin fragments or are eolian sand-sized clay aggregates
(Butler, 1974). In some samples, the pseudomorphs do not disperse well in particle-size
distribution analysis (PSDA).

Mosepic plasmic fabrics commonly have more clay than insepic fabrics do because
they contain more islands of plasma. In mosepic plasmic fabrics, however, LE also
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remains low. Shrink-swell forces have not been sufficient or have not operated long
enough to have homogenized the islands of plasma into the soil matrix.

Vosepic plasmic fabrics occur in soil horizons that have undergone stress as a result
of either shrink-swell forces or tillage. Even though root growth is adequate to increase
the percentage of oriented clay near the root-soil interface (Blevins et al., 1970), root
growth does not appear adequate to form vosepic or other highly stressed plasmic
fabrics. Typically, vosepic fabrics are present in soil horizons in which the main fabric
type is masepic or skelsepic. The vosepic plasmic fabric rarely occurs as the only fabric
in a soil horizon.

There are at least two types of origins for orientation of plasma on sands. One is a
result of clay illuviation. By definition, this type would not be included with skelsepic
fabric. The distribution patterns associated with this fabric commonly are monic,
gefuric, or enaulic. The other origin is commonly the porphyric related distribution
patterns with LEs that are >4 percent for dryland soils, i.e., soils in aridic, xeric, or ustic
soil moisture regimes. These are the true skelsepic fabrics. Shrink-swell forces have
been involved in their formation as shown by relatively few papules or clay skins
remaining, and there are vosepic areas.

Masepic, lattisepic, and omnisepic plasmic fabrics are evidence of stress of >4
percent in dryland soils. Clay contents are typically >35 percent, but the threshold
amount is dependent on clay mineral type and on degree of dryness common to the
environment. In masepic, lattisepic, and omnisepic plasmic fabrics, papules and clay
skins are rare but areas of skelsepic and vosepic areas commonly occur.

Undulic plasmic fabrics seem to be associated with basic parent materials,
especially basalt, and with moderate to strong weathering (Brewer et al., 1983). The
fabric commonly is stained deeply by iron minerals, and kaolinite and halloysite are the
important clay minerals. Clays in these horizons do not disperse well in PSDA, but high
1500-kPa (15-bar) water contents suggest that the horizons belong in clayey families.
Some papules and clay skins commonly are present, but these plasma separations also
are stained deeply by iron.

Isotic plasmic fabrics are common in spodic horizons and in Andisols. The clays in
these horizons are amorphous and disperse poorly in PSDA. The water-holding
capacities of these soil horizons are relatively high. Some unweathered volcanic ash
may be present.

Crystic plasmic fabrics are common in B horizons of soils that formed in dryland
areas. In soil horizons with large areas of interlocking crystals, soil permeability is
restricted, unconfined compressive strength is increased, and particle dispersion is
limited, depending on the degree of cementation.

Cutans and pedogenic features: Most argillans (Fig. 3.5.1.2.11) are formed, at
least in part, by illuviation. The content of strongly oriented clay (typically argillans
plus papules) in texture-contrast soils (soils with argillic horizons) is typically <5
percent of the soil volume (Brewer et al., 1983). In some sandy soils that are low in silt,
the argillans and papules are as much as 30 percent of the soil material (Brewer et al.,
1983). The measured illuviated clay rarely accounts for the difference in clay content
between the A and B horizons. Some of the clay may originate from weathering in place
and some from a destruction of argillans and papules.
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If argillans and papules are present in argillic horizons in dryland soils, the soil LE
is typically <4 percent (Nettleton et al., 1969). In some humid environments, argillans
and papules may be present even where the LE is >4 percent. As soils in humid
environments do not dry to the same degree as those in the desert, the clay skins may
survive because only part of the linear extensibility is effective.

Papules may originate by the weathering of primary minerals, the isolation of clay
skins by the channel and void migration within the soil matrix (Nettleton et al., 1968;
Nettleton et al., 1990), or the introduction of eolian sands and silts that are composed of
clays (Butler, 1974; Brewer and Blackmore, 1976). The comparison of size and shape
of papules and minerals, as well as of parent material, may help to determine whether
the papules are pseudomorphs of one of the primary minerals. Internal fabric
resemblances and residual parts of the primary mineral within the papules help to
determine whether a papule is a pseudomorph.

The determination of whether or not a papule is an illuvial feature is important for
classification purposes. Arcuate forms and laminar internal fabrics are evidence that the
feature is illuvial. If the feature partially surrounds an oval body of silt, illuvial origin of
the feature is relatively certain (Nettleton et al., 1968).

The origin of the papule as eolian may be determined by studying its size and
shape, its internal fabric, and the number and degree of its alterations relative to other
particles. Microlaminae may suggest an origin as sediment. Unlike soil pedorelicts or
rock fabrics (lithorelicts), nodules, or glaebules rich in soluble plasma, probably form
by accretion (Brewer, 1976). Most concretions, as well as pedodes, are accretionary and
typically form in place.

A study of soil voids may be useful in predicting the clay activity and shrink-swell
behavior of soils. In an experimental study of soil microfabrics by anisotropic stresses
of confined swelling and shrinking, Jim (1986) shows that with an increase in the
activity and content of the clay fraction there is a drastic decrease in void volume,
especially the >30-um fraction. Furthermore, the void shapes change from compound
packing voids to planar voids and vughs. With an increase in stress from shrink-swell
forces, aggregates become flattened at contacts, resulting in more angular and
eventually fused compound units.

Possible objectives of micromorphological studies are the measurement of porosity
and the prediction not only of soil water content at various suctions but also of
hydraulic conductivity. In thin section studies of voids in sands and sandy soils, there is
a close correlation between microscopic and suction methods (Swanson and Peterson,
1942); however, in those soils whose volumes change with changes in water content,
pore size distribution is undefined and no constant void size distribution exists (Brewer,
1976). Furthermore, there are several invalidated assumptions that commonly are made
in relating porosity to permeability (Nielsen et al., 1972, p. 11). The assumptions that
especially relate to soil fabric are that no pores are sealed off, pores are distributed at
random, and pores are generally uniform in size. A more serious difficulty may be that a
thin section, even if reduced to a 20-um thickness, may make the examination of the
<20-pm diameter pores impossible if these pores pass through the section at an angle of
<45 degrees. Under these conditions, many voids that are involved in unsaturated
waterflow in soils will not be visible in thin section (Baver, 1956, p. 271).
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The size, shape, and arrangement of skeleton grains determine the nature of simple
packing voids, but the origin of compound packing voids is not so straightforward. The
unaccommodated peds of the compound packing voids may be formed by faunal
excreta, shrink-swell action, human activities, or unknown causes.

Vughs typically occur in soil materials with a wide range in size of particles,
including silicate clays. Some vughs form by the weathering and removal of carbonate,
and others form by faunal activity or the normal packing of plasma and skeleton grains.
The very regular outline of vesicles is of interest (Nettleton and Peterson, 1983).
Lapham (1932) states that in Sierozems (Aridisols) the vesicles that are near the surface
are the result of air entrapment by rainfall following dry, dusty periods. Laboratory
studies verify this phenomenon (Springer, 1958). If soils high in silt are allowed to dry
before each irrigation, the vesicle size increases with the number of irrigations (Miller,
1971). As a result of studies of infiltration rates and sediment production in rangeland in
central and eastern Nevada, Blackburn and Skau (1974) and Rostagno (1989) conclude
that the infiltration rates are the lowest and the sediment yields are the highest on sites
that have vesicular surface horizons. The failure of most vesicles to connect to other
voids and the low strength of the crust in which vesicles occur help to explain the low
infiltration rates and high sediment yields that are common in these soils.

Joint planes (Fig. 3.5.1.2.18) are produced in relatively uniform fine-textured soils
by a relatively regular system of cracking upon drying (Brewer, 1976). Once formed,
these joint planes tend to open in the same place during successive drying cycles. Skew
planes are produced in more heterogeneous materials or by irregular drying (Brewer,
1976). Craze planes commonly occur in Chernozems (Mollisols), possibly as a result of
the high humic acid content (Brewer, 1976). Because of their size, cross-sectional
shape, and kind of branching pattern, channels probably form by faunal activity, plant
root systems, or certain geological processes (Brewer and Sleeman, 1963).
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Figure 3.5.1.2.1.—Large biotite grain undergoing expansion from
weathering. Note the high birefringence due to the orientation of the
grain in thin section. Frame width = 1.0 mm. (Series name not
designated, Fremont County, WY; Pedon 98P0456, Bt2 horizon under
cross-polarized light)

Figure 3.5.1.2.2.—Horizons with a high percentage of clay of expandable
aluminosilicate clay-sized minerals become aligned through shrink-swell
processes. This alignment results in preferred orientation of clay
particles, making the plasma anisotropic (visible under cross-polarized
light). This process results in a loss of argillans along ped faces in many
soils. Frame width = 0.9 mm. (White House pedon, Cochise County, AZ;
Pedon 40A001, BCtk horizon under cross-polarized light)

100



Figure 3.5.1.2.3.—Calcium carbonate around skeleton (sand-sized) grains in a
coarse-textured matrix. These carbonate coatings are referred to as
calcitans (Brewer, 1976). Their formation illustrates attraction to and
deposition of carbonates on mineral surfaces (e.g., quartz or feldspar
grains) accessible to percolating water. Frame width = 0.9 mm. (Cax pedon,
San Bernardino County, CA; Pedon 97P0420, Bkg2 horizon under cross-
polarized light)

Fabric Items
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Variable®
Close Single-Space  Double-Space Open
C/f Patterns  Chitonic  Enaulic  pooppyric  Porphyric Porphyric Porphyric

Clay, % 20c"  23BC 20C 258C 34A8 414
Silt & Clay, % 37D 50BC 40CcD 548 74A 84A
LE, % 4.4AB 2.2B 2.9AB 2.7AB 4.0AB 6.6A
DP/FP 1.18C 1.3B 0.7CD 0.6CD 0.5D 0.3D

Nos. 8 26 23 112 53 94

T GIFF , are related ibution patlerns of coarse and fine constituents, LE, linear

i kPa suction.
extensibility; DP/FP, ratio of drained to fillad pores at 33 >
# Means with the same letter are not significantly different at the 95% confidence level (SAS

Institute, 1988).

Figure 3.5.1.2.4.—Kinds of related distribution patterns and a listing of
their physical properties. Frame width of each idealized kind of fabric
is 0.5 mm. The lower size limit of coarse material in the C/F patterns
was set at about 50 pm for most of the slides.
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Skeleton Grains

Plasma Separations

Variable' Silasepic Insepic Mosepic Skelsepic Masepic

Clay, % 21ctt 23C 328 338 52A
Silt + Clay, % 588 598 658 618 84A
LE, % 2.2€D 2.2CD 3.5BCD 5.88 9.2A
DP/FP 0.8A 0.8A 0.5AB 0.7AB 0.2B
LE + Clay x 100 1.0A 1.1A 1.1A 1.6A 1.8A
Number Observed 97 49 46 67 37

T LE, linear extensibility; DP/FP, ratio of drained to filled pores.
Means with the same letter are not significantly different at the 95% confidence level (SAS

Institute, 1988).

Figure 3.5.1.2.5.—Kinds of plasma fabrics and a listing of their physical
properties. Frame width of each idealized kind of fabric is 0.5 mm.

Figure 3.5.1.2.6.—Silasepic plasma fabric. Frame width = 1.3 mm. (Southridge
pedon, Allamakee County, IA; Pedon 87P0075, Ap horizon under cross-

polarized light)
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Figure 3.5.1.2.7.— Insepic plasma fabric. Frame width = 1.3 mm. (Mexico pedon,
Macon County, MO; Pedon 87P0771, BE horizon under cross-polarized light)

Figure 3.5.1.2.8.—Mosepic plasma fabric. Frame width = 1.3 mm. (Leonard pedon,
Macon County, MO; Pedon 87P0770, 2Btg3 horizon under cross-polarized light)
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Figure 3.5.1.2.9.—Skelsepic plasma fabric. Frame width = 1.3 mm. (Redding
pedon, San Diego County, CA; Pedon 40A2847, Bt horizon under cross-
polarized light)

Figure 3.5.1.2.10.—Masepic plasma fabric. Frame width = 1.3 mm. (Gloria
pedon, Monterey County, CA; Pedon 40A2845, Bt horizon under cross-
polarized light)
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Figure 3.5.1.2.11.—Oriented illuvial clay (argillans) surrounding skeleton
grains. Frame width = 1.1 mm. (Paxon pedon, New York County, NY;
Pedon 00P0001, 2Cd1 horizon under plane polarized light)

Figure 3.5.1.2.12.—Fe oxide nodule from an Andisol in Blue Mountains of eastern
Oregon. Frame width = 2.5 mm. (Tower pedon, Umatilla County, OR; Pedon
97P0547, Bw1 horizon under plane polarized light)

105



Figure 3.5.1.2.13.—Compound packing voids surrounded by illuvial clay
(argillans). Clay lining channels is anisotropic due to orientation
during deposition, while clay (plasma) in the s-matrix is partially
anisotropic due to stress orientation (shrink-swell processes). Frame
width = 1.0 mm. (Endlich pedon, Gunnison County, CO; Pedon
99P0001, Bt1 horizon under cross-polarized light)

Figure 3.5.1.2.14.—Void that has smooth edges and is elongated. This void type is
described by Brewer (1976) as a vugh. Frame width = 1.0 mm. (Troutville
pedon, Gunnison County, CO; Pedon 99P0002, E&Bt horizon under cross-
polarized light)
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Figure 3.5.1.2.15.—The walls consisting of “smooth, simple curves” indicate
that this void is a vesicle. These vesicles were formed in the thin
surface crust of a Typic Haplargid. Frame width = 3.2 mm. (Dera
pedon, Juab County, UT; Pedon 81P0610, A1 horizon under cross-

Relative Pore Volumes

polarized light)
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Enaulie Close Sing-Sp Double-Sp Open
Porphyric Porphyric Porphyric Porphyric
Samples 63 44 161 93 155

Figure 3.5.1.2.16.—Relative pore volumes at 30 kPa for soil fabric coarse-fine
distributions for some U.S. soils.
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Figure 3.5.1.2.17.—Horizon with duripan exhibiting silica cementation. The
fabric has an opal and chalcedony laminar cap. The matrix above and
below is composed of durinodes (noncrystalline silica) surrounded by
moderately oriented silicate clays. Clay can provide the initial
absorption surface for silica in soil solution. The absorption of silica
onto established silica phases leads to the formation of nodules. Frame
width = 1.0 mm. (Series name not designated, Jefferson County, OR;
Pedon 87P0513, 2Bkqm horizon under plane polarized light)

Figure 3.5.1.2.18.—Joint planes (platy structure) formed in the surface
horizon of a soil. Frame width = 2.5 mm. (Frisite pedon, Fremont
County, WY; Pedon 98P0453, A horizon under cross-polarized light)
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3.6 Aggregate Stability

This section describes the SSL method for aggregate stability, wet sieving (2 to 1
mm, 2- to 0.5-mm aggregates retained). The SSL aggregate method is compared to the
Soil Quality Institute procedure, wet sieving (<2 mm, >0.25-mm aggregates retained).
Information is provided on key definitions related to soil structure and aggregation. The
soil processes of sealing, crusting, and disaggregation also are described, and references
to case studies/datasets are presented as evidentiary examples of the actions/practices
that have promoted or diminished these processes. For a detailed description of the SSL
method which is cross-referenced by method code in the table of contents in this
manual, refer to SSIR No. 42 (Soil Survey Staff, 2004), which is available online at
http://soils.usda.gov/technical/lmm/. Refer to the Soil Quality Test Kit Guide (Soil
Quality Institute, 1999; available online at
http://soils.usda.gov/sqi/assessment/files/test kit complete.pdf) and SSIR No. 51 (Soil
Survey Staff, 2009; available online at http://www.soils.usda.gov/technical/) for
descriptions of field methods as used in NRCS soil survey offices.

3.6 Aggregate Stability
3.6.1 Structure and Aggregates

Structure, definition and assessment: Soi/ structure is defined as the physical
constitution of a soil material as expressed by the size, shape, and arrangement of
elementary particles and voids (Brewer, 1964). Structure is one of the most difficult
physical properties to determine for quantitative evaluation (Lal, 1981). As used in most
soil classification systems, soil structure is more of a qualitative evaluation, e.g.,
description of soil peds, and does not provide a precise means to predict soil behavior in
different management systems (Lal, 1981). An assessment of soil structure is typically
the qualitative or visual evaluation of its physical constitution, often complemented by
quantitative analyses of the stability of this particular arrangement (aggregate stability)
to a disruptive force (e.g., hand manipulation, water, wind, wheel traffic) (Kladivko,
2002).

Aggregates, definition and assessment: Soi/ aggregate is defined as a group of
primary articles that cohere to each other more strongly than to other surrounding soil
particles (Soil Science Society of America, 2010). Disaggregation of soil mass into
aggregates requires the application of a disrupting force. Aggregate stability is a
function of whether the cohesive forces between particles can withstand the applied
disruptive force. Aggregate stability is the result of complex interactions among
biological, chemical, and physical processes in the soil (Tisdall and Oades, 1982; Diaz-
Zorita et al., 2002; Marquez et al., 2004). Due to the empirical relationship between
laboratory-determined aggregate-size distribution and the distribution as it exists in the
field, most investigators use the stability of aggregates rather than aggregate-size
distribution as an index of soil structure in the field (Kemper and Rosenau, 1986).
Whereas soil texture cannot be changed, at least over a short period of time, by any
economical means, successful management of some soils, e.g., tropical soils, depends
on the management of soil structure (Lal, 1979).
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Structure and aggregate stability, applications: Soil structure and aggregation
play an important role in an array of soil processes, such as erodibility, organic matter
protection, and soil fertility. Soil structure and its stability govern soil-water
relationships, aeration, crusting, infiltration, permeability, runoff, interflow, root
penetration, leaching losses of plant nutrients, and, therefore, the productive potential of
a soil. The assessment of soil structure can be used to help evaluate the soil’s ability to
support plant growth; cycle C and nutrients; receive, store, and transmit water; and
resist soil erosion and the dispersal of chemicals of anthropogenic origin. It can also be
used to help evaluate the effects of various agricultural techniques, e.g., tillage and
organic matter additions (Kay and Angers, 2002; Nimmo and Perkins, 2002). The
analysis of soil aggregation can be used to evaluate or predict the effects of various
agricultural techniques, e.g., tillage and organic matter additions, and erosion by wind
and water (Nimmo and Perkins, 2002). Immediately after cultivation, most soils contain
an abundance of large pores, which favor high infiltration rates, good tilth, and adequate
aeration for plant growth. The continued existence of these large pores in the soil,
however, depends on the stability of the aggregates. The measurement of aggregate
stability can serve as a predictor of infiltration and soil erosion potential but not as an
indicator of the soil erosion hazard (Lal, 1981). Erodibility of soils increases as
aggregate stability decreases (Kemper and Rosenau, 1986). In a Zimbabwe study of
paired pedons (row cropped versus pasture management) derived from granite,
important indicators of soil degradation and susceptibility to erosion were determined to
be aggregate stability, surface horizon thickness, and ratios of water dispersible clay to
total clay and organic C to silt + clay (Burt et al., 2001b).

3.6 Aggregate Stability

3.6.2 Sealing, Crusting, and Disaggregation, Processes and Case Studies

Sealing, crusting, and disaggregation, processes: The terms soil crusting and soil
sealing have been used synonymously in the literature, but some authors draw
distinctions between these two soil processes and their effects, i.e., specific stages of
soil compaction (Valentin and Bresson, 1998). Surface sealing is associated with the
initial or wetting phase in crust formation, and crusting is associated with the hardening
of the surface seal in the subsequent drying phase (Arndt, 1965; Remley and Bradford,
1989). Seals form very thin (1 to 5 mm) dense elastic layers that clog soils and seal
the soil surface, whereas crusts, formed by the same processes as seals, form thicker
layers (5 to 20 mm) that are platy in arrangement, crack upon drying, and can be
separated from the soil surface (Gabriels et al., 1998; Zoebisch and Dexter, 2002).
Impacts of crusting and sealing are reduced porosity and high penetration resistance,
resulting in surface erosion and runoff and obstruction of seedling emergence
(Valentin and Bresson, 1998). Soil crusting can be assessed directly through
macro/micromorphological examination or indirectly through decreases in infiltration
and increases in surface strength (Valentin and Bresson, 1998).

The following definitions of the various soil crusts are themselves descriptions of
the actions/practices that have promoted this soil process.
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(1) Sedimentary (depositional) crusts are formed by the transport and deposition
(or suspension and deposition) of fine particles by surface flow, e.g.,
erosion and surface irrigation (Chen et al., 1980). Transport may be local
(e.g., ridge to furrow, clod surface to interclod areas) or long distance
(e.g., rills and sheet flow) (West et al., 1991).

(2) Structural crusts are the result of physical forces (e.g., raindrop impact,
sprinkler irrigation, animal trampling, wheel traffic, and flooding). These
crusts are often consequences on barren or unprotected soil surfaces
(Zoebisch and Dexter, 2002).

(3) Slaking crusts are formed as a result of the breakdown of soil aggregates into
smaller aggregates when they are immersed in water. These aggregates
may subsequently disperse (e.g., chemical dispersion of the clay due to the
presence of exchangeable Na).

Sealing, crusting, and disaggregation, case studies: Soil crusting and sealing
phenomena have been studied for nearly six decades by extensive experimental
investigation as well as simulation models. These phenomena are considered major
contributing processes to agricultural and environmental degradation in the Western,
North-Central, and Southeastern United States (Sumner and Stewart, 1992). Soil
susceptibility to rainfall-induced sealing and crusting depends upon a combination of
soil physical, chemical, and biological processes highly affected by climatic and soil
conditions prevailing during seal formation (Bradford and Huang, 1992). In general,
cultivated soils are structurally unstable, and surface seals and crusts are common
phenomena of these soils (Shainberg, 1992).

Susceptibility to seal and crust formation is a property suggested to be common to
many of the soils of the Western U.S. (El-Swaify et al., 1984). Extensive irrigated
agriculture and dryland farming under marginal precipitation, abundance of sodium-
affected soils, and inherently low organic matter are several characteristics of western
agriculture that differentiate this area from the rest of the country and in part explain the
susceptibility of some of these soils to sealing and crusting (Singer and Warrington,
1992). While seals and structural crusts are often the consequences of rainfall impact or
sprinkler irrigation on barren or unprotected soils, these processes are enhanced by Na-
induced clay dispersion.

In 1989, according to the U.S. Department of Commerce, the Western Region had
15.2 million hectares of irrigated land, or approximately 81 percent of the total irrigated
land in the country. While sodic soils occur naturally in the arid and semiarid regions of
the West, the problems associated with these soils are exacerbated under irrigation
systems using poor-quality water (e.g., high Na) and with inadequate delivery and/or
drainage systems. The accumulation of Na can result in a dispersing effect on clay and
organic matter, leading to disaggregation, crust formations, and decreased permeability.
Law et al. (1972) estimated that 20 percent of the total water delivered for irrigation in
the U.S. was lost by seepage from conveyance and irrigation canals. These seepage
waters typically percolate into the underlying strata, dissolving additional salts in the
process, flow to lower elevation lands or waters, and add to the problem of salt-loading
associated with on-farm irrigation (Rhoades, 2002).
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The generalization of low organic matter content in many arid and semiarid western
soils is supported by a study of benchmark soils (Singer and Warrington, 1992) from
eight states in the West, compiled from the USDA Soil Survey Investigations Reports
from those states for the years 1966 (KS, MT, ND, and WY), 1967 (CO and OK), 1970
(NV), and 1973 (CA) (USDA/SCS, 1966a, 1966b, 1966¢, 1966d, 1967a, 1967b, 1970,
1973). These data showed relatively low surface organic C, ranging from <0.1 to 1.5
percent, with the highest values found in poorly drained soils and soils under native
meadow or prairie vegetation. Loss of organic matter from soils inherently low in these
materials, through such practices as overgrazing of rangelands and intensive cultivation,
increases the soil’s susceptibility to surface sealing and crusting (Smith and Elliott,
1990). The Bureau of Land Management (BLM) is the single largest manager of
publicly owned grazing lands, with 270 million acres grazed in 16 Western states, or
about one-eighth of the acreage in the United States. In 1990, the BLM determined by
its own monitoring and evaluation data that two-thirds of its managed rangeland was in
unsatisfactory condition (fair or poor), largely due to overgrazing of these lands.

A number of soil management practices and irrigation practices (Singer and
Warrington, 1992; Rhoades, 2002) have been used to reduce or ameliorate crusting
problems in the West, including shallow tillage to disrupt crusts; addition of crop
residue and manure to increase organic matter; surface mulches used to intercept
raindrop and sprinkler drop impact energy; rangeland reseeding and biota
establishment; controlled grazing; streambank restoration; chemical amendments (e.g.,
gypsum and phosphogypsum) to increase electrical conductivity of irrigation and
decrease Na content; use of high-quality water; efficient irrigation schemes; site
modification using settling basins and alteration in canopy configuration; and adequate
irrigation drainage systems.

Susceptibility to surface sealing has also been determined for important agricultural
soils in the North-Central region. In a regional study by agricultural experiment stations
(IL, IN, IA, MI, MN, NE, ND, OH, SD, and WI), 28 representative soils were found to
have reductions in steady state infiltration rates and potential for surface sealing if
impacted by rainfall when the surface was barren (NCRRP, 1979). A large part of the
arable Corn Belt on sloping topography, represented by 58 soils in Indiana and
Wisconsin, also was shown to be susceptible to extensive water erosion and surface
sealing (Mannering, 1967).

The occurrence and effects of soil crusting on soils in the Southeast, though not
widely acknowledged in comparison to those in the West, have played an important role
in affecting seedling emergence and determining runoff and erosion behavior of
cultivated soils under rainfall (Miller and Radcliffe, 1992). Over the last 100 years,
agriculturalists and soil scientists have observed the tendency of sandy soils
predominant in Georgia, the Carolinas, and Virginia to form hard-setting surface layers
with high runoff rates; however, little research has documented specific crusting
processes on these soils and the resulting effects (Miller and Radcliffe, 1992).

In response to a growing recognition of soil erosion as a problem in the Southeast
in the 1930s, field plot experiments were conducted to evaluate soil erosion and runoff.
One of the earliest and most informative studies, in 1935, evaluated cropping and tillage
effects on the Cecil soil in Georgia under natural rainfall. The data from this study
showed that untilled plots with bare surfaces had, by tenfold, the highest runoff (42.5
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percent of rain) and soil loss (179 mt ha y'l). From these data, Miller and Radcliffe
(1992) concluded that crust formation on these soils had enhanced runoff, resulting in
accelerated erosion. Peele et al. (1945) found similar results for soils under continuous
cotton cultivation and natural rainfall in the South Carolina Piedmont, with the greatest
runoff (38 percent of rain) and soil loss (43 mt ha y™) from those soils (Cecil sandy
loam) forming compact, relatively impermeable surface layers.

Bennett et al. (1964) showed that crusting of a Greenville fine sandy loam from the
Georgia Coastal Plain resulted in the emergence of only 10 percent of planted cotton
seeds after a crust had formed. Edwards (1966) confirmed similar problems for cotton
seedling emergence on some crusting soils in Mississippi. While it is difficult to
document declines in yields resulting from the formation of crusts, the historical
observations on crusting and runoff in conjunction with crop emergence data in the
Piedmont and Coastal Plain are supported by more recent runoff and dispersion
measurements on 25 Southeastern soils. These measurements link the colloidal
phenomenon of clay dispersion with the process of crust formation (Miller and
Radcliffe, 1992).

Crusting has also had an impact on irrigation efficiency and becomes more
important as the use of center-pivot sprinkler irrigation increases in the Coastal Plain
area (Miller and Radcliffe, 1992). The water application rates of this high energy impact
irrigation system are often limited by low infiltration rates due to crust formation.
Minimizing crusting would result in more efficient irrigation and would allow higher
sprinkling rates and less runoff.

Dispersive soil conditions and associated soil crusting in the Southeast have been
linked to the production of dispersed clay in runoff waters. This dispersed clay is
readily transported and could account for 10 to 25 percent of the interrill sediment load
in sandy soils (Miller and Baharuddin, 1987). This dispersed clay can also transport
sorbed agricultural chemicals (e.g., P, trace metals, and pesticides) to surface waters, a
primary source of potable water in many parts of the Southeast (Miller et al., 1988).
More recent agricultural practices in the Southeast, including no-till (West et al., 1991),
residue management systems (e.g., winter cover crops) that add organic matter and
improve macroaggregation, and additions of amendments, such as gypsum, and
synthetic organic polymers, such as polyacrylamide (PAM) (Azzam, 1980), have been
used to reduce the amount of exposed tilled soil, reducing susceptibility to crusting and
thus increasing infiltration and reducing soil loss.

In the last century, much of the evidence of sealing and crusting and their effects on
U.S. agricultural soils has been anecdotal; however, there is strong indication in the
literature that these phenomena have been major contributing processes to agricultural
and environmental degradation in the Western, North-Central, and Southeastern United
States, occurring in many geographical areas of the country and affecting a wide range
of soil types. In more recent years, progress has been made in identifying and
understanding this soil process, but more research is needed to identify those soil
properties and their interactions with the environment that will more effectively predict
soil susceptibility to crusting. One of the problems with predicting this susceptibility
and evaluating its impacts is the existence of a wide variety of available methods to
measure and assess the impacts of soil crusting (Valentin and Bresson, 1992). In
general, this problem is common to most assessment methods of soil quality. The
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problem is further complicated by physical properties that are often best measured in
situ, unlike chemical and mineralogical properties, which are more easily and accurately
measured in a laboratory. Soil physical properties are typically disturbed during the
process of sample extraction for laboratory analysis, and this disturbance can disrupt the
very physical relationships and arrangements that are of interest. For proper comparison
among datasets, standardized methods of assessing soil quality that are efficient,
reproducible, and accurate are needed.

3.6 Aggregate Stability
3.6.3 Wet Aggregate Stability, Wet Sieving

Wet aggregate stability, wet sieving (2 to 1 mm, 2- to 0.5-mm aggregates
retained) measurement: A simple procedure for stability analysis involves the use of
one size fraction. The SSL uses the 2- to 1-mm fraction with 2- to 0.5-mm aggregates
retained and the sand weight subtracted. The SSL method provides a measure of
aggregate stability following a disruption of initially air-dry aggregates by abrupt
submergence in water overnight followed by wet sieving. The aggregate stability is
reported as a percent of aggregates (2 to 0.5 mm) retained after wet sieving.
Determinations are not reported if the 2- to 0.5-mm fraction is >50 percent of the 2- to
I-mm sample.

Wet aggregate stability, wet sieving (<2 mm, >0.25-mm aggregates retained)
measurement: The Soil Quality Test Kit (Soil Quality Institute, 1999) provides a
method that measures the 0.25-mm (<250-um) aggregates retained after wet sieving and
thus is different from the standard SSL method (Soil Survey Staff, 2004). Marquez et al.
(2004) define soil aggregates with diameters >250 pm as macroaggregates. Large
macroaggregates have diameters >2000 pm, and small macroaggregates range between
250 and 2000 um in diameter. Microaggregates have diameters between 53 and 250
pm. The mineral fraction is <53 pum in diameter. In essence, the method derived from
the Soil Quality Institute (1999) captures a greater portion of the (water-stable)
macroaggregates.

3.7 Particle Density

This section describes the SSL method for particle density by pycnometer, gas
displacement. Information is provided on particle density estimates for various
minerals and parent materials. For a detailed description of the SSL method which
is cross-referenced by method code in the table of contents in this manual, refer to
SSIR No. 42 (Soil Survey Staff, 2004), which is available online at
http://soils.usda.gov/technical/lmm/. Refer to SSIR No. 51 (Soil Survey Staff, 2009;
available online at http://www.soils.usda.gov/technical/) for descriptions of field
methods as used in NRCS soil survey offices.
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3.7 Particle Density
3.7.1 Estimates for Various Minerals and Parent Materials

Particle density, definition: Density is defined as mass per unit volume. Particle
density refers to the density of the solid particles collectively (Flint and Flint, 2002). In
contrast, grain density refers to the density of specified grains; bulk density includes the
volume of the pores created between particles and pores that exist within individual
particles; and specific gravity is the ratio of particle density to that of water at 3.98 °C
(1.0000 g cm™) or other specified temperature and as such is unitless (Flint and Flint,
2002).

Particle density, general applications: Particle density affects many of the
interrelationships of porosity, bulk density, air space, and rates of sedimentation of
particles in fluids. Particle-size analyses that use sedimentation rate, as well as
calculations involving particle movement by wind and water, require information on
particle density (Blake and Hartge, 1986b). Particle density is also required for
calculations of heat capacity and soil volume or mass and for mathematically correcting
bulk soil samples containing significant amounts of rock fragments so as to determine
fine-soil density, water content, or other soil properties affected by volume
displacement of rock fragments (Flint and Childs, 1984; Childs and Flint, 1990).

Particle density, estimates: Even though there is a considerable range in the
density of individual soil minerals, in most mineral soils that are predominantly quartz,
feldspar, and the colloidal silicates, the densities fall within the narrow limits of 2.60 to
2.75 g c¢”' (Brady, 1974). The particle density of volcanic glass is approximately 2.55 g
cc (Van Wambeke, 1992). With unusual amounts of heavy minerals present, e.g.,
magnetite, garnet, epidote, zircon, tourmaline, and hornblende, the particle density may
exceed 2.75 g cc”' (Brady, 1974). Organic matter weighs much less than an equal
volume of mineral solids. Organic matter has a particle density of 1.2 to 1.5 g cc™; i.e.,
the amount of organic matter in a soil markedly affects the particle density of the soil
(Brady, 1974).

Knowledge of parent material is useful in estimating particle density. Mineral
composition may also be used. Tables 3.7.1.1 and 3.7.1.2 provide particle densities for
parent materials and various minerals, respectively (Flint and Flint, 2002). For example,
if a sample has quartz (90 percent) and feldspar (10 percent), the particle density
estimate is determined as follows:

0.90 (2.65 g cm™) + 0.10 (2.5 t0 2.8 g cm™) = 2.385 + (0.25 to 0.28) = 2.63 to
2,67 ¢g cm™
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Table 3.7.1.1 Particle densities for various parent materials’

Material Particle density
g cm™
Agate 2.5-2.7
Basalt 2.4-3.1
Dolomite 2.84
Flint 2.63
Granite 2.64-2.76
Humus 1.5
Limestone 2.68-2.76
Marble 2.6-2.84
Sandstone 2.14-2.36
Serpentine 2.5-2.65
Slate 2.6-3.3

! After Flint and Flint (2002) and reproduced with permission by Soil Science Society
of America, Madison, Wisconsin.

Table 3.7.1.2 Particle densities for various minerals'

Material Particle density

3
gcm

Apatite 3.2
Calcite
Clay
Illite
Kaolinite
Montmorillonite (smectite)
Chlorite
Feldspar
Orthoclase
Glass
Gypsum
Mica
Biotite
Muscovite
Mordenite
Opal
Pyrite
Quartz
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! After Flint and Flint (2002) and reproduced with permission by Soil Science Society
of America, Madison, Wisconsin.
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3.7 Particle Density
3.7.2 Pycnometer, Gas Displacement

Particle density, measurement: The SSL determines particle density by
pycnometer gas displacement. This determination is accomplished by employing
Archimedes’ principle of fluid displacement to determine the volume. The displaced
fluid is a gas that can penetrate the finest pores, thereby assuring maximum accuracy
(Quantachrome Instruments, 2003). Helium gas is the most commonly recommended
gas since its small atomic dimensions assure penetration into crevices and pores
approaching 1 Angstrom (10°m) in dimension, and its behavior as an ideal gas also is
desirable. Particle density (g cm™) is reported as g cm™ on an oven-dry basis to the
nearest 0.01 unit on either the <2-mm or >2-mm particle-size fraction.

3.8 Atterberg Limits
3.8.1 Liquid Limit
3.8.2 Plasticity Index

Atterberg limits, definition: Early ideas on soil consistency and procedures for its
measurement were developed by Atterberg in 1910 (Carter and Bentley, 1991).
Originally, Atterberg defined five limits (1911), but only three (shrinkage limit, plastic
limit, and liquid limit) are used in soil mechanics; thus, Atterberg limits is a general
term that encompasses liguid limit (LL), plastic limit (PL), and, in some references,
shrinkage limit (SL). The methods of measurement for these limits are operationally
defined and have changed little since 1910.

Liquid limit, definition: Liquid limit (LL) is the percent water content of a soil at
the arbitrarily defined boundary between the liquid and plastic states. This water content
is defined as the water content at which a pat of soil placed in a standard cup and cut by
a groove of standard dimensions will flow together at the base of the groove for a
distance of 13 mm (1/2 in) when subjected to 25 shocks from the cup being dropped 10
mm in a standard LL apparatus operated at a rate of 2 shocks s”'. Refer to ASTM
method D 4318-05 (ASTM, 2008k). The LL is reported as percent water on a <0.4-mm
basis (40-mesh) for an air-dry or field-moist sample.

Plastic index, definition: Plastic index (PI) is the range of water content over
which a soil behaves plastically. Numerically, the PI is the difference in the water
content between the LL and the plastic limit (PL). The PL is the percent water content
of a soil at the boundary between the plastic and brittle states. The boundary is the water
content at which a soil can no longer be deformed by rolling into 3.2-mm (1/8-in)
threads without crumbling. Refer to ASTM method D 4318-05 (ASTM, 2008k). The PI
is reported as percent water on a <0.4-mm basis for an air-dry or field-moist sample.

Shrinkage limit, definition: Shrinkage limit (SL) represents the moisture content
at which further drying of the soil causes no further reduction in volume (Carter and
Bentley, 1991). In electrochemical terms, the clay mineral particles are far enough apart
at the LL to reduce the electrochemical attraction to almost zero, and at the PL there is
the minimum amount of water present to maintain the flexibility of the bonds (Carter
and Bentley, 1991). The SL test is less likely determined in soil mechanics than the LL
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and PL. The SSL only reports the LL and PL. The SL test is difficult to carry out, and
results vary according to the test method used; in some cases the results depend on the
initial moisture of the test specimen (Carter and Bentley, 1991).

Engineering classification systems: The test method for Atterberg limits by the
American Society for Testing and Materials (ASTM) has the designation of D 4318-05
(ASTM, 2008k). This test method is used as an integral part of several engineering
classification systems, e.g., American Association of State Highway and Transportation
Officials (AASHTO) and the ASTM Unified Soil Classification System (USCS), to
characterize the fine-grained fractions of soils—ASTM D 2487-63 (ASTM, 2008b) and
D 3282-93 (ASTM, 2008a)—and to specify the fine-grained fraction of construction
materials—ASTM D 1241-00 (ASTM, 2008d). The LL and PI of soils also are used
extensively, either individually or together with other soil properties, to correlate with
engineering behavior, e.g., compressibility, permeability, compactability, shrink-swell,
and shear strength. The LL and PI are closely related to amount and kind of clay, CEC,
1500-kPa water, and engineering properties, e.g., load-carrying capacity of the soil.

In general, the AASHTO engineering system is a classification system for soils and
soil-aggregate mixtures for highway construction purposes, e.g., earthwork structures,
particularly embankments, subgrades, subbases, and bases. The USCS classification is
used for general soils engineering work by many organizations, including the NRCS.

Liquid limit, calculations: If the LL is not measured, it can be estimated for use in
engineering classification through the use of algorithms. Many algorithms have been
developed that are applicable to a particular region or area of study. Some equations
developed by the National Soil Survey Laboratory Staff (1975) are as follows:

Equation 3.8.1.1:
LL=0.9x Clay + 10
OR (alternatively)
Equation 3.8.1.2:

LL =2 x Wys00 + 10

where

LL = Liquid limit

Clay = Weight percentage of clay on a <2-mm soil basis

Wisoo= Weight percentage of water retained at 1500-kPa suction on a <2-mm soil basis

Plastic index, calculations: If either the LL or the PL cannot be determined, or if
PL is > LL, the soil is reported as nonplastic (NP). If the PI is not measured, it can be
estimated for use in engineering classification through the use of algorithms. Many
algorithms have been developed that are applicable to a particular region or area of
study. Some equations developed by the National Soil Survey Laboratory Staff (1975)
are as follows:
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Equation 3.8.2.1:

When <15 percent clay
PI=Clay x 0.3

Equation 3.8.2.2:

When 15 to 35 percent clay
PI=Clay x 0.4

Equation 3.8.2.3:

When 35 to 55 percent clay
PI = Clay - 21

Equation 3.8.2.4:

When >55 percent clay
PI=Clay - 15

where

PI = Plasticity index
Clay = Weight percentage of clay on <2-mm soil basis

4 Soil and Water Chemical Extractions and Analyses

This section describes the SSL methods for soil and water chemical extractions and
analysis and their specific method applications and interferences as follows:

Ion exchange and extractable cations

Ratios, estimates, and calculations associated with ion exchange and extractable
cations

Soil pH

Soil test analyses

Carbonate and gypsum

Electrical conductivity and soluble salts

Ratios, estimates, and calculations associated with electrical conductivity and
soluble salts

Selective dissolutions

Total analysis

Ground water and surface water analysis
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4.1 Ion Exchange and Extractable Cations

Ion exchange (anion and cation exchange), processes and components: The
SSL procedures to determine cation-exchange capacity (CEC) and effective CEC
(ECEC), both analytical and calculated values, are described in this section. These
procedures include:

CEC by NH4OAc, pH 7 (CEC-7)

CEC by sum of cations (CEC-8.2)

ECEC by NH4CI, neutral unbuffered

ECEC by summing NH4OAc extractable bases plus 1 N KCI extractable Al

Extractable and exchangeable bases and extractable (potential) and
exchangeable (active) acidity, definitions: Information is provided on extractable
cations in relation to factors affecting their deficiencies, toxicities, and relative
abundance in soils as well as their role as essential plant nutrients. The SSL methods to
determine these extractable cations are described in this section. These procedures
include:

e NH4OACc extractable bases (Ca, Mg, K, and Na)
e BaCl,-triethanolamine, pH 8.2 extractable acidity
e | NKCI extractable Al and Mn

Ratios, estimates, and calculations related to ion exchange and extractable
cations: These values include calculated CEC and ECEC values, base saturation, sum
of bases, aluminum saturation, and CEC/clay ratio. In addition, this section provides
definitions of terms as well as applications of these ratios, estimates, and calculations.
For detailed descriptions of SSL methods which are cross-referenced by method code in
the table of contents in this manual, refer to SSIR No. 42 (Soil Survey Staff, 2004),
which is available online at http://soils.usda.gov/technical/lmm/. Refer to SSIR No. 51
(Soil Survey Staff, 2009; available online at http://www.soils.usda.gov/technical/) for
detailed descriptions of field methods as used in NRCS soil survey offices.

Soil properties, pH, and capacity to provide plant-available nutrients: These
soil properties are discussed together as their assessments are typically addressed
simultaneously and any interpretation or ameliorative action thereof commonly requires
measurements on all of these soil features. In addition, the causes for the degradative
processes of these properties (nutrient depletion/deficiency and acidification,
respectively) are commonly interrelated and their effects conjunctively expressed. The
soil processes of nutrient depletion/deficiency and acidification are described, and
references to case studies/datasets are presented as evidentiary examples of the
actions/practices that have promoted or diminished these processes. In addition, major
developments in the knowledge, science, and technology related to soil fertility are
discussed.
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4.1 Ion Exchange and Extractable Cations
4.1.1 Cation-Exchange Capacity

Ion exchange, definition: /on exchange is a reversible process by which one cation
or anion held on the solid phase is exchanged with another cation or anion in the liquid
phase, and if two solid phases are in contact, ion exchange may also take place between
two surfaces (Tisdale et al., 1985). In most agricultural soils, the cation-exchange
capacity (CEC) is generally considered to be more important than the anion-exchange
capacity (AEC); the anion molecular retention capacity of these soils is typically much
smaller than the CEC (Tisdale et al., 1985).

Anion-exchange capacity, definition: Anion exchange sites arise from
protonation of hydroxyls on surfaces of clays and by ligand exchange or the
replacement of hydroxyls by other anions (Foth and Ellis, 1988). This hydroxyl
replacement by other anions is a significant component of positive charge or AEC.
Hydroxyl replacement is pH dependent, increasing with increasing acidity and
decreasing pH; i.e., AEC is related to both the extent of ligand exchange and
protonation of exposed hydroxyls, both of which are pH dependent (Foth and Ellis,
1988). The zero point of charge (ZPC) has been used to characterize the relative
abundance of positive and negative charge on colloids. The ZPC is the pH at which
negative and positive charge of a colloid are equal (Bohn et al., 1979). In some highly
weathered soils in acidic environments with abundant goethite and gibbsite, e.g., oxic
horizons or subsoils of Oxisols (Soil Survey Staff, 2010), the CEC and AEC may
approach equality (i.e., CEC to AEC ratio approaches 1.0) as pH approaches the ZPC.
In these soils, the soil organic matter may be low, contributing little to the negative
charge and resulting in a net charge of zero or a small positive charge (Foth and Ellis,
1988). Refer to Soil Survey Staff (2010) for more discussion of the oxic horizon and
Oxisols. The CEC increases as soil pH increases, and AEC increases as pH decreases
(Foth, 1984).

Plants absorb as many anions as cations. Anions, such as sulfate, nitrate, and
phosphate, are very important in soil-plant nutrition relationships involving the
mineralization of organic matter; sulfate and phosphate are significant components in
AEC in soils (Foth, 1984). Soils with net positively charged colloids may weakly
adsorb anions, such as nitrate and chloride, which readily leach from soils. Also, they
may adsorb sulfate and strongly adsorb or fix phosphate ions involved in ligand
exchange. On the other hand, cations in these soils (e.g., calcium, magnesium, and
potassium) may be repelled and thereby become susceptible to leaching in the soil
solution (Foth and Ellis, 1988).

Cation-exchange capacity, definition: Soil mineral and organic colloidal particles
have negative valence charges that hold dissociable cations and thus are “colloidal
electrolytes” (Jackson, 1958). Cation-exchange capacity is usually defined as a measure
of the quantity of readily exchangeable cations that neutralize negative charges in the
soil (Rhoades, 1982a). More specifically, the CEC is a measure of the total quantity of
negative charges per unit weight of the material and is commonly expressed in units of
milliequivalents per 100 g of soil (meq 100 g') or centimoles per kg of soil (cmol(+)
kg™). The SSL reports cmol(+) kg™ on a <2-mm basis. The CEC can range from less
than 1.0 to greater than 100 cmol(+) kg™ soil. These two units for expressing CEC are
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equivalent, as centimoles (in this conversion) are centimoles of monovalent charge. The
term equivalent is defined as “1 gram atomic weight of hydrogen or the amount of any
other ion that will combine with or displace this amount of hydrogen.” The
milliequivalent weight of a substance is one thousandth of its atomic weight. Since the
equivalent weight of hydrogen is about 1 gram, the term milliequivalent may be defined
as “l milligram of hydrogen or the amount of any other ion that will combine with or
displace it” (Tisdale et al., 1985).

Cation-exchange capacity, components: The CEC is a reversible reaction in soil
solution, dependent upon negative charges of soil components arising from permanently
charged or pH-dependent sites on organic matter and mineral colloid surfaces (Fig.
4.1.1.1). The mechanisms for these negative charges are isomorphic substitution within
layered silicate minerals, broken bonds at mineral edges and external surfaces,
dissociation of acidic functional groups in organic compounds, and preferential
adsorption of certain ions on particle surfaces (Rhoades, 1982a). Isomorphic
substitution produces permanent charge. The other charge mechanisms produce variable
charge, which is dependent on the soil solution phase as affected by soil pH, electrolyte
level, valence of counter-ions, dielectric constant, and nature of anions (Rhoades,
1982a). The total charge of soil particles commonly varies with the pH at which the
charge is measured. The positive charge developed at low pH and the excess negative
charge developed at high pH are collectively known as pH-dependent charge (Bohn et
al., 1979). The soil’s total charge is the algebraic sum of its negative and positive
charges. As a result of the variable charge in soils, the CEC is a property dependent on
the method and conditions of determination. The method of determination is routinely
reported with CEC data. Common CEC values for some soil components (National Soil
Survey Laboratory Staff, 1975) are as follows:

Soil component cmol(+) kg'1
Organic matter 200 to 400
“Amorphous” clay 160 (at pH 8.2)
Vermiculite 100 to 150
Smectite 60 to 100
Halloysite 4H,0O 40 to 50
Illite 20 to 40
Chlorite 10 to 40
Kaolinite 2to 16
Halloysite 2H,0O 5to 10
Sesquioxides 0

These very broad CEC ranges are intended only as general guidelines. More narrow
groupings of CEC values are possible as data are continually collected and correlated.
For example, the CEC of organic matter in Mollisols in the Western United States
ranges from 100 to 300 cmol(+) kg (average 200), and the CEC of organic matter in
Histosols ranges from 125 to 185 cmol(+) kg™ and increases with decomposition of the
organic matter (National Soil Survey Laboratory Staff, 1975).
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Figure 4.1.1.1.—The average source of negative charge in 60 Wisconsin soils. After

Foth and Ellis (1988) and data from Helling et al. (1964).

(1) cation summation

(2) direct displacement
(3) displacement after washing
(4) radioactive tracer

Cation-exchange capacity, measurements: Many procedures have been
developed to determine CEC. These CEC measurements vary according to the nature of
the cation employed, the concentration of salt, and the equilibrium pH. The CEC
measurement should not be thought of as highly exact but rather as an equilibrium
measurement under the conditions selected (Jackson, 1958). Knowledge of the
operational definition (procedure, pH, cation, and concentration) is necessary before the
CEC measurement is evaluated (Sumner and Miller, 1996). The more widely adopted
methods of CEC determination are classified (Rhoades, 1982a) as follows:

The SSL performs a number of CEC methods using several different reagents and
pH levels. The CECs most commonly reported by the SSL are CEC by NH4OAc, pH 7
(CEC-7), CEC by sum of cations (CEC-8.2), and effective cation-exchange capacity
(ECEC). The ECEC can be determined by summing NH4OAc extractable bases plus
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KCl extractable Al or direct measurement by NH4Cl. The ECEC by NH4Cl is less
commonly used at the SSL. The CECs most commonly reported by the SSL are CEC-7,
CEC-8.2, and ECEC. As a general rule, the CEC-8.2 > CEC-7 > ECEC. The SSL
repor‘[s1 all CEC values in cmol(+) kg™'. In the past, these values were reported as meq
100 g

4.1 Ion Exchange and Extractable Cations
4.1.1 Cation-Exchange Capacity
4.1.1.1 NH,OAc, pH 7 (CEC-7)

Cation-exchange capacity, NH;OAc, pH 7 (CEC-7), application: The CEC-7 is
a commonly used method and has become a standard reference to which other methods
are compared (Peech et al., 1947). An advantage of using this method is that the
extractant is highly buffered so that the extraction is performed at a constant and known
pH (pH 7.0). In addition, the NH4" on the exchange complex is easily determined. This
pH represents the neutrality of the soil and is an ideal pH for the production of many
important agricultural crops. CEC-7 is an analytically determined value and is usually
used in calculating the CEC-7/clay ratios, although many SSL Primary Characterization
Data Sheets predating 1975 show CEC-8.2/clay.

Cation-exchange capacity, NH4OAc, pH 7 (CEC-7), measurement:
Displacement after washing is the basis for this method. The CEC is determined by
saturating the exchange sites with an index cation (NH4") using a mechanical vacuum
extractor (Holmgren et al., 1977), washing the soil free of excess saturated salt,
displacing the index cation (NH4") adsorbed by the soil, and measuring the amount of
the index cation (NH4"). The extract is weighed and saved for analyses of the cations
(Ca2+, Mg2+, K", and Na"). The NH," saturated soil is rinsed with ethanol to remove the
NH, " that was not adsorbed on exchange sites. The soil is then rinsed with 2 M KCI.
This leachate is then analyzed by steam distillation and titration to determine the NH,"
adsorbed on the soil exchange complex.

Cation-exchange capacity, NH4OAc, pH 7 (CEC-7), interferences: Incomplete
saturation of the soil with NH4 ™ and insufficient removal of NH4 " are the greatest
interferences to this method. Ethanol removes some adsorbed NH," from the exchange
sites of some soils. Isopropanol rinses have been used for some soils in which ethanol
removes adsorbed NH,". Soils that contain large amounts of vermiculite can irreversibly
“fix” NH,". Soils that contain large amounts of soluble carbonates can change the
extractant pH and/or can contribute to erroneously high cation levels in the extract. This
method overestimates the “field” CEC of soils with pH <7 (Sumner and Miller, 1996).

Cation-exchange capacity, NH4OAc, pH 7 (CEC-7), prediction: There have
been many studies using multiple regression models to predict CEC from clay and
organic C. Results have shown that >50 percent of the variation in CEC can explained
by the variation in clay and organic C in some New Jersey soils (Drake and Motto,
1982), for sandy soils (Yuan et al., 1967), for some Philippine soils (Sahrawat, 1983),
and soils in Mexico (Bell and van Keulen, 1995). Wilding and Rutledge (1966) found
that fine clay (<0.2 um) explained a greater percentage of the CEC variation than the
total clay content. In some gleyed subsoil horizons of lowland soils in Quebec, surface
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area was found to be a better predictor of CEC than total clay and variations in
mineralogical composition were sufficient to explain nearly 50 percent of the variation
in CEC (Martel et al., 1978).

Many of the aforementioned studies examined clay and organic C as single
predictor variables for CEC. These studies were primarily specific to a region or area
and used only a few soil types. Seybold et al. (2005), on the other hand, using data from
the SSL characterization database, developed CEC (pH 7 NH4OAc) prediction models
that function comprehensively for the range of U.S. soils. Data were stratified into more
homogeneous groups, and models were developed based on organic C, pH, taxonomic
family mineralogy class, CEC activity class, and taxonomic order. Organic matter and
noncarbonate clay served as the main predictor variables, and 1500-kPa water was used
in lieu of clay content for four groups. Results indicated that between 43 and 78 percent
of CEC variation could be explained for the high organic C; between 53 and 84 percent
could be explained for the mineralogy groups; between 86 and 95 percent could be
explained for the CEC activity class; and between 53 and 86 percent could be explained
for the taxonomic orders. Using the data stratification, a decision tree was developed to
guide selection of a predictive model to use for a soil layer (Seybold et al., 2005). See
Tables 4.1.1.1.1 and 4.1.1.1.2 and Figure 4.1.1.1.1. Validation results indicated that
models, in aggregate, provided a reasonable estimate of CEC for most U.S. soils
(Seybold et al., 2005).

4.1 Ion Exchange and Extractable Cations
4.1.1 Cation-Exchange Capacity
4.1.1.2 Sum of Cations (CEC-8.2)

Cation-exchange capacity, sum of cations (CEC-8.2), application and
calculation: CEC-8.2 is calculated by summing the NH;OAc extractable bases (Ca’",
Mg*", K*, and Na") plus the BaCl,-TEA, pH 8.2 extractable acidity. A pH of 8.2 was
chosen because it is the pH that represents the equilibrium between free carbonates in
the soil and CO, concentration in the atmosphere. Cation summation is the basis for this
procedure. The CEC-8.2 minus the CEC-7 is considered the pH-dependent charge from
pH 7.0 to pH 8.2. The CEC-8.2 is not reported if carbonates, gypsum, or significant
quantities of soluble salts are present in the soil since the NH4OAc extracts cations from
the dissolution of these soil constituents.

CEC-8.2 is calculated as follows:
Equation 4.1.1.2.1:

CEC-8.2 = NH4OACc extractable bases + BaCl,-TEA extractable acidity
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Table 4.1.1.1.1 Cation-exchange capacity (CEC) linear models and R’, root mean square
error (RMSE), and » values for the high organic carbon (OC) and mineralogy/CEC-
activity stratification groups'

Grouping Linear model f R* RMSE n

OC>8%andpH =7.0

Eq. [1]; Oa horizons  2.12(totalC) + 9.992(pHCaCl,) — 10.684 0.52 27.85 283
Eq. [2]; Oe horizons  2.03(totalC) + 3.396(pHCaCl,) — 2.939 0.63 19.61 286
Eq. [3]; Oi horizons  1.314(totalC) + 27.047 043 17.01 300
Eq. [4]; OC =14.5% 1.823(totalC) + 0.398(nclay) + 15.54 042 1041 133
OC>8% and pH > 7.0
Eq. [5]; OC =14.5% exp[1.316(In totalC) + 1.063(In nclay) — 3.211] 0.77 0476% 275
Eq. [6]; OC>14.5% 4.314(totalC) — 26.492 0.78 16.62 30
OC =8%

Ferruginous 2.48(0C) + 0.128(silt) + 3.208 0.80 2.01 121
Amorphic exp[0.182(In OC) + 0.817(In w15bar) + 0.736(In pHw) — 0.608] 084 02627 247
Glassy exp[0.102(In OC) + 1.219(In w15bar) — 0.005] 076 0.495% 257
Carbonatic exp[0.253(In OC) + 0.828(In nclay) + 0.321] 078 0348F 406
Magnesic 2.38(0C) + 0.555(nclay) — 0.219(silt) + 10.428 0.59 6.27 80
Parasesquic exp[0.13(In OC) + 0.65(In nclay) + 0.340(In pHw) — 0.406] 058 0325F 258
Micaceous exp[0.251(In OC) + 0.205(In clay) + 0.538(pHw) — 1.241] 0.64 0.464 41
Kaolinitic exp[0.206(In OC) + 0.618(In nclay) + 0.303(In silt) + 0.491(In pHw) — 1.786] 0.56 0.431 T 1204
Smectitic exp[0.033(In OC) + 0.861(In nclay) + 0.246] 075 0.186% 1803
Tllitic exp[0.102(In OC) + 0.596(In nclay) — 1.108(In pHw) + 2.892] 0.67 02497 249
Vermiculitic 0.365(nclay) — 9.724(pHw) + 90.293 0.75 8.49 40
Isotic exp[0.163(In OC) + 0.683(In w15bar) + 0.812(In pHw) — 0.299] 078 0329 635
Superactive exp[0.039(In OC) + 0.901(In nclay) + 0.131] 090 0.184% 12685
Active exp[0.015(In OC) + 0.987(In nclay) — 0.576] 0.96 0.1337 4580
Semiactive exp[0.02(In OC) + 0.974(In nclay) — 0.927] 094 0.189F 1648
Subactive exp[0.009(In OC) + 1.02(In nclay) — 1.675] 091 0289F 256

! After Seybold et al. (2005) and reproduced with permission by Soil Science Society of
America, Madison, Wisconsin.

f nclay, Noncarbonate clay; pHCaCl,, pH in CaCl,; pHw, pH in water; wl5bar =
-1500-kPa water.

I Root mean square error (RMSE) or standard deviation of the mean on the natural log
transformed scale.
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Table 4.1.1.1.2 Cation-exchange capacity (CEC) linear models and R, root mean square
error (RMSE), and n values for the taxonomic order stratification groups'

Grouping Linear model f R* RMSE n
Alfisols

0C 0.3% exp[0.911(In nclay) — 0.308] 073 0381% 4129
0C>0.3% exp[0.158(In OC) + 0.805(In nclay) + 0.216]a 072 0305% 3206

exp[0.088(In OC) + 0.885(In wl5bar) + 0.867(In pHw) —

Andisols 0.985] 077 0384% 1181
Aridisols exp[0.042(In OC) + 0.828(In nclay) + 0.236] 0.75 0.300 I 4114
Entisols exp[0.078(In OC) + 0.873(In nclay) + 0.084] 0.85 0350F 1910
Gelisols exp[0.359(In OC) + 0.49(In clay) + 1.05]b 0.72  0.509 i 97
Inceptisols exp[0.134(In OC) + 0.794(In nclay) + 0.239]a 0.71 0.421 i 1921
Mollisols
0C %0.3% exp[0.932(In nclay) — 0.174] 0.79 0.285 1 3284
0C>0.3% exp[0.113(In OC) + 0.786(In nclay) + 0.475] 074 02031 8132
Oxisols 2.738(0C) + 0.103(nclay) + 0.123(silt) — 2.531 0.67 279 781
Spodosols exp[0.045(In OC) + 0.798(nclay) + 0.029] 071 0311F 243
exp[0.999(In w1Sbar) + 0.317] 0.86 0.315 i 636
Ultisols exp[0.184(In OC) + 0.57(In nclay) + 0.365(In silt) — 0.906] 0.76  0.350 i 499
Vertisols exp[0.059(In OC) + 0.86(In nclay) + 0.312] 0.55 0.213 1 2109
Histosols exp[0.319(In OC) + 0.497(In nclay) + 1.075]b 0.78 0.358 i 60
Gelisols and Histosols exp[0.346(In OC) + 0.49(In nclay) + 1.064] 0.73  0.207 1 157

Alfisols (OC > 0.3%) and
Inceptisols exp[0.141(In OC) + 0.797(In nclay) + 0.235] 0.72 0.125 i 5127

! After Seybold et al. (2005) and reproduced with permission by Soil Science Society of
America, Madison, Wisconsin.

I Equations with the same letters are not significantly different from each other. nclay,
Noncarbonate clay; pHw, pH in water; w15bar, -1500-kPa water; OC, organic carbon.

Root mean square error (RMSE) or standard deviation of the mean on the natural log
transformed scale.
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Use the mineralogy/CEC-
activity class equations
in Table 4.1.1.1.1:

Ferruginous Parasesquic
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Glassy Smectitic
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Eq. 4
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Use the soil order equations in Table 4.1.1.1.2:
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Figure 4.1.1.1.1.—A decision tree selects which cation-exchange capacity (CEC) predictive model
should be used for a soil layer based on soil pH (in water), organic carbon content, and
taxonomic soil classification. Equation numbers refer to those in Table 4.1.1.1.1. ECEC =
effective cation-exchange capacity. After Seybold et al. (2005) and reproduced with permission
by Soil Science Society of America, Madison, Wisconsin.
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4.1 Ion Exchange and Extractable Cations
4.1.1 Cation-Exchange Capacity
4.1.1.3 NH,CI, Neutral Unbuffered

Effective cation-exchange capacity, NH4Cl, neutral unbuffered, application:
The CEC using a neutral unbuffered salt (NH4Cl) also is an analytically determined
value. The CEC by NH4Cl provides an estimate of the effective cation-exchange
capacity (ECEC) of the soil (Peech et al., 1947). For a soil with a pH of <7.0, the ECEC
value should be < CEC measured with a buffered solution at pH 7.0. The NH4CI CEC
is = equal to the NH4OAc extractable bases plus the KCl extractable Al for
noncalcareous soils. This ECEC method is less commonly used at the SSL.

Effective cation-exchange capacity, NH4Cl, neutral unbuffered, measurement:
Displacement after washing is the basis for this method. The CEC is determined by
saturating the exchange sites with an index cation (NH,"), washing the soil free of
excess saturated salt, displacing the index cation (NH,") adsorbed by the soil, and
measuring the amount of the index cation (NH4"). A sample is leached using 1 N NH,Cl
and a mechanical vacuum extractor (Holmgren et al., 1977). The extract is weighed and
saved for analyses of the cations. The NH, " saturated soil is rinsed with ethanol to
remove the NH," that was not adsorbed. The soil is then rinsed with 2 M KCI. This
leachate is then analyzed by steam distillation and titration to determine the NH,"
adsorbed on the soil exchange complex.

4.1 TIon Exchange and Extractable Cations
4.1.1 Cation-Exchange Capacity
4.1.1.4 NH4OAc Extractable Bases + 1 N KCI Aluminum

Effective cation-exchange capacity, NH4OAc extractable bases + aluminum,
application: CEC can be measured by extraction with an unbuffered salt. This method
measures the effective cation-exchange capacity (ECEC), i.e., CEC at the normal soil
pH (Coleman et al., 1958). Since the unbuffered salt solution, e.g., 1 N KCI, only affects
the soil pH one unit or less, the extraction is determined at or near the soil pH and
extracts only the cations held at active exchange sites at the particular pH of the soil.
Neutral NH;OAc extracts the same amounts of Ca’", Mg*", Na™, and K™ as KCI;
therefore, extractable bases by NH4OAc is used at the SSL in place of KCl-extractable
bases.

Effective cation-exchange capacity, NH4OAc extractable bases + aluminum,
measurement and calculation: The SSL determines the ECEC by extracting one soil
sample with neutral normal NH;OAc to determine the exchangeable basic cations (Ca”",
Mg®", Na”, and K") and by extracting another sample of the same soil with 1 N KCl to
determine the exchangeable Al. The 1 N KCl extractable Al approximates exchangeable
Al and is a measure of “active” acidity present in soils with a pH <5.5. Aluminum is
nonexchangeable at pH >5.5 due to hydrolysis, polymerization, and precipitation. The
SSL does not analyze for 1 N KCI extractable Al if the 1:2 0.01 M CaCl, pH is <5.05.
For soils with pH <7.0, the ECEC should be less than the CEC measured with a
buffered solution at pH 7.0. The ECEC is not reported for soils with soluble salts.
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ECEC is calculated by summing the NH4OAc bases plus the KCl-extractable Al as
follows:

Equation 4.1.1.4.1:

ECEC = NH4OAc extractable bases + KCl-extractable Al

4.1 TIon Exchange and Extractable Cations
4.1.2 NH4OAc, pH 7.0 Extractable Bases

Exchangeable and extractable bases, definitions: Exchangeable cations have
been loosely defined as those removed by neutral salt solutions. Soluble salts, however,
can be removed by water alone. The extractable bases (Ca*", Mg*", K*, and Na") from
the extractions by NH4OAc and NH4Cl are generally assumed to be those exchangeable
bases on the cation-exchange sites of the soil. The term extractable rather than
exchangeable bases is used because any additional source of soluble bases influences
the results (Bohn et al., 1979). The most doubtful cation extractions with these kinds of
methods are Ca”" in the presence of soluble salts, free carbonates or gypsum, and K in
soils that are dominated by mica or vermiculite (Thomas, 1982).

Exchangeable cations, valence and size of hydrated radius: Mineral weathering
is a natural source of cations that may potentially be adsorbed as exchangeable cations.
The greater the supply of a cation from this weathering, the greater the likelihood that it
will be adsorbed, according to the law of mass action (Foth, 1984). The amounts and
kinds of cations actually adsorbed are greatly affected by cation valence and hydrated
radius. In other words, a cation with greater valence is adsorbed more strongly or
efficiently than one of a lower valence, and for a given valence, the cation with the
smallest hydrated radius will move closer to the micellar surface and be more strongly
adsorbed compared to a cation with a large hydrated radius because the energy of
adsorption decreases as the square of the distance increases (Foth, 1984). These
differences in the size of hydrated radius and valence are factors in cation adsorption;
i.e., Ca®" is more strongly adsorbed (greater valence and smaller hydrated radius) than
Na'. As a result, Ca’ is preferentially adsorbed and frequently the most abundant
exchange cation, whereas Na" is readily leached in humid areas (Fig. 4.1.2.1). The order
of selectivity or replacement for some of the most common exchangeable cations in
soils is as follows: AI'" > Ca** > Mg”" > K" > Na". Exchangeable H is difficult to place
in this series because of the uncertainties of its hydration properties (Foth, 1984). The
distribution of the major exchangeable cations in productive agricultural soils is
generally Ca”" > Mg> > K"~ NH4" ~ Na", with this cation abundance and distribution
similar to the energy of adsorption sequence (Bohn et al., 1985). Deviation from this
usual order signals that some factor or factors, e.g., free CaCOj; or gypsum, serpentine
(high Mg®", Ca/Mg ratios <1), or hydrox material (high Na"), have altered the soil
chemistry. In an arid area, this distribution may be Ca*" > Mg”>" > Na" > K". Other
cations can be present on exchange sites under certain suites of minerals; e.g., Ni is an
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exchangeable cation in serpentine soils (Lee et al., 2001), and Fe is potentially
exchangeable under the acid conditions of acid sulfate soils (Claff et al., 2010).

Hydrated ions

Figure 4.1.2.1.—Calcium ions are more strongly adsorbed by clay than sodium
ions because calcium is divalent and has a smaller hydrated radius. After
Foth (1984), Fundamentals of Soil Science, 7th edition, reproduced with
permission by John Wiley & Sons.

Extractable bases, measurements: The standard SSL method for extractable
bases is by NH4OAc extraction. The NH4OAc extract is diluted with an ionization
suppressant (La,;03). The analytes are measured by an atomic absorption
spectrophotometer (AAS). An analyte is measured by absorption of the light from a
hollow cathode lamp. The AAS converts absorption to analyte concentration. Data
are automatically recorded by a microcomputer and printer. In the past, the extractable
Ca’" was not reported for soils that contained carbonates or soluble salts (CaCO; > 1.0
percent). Currently, extractable Ca®" is reported by the SSL for these kinds of soils but
is flagged as having such soil components. The SSL less commonly determines
extractable bases by NH4Cl extraction. The analysis of NH4Cl extractable bases is
similar to that of the NH4OAc extractable bases using atomic absorption
spectrophotometry. The SSL reports NH;OAc and NH,Cl extractable bases Ca*", Mg,
KT, and Na"as cmol(+) kg™'. In the past, the SSL reported extractable bases as meq 100

g .

4.1 TIon Exchange and Extractable Cations
4.1.2 NH4OAc, pH 7.0 Extractable Bases
4.1.2.1 Calcium

Calcium, soil-related factors: The calcium present in soils, excluding that in
added lime or fertilizer, originates from rocks and minerals in which the soils have
developed, e.g., plagioclase minerals (anorthite and impure albite), pyroxenes (augite),
amphiboles (hornblende), biotite, epidote, apatite, and certain borosilicates. In semiarid
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and arid regions, calcite is typically the dominant mineral form of calcium. Sources of
calcium include windblown calcareous dust, calcareous ground water, and atmospheric
CO; (Monger et al., 1991; Kraimer et al., 2005). Another source is calcium sulfate as
gypsum and dolomite, often found in association with calcite. Regardless of soil texture,
the Ca content of soils in arid regions is typically high because of low rainfall and
minimal soil leaching (Tisdale et al., 1985), resulting in secondary deposits of calcium
carbonate and calcium sulfate in the soil profiles. In acid, humid regions, Ca occurs
largely in the exchangeable form and as undecomposed primary minerals (Tisdale et al.,
1985). Typically, very sandy acid soils with low cation-exchange capacity (principally
composed of quartz) have inadequate supplies of available Ca for crops.

Calcium is typically the most abundant exchangeable cation in soils. Yields of most
agricultural crops are highest when the soil exchange complex is dominated by Ca*". A
Ca-dominated exchange complex usually indicates a near-neutral pH, which is
considered optimum for most plants and soil micro-organisms (Bohn et al., 1979). This
composition also indicates that the concentrations of other potentially troublesome
exchangeable cations are probably low, primarily A" in acid soils and Na" in sodic
soils. Despite the importance of Ca*” as an exchangeable cation, soils derived from
limestone can be unproductive; i.e., as the limestone weathers, the Ca’" and HCO5 ions
are released but are leached out of the system because the soils lack the cation-exchange
capacity to retain the Ca®" (Bohn et al., 1979).

Calcium typically occurs in the soil in the same mineral forms as Mg because the
chemistry of these elements is very similar. The available forms of Ca and Mg in the
soil are present in a Ca:Mg ratio of about 10:1 (Cook and Ellis, 1987). The functions of
these two elements within the plant and the way deficiencies affect the plant differ
widely.

Calcium, deficiencies in soils: Calcium deficiencies have been reported in soils
derived from Mg-rich serpentine rocks and in soils that are highly leached, acidic, and
Al saturated. The actual Ca>" content in some soils may be sufficient for plant
requirements, but the high concentrations of other cations, e.g., Mg*" and AI’*, may
suppress the uptake of Ca®" (Bohn et al., 1979). On the other hand, large quantities of
Ca can also induce Mg and K deficiencies. Plant nutrition requires maintenance of a
balance between the cations Ca®", Mg”", and K'. The symptoms of Ca and Fe
deficiencies in plants are almost identical; however, Fe deficiencies are more common
in arid and semiarid regions in soils high in soluble salts, e.g., saline and saline-sodic
soils.

Calcium deficiency, serpentine factor: Because of the confusing and often
contradictory nature of studies on the serpentine factor as it relates to soil infertility, it is
very difficult to assess the evidence and conclusions of these studies in a logical,
orderly manner (Brooks, 1987). This infertility has been associated with toxic effects of
Ni, Cr, and Co; toxicity of excess Mg; infertility due to low Ca content of serpentine
soils; problems arising from an adverse (low) Ca/Mg ratio in the substrate; and
infertility arising from low levels of plant nutrients in the soils (Brooks, 1987). In
general, it is considered that the content of Cr and Co has little or no influence on
vegetation because of the very low abundance of plant-available Cr and the lower
toxicity of Co. Nickel, however, continues to be a probable source of some or much of
the toxicity in serpentine soils. Calcium appears to play a primary role in the reduction
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or elimination of the toxic effects of Mg and/or Ni. Simplistically, infertility in
serpentinitic soils has been related primarily to the absolute or relative abundance of
Mg, Ni, and Ca. The deficiency of plant nutrients is due not so much from absolute
concentrations of these elements but rather from the antagonism to their uptake by other
constituents, primarily Ni and Mg, the effects of which may or may not be improved by
the pH and Ca status of the soil (Brooks, 1987).

Calcium, essential plant element: Calcium is an essential nutrient for plant
growth and is absorbed by plants as the ion Ca*". Calcium has an essential role in cell
elongation and division, in cell membrane structure and permeability, in chromosome
structure and stability, and in carbohydrate translocation (Tisdale et al., 1985).

Calcium, soil test: The NH;OAc extractable Ca*" is a common soil test for Ca.
Convert Ca’" to kg ha™' for a soil horizon as follows:

Equation 4.1.2.1.1:
Ca = Ca* x 0.02 x 1000 x Hem x pr33 X Cm

where

Ca = Calcium for soil horizon (kg ha™)

Ca”" = NH4OAc extractable Ca*" (meq 100 g™) or (cmol(+) kg™)

0.02 = Milliequivalent weight of Ca*" (g meq™)

1000 = Conversion factor to hectares

Hem = Soil horizon thickness (cm)

ps33 = Bulk density at 33-kPa water content of <2-mm fraction (g cm™)

Cm = Coarse fragment conversion factor. If no coarse fragments, Cm = 1. If coarse
fragments are present, calculate Cm using Equations 3.1.2.1.1.3 and 3.1.2.1.1.4.

To convert Ca** (meq 100 g) to Ib A or kg m™, replace the conversion factor for
hectares (1000) in Equation 4.1.2.1.1 with the factor 2300 or 0.10, respectively. To
convert Ca (meq 100 g™) to CaCOs (kg ha, Ib A", or kg m™), replace the
milliequivalent weight for Ca (0.02) in Equation 4.1.2.1.1 with the milliequivalent
weight for CaCOj3 (0.050).

4.1 Ion Exchange and Extractable Cations
4.1.2 NH4OAc, pH 7.0 Extractable Bases

4.1.2.2 Magnesium

Magnesium, soil-related factors: Magnesium in soils originates from rocks
containing primary minerals, e.g., biotite, dolomite, hornblende, olivine, and serpentine,
and from secondary clay minerals, e.g., chlorite, illite, smectite, and vermiculite. In arid
and semiarid regions, significant amounts of epsomite, hexahydrite, and bloedite may
also occur (Buck et al., 2006; Tisdale et al., 1985). In humid regions, Mg deficiency is
most often seen in coarse-textured soils.

Magnesium is the second most abundant exchangeable cation in most soils and is
absorbed by plants as Mg”". The concentration of exchangeable Mg”" and other basic
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cations decreases as soils become leached. An exchange complex with high Mg®" has
sometimes been associated with poor physical soil conditions and high pH, e.g., sodic
soil conditions. Poor soil structure may be produced by Na during the processes of soil
formation under marine conditions. Initially, the soil may have an abundance of Mg and
Na; the Na may eventually leach away, leaving the Mg-enriched soil with the inherited
structure (Bohn et al., 1979).

Magnesium, deficiencies in soils: Excessive or deficient amounts of Mg are
relatively uncommon. Soils associated with Mg deficiencies are acid sandy soils, soils
with large amounts of applied calcitic lime, and soils heavily treated with K- or Na-
bearing fertilizers (Cook and Ellis, 1987). Liming can usually correct the acidity and the
Mg deficiencies in acid soils. Dolomitic limestone and other agricultural limestone
typically contain appreciable Mg impurities. On the other hand, excessive amounts of
calcium lime can induce Mg deficiencies.

Magnesium, essential plant element: Magnesium is an essential nutrient for plant
growth and is absorbed by plants as the ion Mg”". Magnesium is the mineral constituent
of the chlorophyll molecule, which is essential for all autotrophic plants to carry on
photosynthesis. It also serves as a structural component of ribosomes, participates in a
variety of physiological and biochemical functions, and is associated with transfer
reactions involving phosphate-reactive groups (Tisdale et al., 1985). Magnesium in
conjunction with sulfur has been related to oil synthesis in plants.

Magnesium, soil test: The NH;OAc extractable Mg®" is a common soil test for
Mg. Convert to kg ha™ for a soil horizon as follows:

Equation 4.1.2.2.1:
Mg =Mg*" x 0.012 x 1000 x Hem x pp33 x Cm

where

Mg = Magnesium for soil horizon (kg ha™)

Mg”" = NH4OAc extractable Mg”" (meq 100 g™) or (cmol(+) kg™)

0.012 = Milliequivalent weight of Mg*" (g meq™)

1000 = Conversion factor to hectares

Hem = Soil horizon thickness (cm)

ps33 = Bulk density at 33-kPa water content of <2-mm fraction (g cm'3)

Cm = Coarse fragment conversion factor. If no coarse fragments, Cm = 1. If coarse
fragments are present, calculate Cm using Equations 3.1.2.1.1.3 and 3.1.2.1.1.4.

To convert Mg (meq 100 g™) to Ib A™" or kg m™, replace the conversion factor for
hectares (1000) in Equation 4.1.2.2.1 with the factor 2300 or 0.10, respectively.
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4.1 Ion Exchange and Extractable Cations
4.1.2 NH4OAc, pH 7.0 Extractable Bases
4.1.2.3 Potassium

Potassium, soil-related factors: Potassium in soils, excluding that in added
fertilizer, originates from the weathering of rocks containing K-bearing minerals, e.g.,
potassium feldspars orthoclase and microcline, muscovite, biotite, and phlogopite. The
nature and mode of weathering of these K-bearing minerals largely depend on their
properties and the environment. As far as the plant response is concerned, the
availability (although slight) of K in these minerals is of the order biotite > muscovite
> potassium feldspars (Tisdale et al., 1985). Potassium is also found in the form of
secondary clay minerals, e.g., illites or hydrous micas, vermiculites, chlorites, and
interstratified minerals.

An equilibrium between exchangeable and solution K generally results in some K
in soil solution. Therefore, K has the potential to be leached from the system. As small
quantities of soluble K exist in soil, many soils of humid and temperate regions may not
have sufficient natural reserves to supply sufficient K to agronomic crops. Although
potassium (K) is monovalent, its concentration in soil solutions is low relative to
exchangeable K because of its strong adsorption by many 2:1 layer silicate minerals
(Bohn et al., 1979).

Potassium, essential plant element: Potassium is an essential nutrient for plant
growth and is the third most important fertilizer element (after N and P). Potassium is
absorbed by plants as the ion K'. Plant requirements for this element are typically high.
Potassium is necessary to many plant functions, including carbohydrate metabolism,
enzyme activation, osmotic regulation and efficient use of water, nitrogen uptake and
protein synthesis, and translocation of assimilates (Tisdale et al., 1985). Potassium also
plays a role in minimizing certain plant diseases and in improving plant quality.
Potassium deficiencies have been primarily associated with sandy soils because of the
scarcity of K-bearing minerals and low clay contents, organic materials low in K, and
high lime soils in which K uptake is inhibited by high concentrations of Ca*" (Cook
and Ellis, 1987).

Potassium, soil test: The NH;OAc extractable K is a common soil test for K.
Convert to kg ha™ for a soil horizon as follows:

Equation 4.1.2.3.1:
K =K"x0.039 x 1000 x Hcm X p33 x Cm

where

K = Potassium for soil horizon (kg ha™')

K*=NH4OAc extractable K™ (meq 100 g™') or (cmol(+) kg™

0.039 = Milliequivalent weight of K* (g meq™)

1000 = Conversion factor to hectares

Hem = Soil horizon thickness (cm)

ps33 = Bulk density at 33-kPa water content of <2-mm fraction (g cm™)
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Cm = Coarse fragment conversion factor. If no coarse fragments, Cm = 1. If coarse
fragments are present, calculate Cm using Equations 3.1.2.1.1.3 and 3.1.2.1.1.4.

To convert K (meq 100 g™ to Ib A™" or kg m™, replace the conversion factor for
hectares (1000) in Equation 4.1.2.3.1 with the factor 2300 or 0.10, respectively.

4.1 Ion Exchange and Extractable Cations
4.1.2 NH4OAc, pH 7.0 Extractable Bases
4.1.2.4 Sodium

Sodium, soil-related factors: Three forms of sodium are typically found in the
soil: fixed in insoluble silicates, exchangeable in the structures of other minerals, and
soluble in the soil solution (Tisdale et al., 1985). In the majority of soils, most of the Na
is present in silicates. In highly leached soils, Na may occur in high-albite plagioclases
and in small amounts of perthite, micas, pyroxenes, and amphiboles, which exist mainly
in the fine sand and silt fractions (Tisdale et al., 1985). In arid and semiarid soils, Na
typically exists in silicates as well as soluble salts, e.g., NaCl, Na;SOy4, and Na,CO:s.

Sodium, adverse effects: Sodium is usually a soil chemical concern when it occurs
in excess. Sodium has a dispersing action on clay and organic matter, resulting in the
breakdown of soil aggregates and reducing permeability to air and water. Because of the
loss of large pores, soils with excessive amounts of Na become almost impervious to
water and air, root penetration is impeded, clods are hard, seedbed preparation is
difficult, and surface crusting results in poor germination and uneven stands. These
detrimental effects of excess levels of exchangeable Na' are conditioned by soil texture
and clay mineralogy (Tisdale et al., 1985).

High concentrations of sodium are toxic to some plants. This toxicity may be
relatively insignificant in comparison to the restrictions resulting from the associated
physical condition of the soil. Poor physical soil condition normally precedes Na
toxicity, and high pH usually accompanies the accumulation of Na in soils; however,
these problems are less important than the water and micronutrient problems induced by
Na accumulation (Bohn et al., 1979).

Sodium, essential plant element: Sodium is an essential element and is absorbed
by plants as Na". Halophytic plant species accumulate Na salts in their vacuoles; these
salts are necessary to maintain turgor and growth. Sodium can replace part of the K*
requirement in some plant species. Sodium has been associated with oxalic acid
accumulation, K-sparing action, stomatal opening, and regulation of nitrate reductase in
plants (Tisdale et al., 1985).

Sodium, soil test: The NH,OAc extractable Na' is a common soil test for Na.
Convert to kg ha™ for a soil horizon as follows:

Equation 4.1.2.4.1:

Na=Na"x 0.023 x 1000 x Hcm x pz33 X Cm
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where

Na = Sodium for soil horizon (kg ha™)

Na'= NH4OAc extractable Na" (meq 100 g") or (cmol(+) kg™)

0.023 = Milliequivalent weight of Na* (g meq™)

1000 = Conversion factor to hectares

Hem = Soil horizon thickness (cm)

ps33 = Bulk density at 33-kPa water content of <2-mm fraction (g cm” )

Cm = Coarse fragment conversion factor. If no coarse fragments, Cm = 1. If coarse
fragments are present, calculate Cm using Equations 3.1.2.1.1.3 and 3.1.2.1.1.4.

To convert Na“ (meq 100 g™) to Ib A™ or kg m™, replace the conversion factor for
hectares in Equation 4.1.2.4.1 with the factor 2300 or 0.10, respectively.

4.1 TIon Exchange and Extractable Cations
4.1.3 BaCl,-Triethanolamine, pH 8.2 Extractable Acidity

Soil acidity, definitions: Soil/ acidity is determined largely by soil composition and
the ion exchange and hydrolysis reactions associated with the various soil components,
which include organic as well as inorganic substances, e.g., layer silicates, oxide
minerals (including allophane), and soluble acids (Thomas and Hargrove, 1984). The
development or accumulation of soil acidity usually parallels the mineral-weathering
sequence in which Al is released and accumulates in the soil (Foth and Ellis, 1988).
Hydroxy-Al accumulates as soils become acid, first as interlayer Al and on clay
surfaces and as complexes with organic matter and secondly as exchangeable Al’” when
soil pH is <5.5 (Foth and Ellis, 1988).

Exchangeable acidity has been defined as the portion of soil acidity that can be
replaced with a neutral, unbuffered salt, e.g., 1 N KCl or NaCl. The Al extracted with 1
N KCI approximates the “active” acidity present in soils with a pH <5.5. Exchangeable
acidity is due almost entirely to monomeric A’ ions and is essentially absent at soil pH
values >5.5 (Foth and Ellis, 1988). Refer to Figure 4.1.3.1. The SSL uses the 1:2 0.01 M
CaCl, pH <5.05 to determine 1 N KCl extractable Al. The KCl-extractable Al is more
related to the immediate lime requirement and existing CEC of the soil (Bohn et al.,
1979). Titratable or extractable acidity is the amount of acid neutralized at a selected
pH, commonly pH 8.2, and does not distinguish between exchangeable and virtually
nonexchangeable components. Extractable acidity at pH 8.2 is a good measure of the
“potential” acidity. Extractable acidity is only a measure of the total acidity present
between the initial and final pH levels (Thomas, 1982).
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EFFECTS OF ALUMINUM HYDROLYSIS ON SOIL
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Figure 4.1.3.1.—The relative distribution and average charge on the soluble Al species as a function
of pH at p = 0.1 M. After Marion et al. (1976), “Aluminum and Silica Solubility,” Soil Science,
Vol. 121:76-82, and reproduced with permission from Wolters Kluwer, Lippincott Williams
& Wilkins, Baltimore, Maryland.

BaCl,-triethanolamine extractable acidity, application: The titratable
or extractable acidity released from a soil by a barium chloride-triethanolamine (BaCl,-
TEA) solution buffered at pH 8.2 includes all the acidity generated by replacement of H
and Al from permanent and pH-dependent exchange sites. Various methods have been
used to measure extractable acidity as it may be measured at any pH. The USDA
adopted a pH of 8.2 because that pH approximates the calculated pH of a soil containing
free CaCOjs in equilibrium with the normal CO, content (0.03 percent) of the
atmosphere. The pH of 8.2 also closely corresponds to the pH of complete
neutralization of soil hydroxyl-Al compounds and is conveniently maintained by
Mehlich’s BaCl,-TEA buffered extraction technique (Bohn et al., 1979). Calcareous
soils have little or no acidity to extract by a pH 8.2 solution and are not routinely
analyzed by the SSL for extractable acidity. The BaCl,-TEA, pH 8.2, method may not
always accurately reflect the nature of soils as they occur in the environment, and other
pH values are more valid for some types of soils; however, this method has become a
standard reference to which other methods are compared.

BaCl,-triethanolamine extractable acidity, measurement: Since the publication
of the original triethanolamine acetate-barium hydroxide method (Mehlich, 1939),
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several modifications have been proposed in the literature (Peech et al., 1947, 1962;
Mehlich, 1948; Pratt and Holowaychuk, 1954). The BaCl,-TEA method as described by
Peech et al. (1947) was adopted for use by the SSL. The method evolved from a batch
method using Buchner funnels to the mechanical vacuum extraction technique
(Holmgren et al., 1977) currently in use at the SSL. A soil sample is leached with a
BaCl,-TEA solution buffered at pH 8.2. The sample is allowed to stand overnight and is
then extracted using the vacuum extractor. The extract is back-titrated with HCI. The
difference between a blank and the extract is the extractable acidity. This vacuum
extraction method has increased laboratory production (i.e., number of samples per day)
and provided reproducible data for most soils, the main exceptions being soils
containing organic or andic material (Seifferlein et al., 2005). Organic soils appeared to
resist wetting in the vacuum extraction tube and sometimes floated. Results for highly
acidic soils (<5 percent of all soils tested to date at SSL) were variable; the lack of
reproducibility was initially attributed to the failure of these soils to wet (Seifferlein et
al., 2005). This study found the centrifuge method as an efficient high-volume
characterization method, offering advantages over the batch and vacuum extraction
methods in providing greater data accuracy and reproducibility for highly acidic soils.
The centrifuge method requires an appropriate soil to solution ratio that does not
significantly impact the pH of the extraction solution, i.e., 5 g of soil per 40-mL
extraction solution for most soils and 0.5 g per 40 mL for highly acidic soils (Seifferlein
et al., 2005). The SSL reports extractable acidity in cmol(+) kg™'. In the past, the SSL
reported extractable acidity as meq 100 g™

4.1 Ton Exchange and Extractable Cations
4.1.4-4.1.5 1 N KCIl Extractable Aluminum and Manganese

Aluminum toxicity: Aluminum is not considered an essential nutrient, even
though low concentrations have been shown to sometimes increase plant growth or
produce other beneficial effects in selected plants (Foy et al., 1978; Foy and Fleming,
1978). Generally, the primary concern with Al is the possible toxic effects of its high
concentrations. The critical pH at which Al becomes soluble or exchangeable in toxic
concentrations depends on many soil factors, including the predominant clay minerals;
organic matter levels; concentrations of other cations, anions, and total salts; and,
particularly, the plant species or cultivar (Kamprath and Foy, 1972; Foy, 1974). Such
complexity makes it difficult to devise a soil Al test that will accurately predict toxicity
under all conditions (Foy, 1984). Among the soil chemical stresses to roots and to the
plants as a whole, Al toxicity in strongly acid subsoils and mine spoils can be one of the
most serious. The problem is particularly severe where pH is below 5.0, but it may
occur where pH is as high as 5.5 in kaolinitic soils (Foy, 1984). Plant sensitivity to Al is
typically accentuated in soils low in Ca. Moderate toxicity in the subsoil is usually not
readily detectable in the field because the growth of the plant shoots may not be
affected in a significant manner while the surface soil is moist and adequate in nutrients
(Foy et al., 1978; Alam and Adams, 1979). However, Al toxicity reduces rooting depth
and degree of root branching into the subsoil; these conditions are usually more
apparent during periods of stress, such as drought (Simpson et al., 1977; Foy, 1984).
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Aluminum toxicity, plant effects: The effects of excess Al are frequently cited in
the literature. Excess Al can restrict plant root penetration and proliferation in acid
subsoils by decreasing water uptake in plants when the soil surface becomes dry.
Aluminum toxicity can also damage roots to the extent that they cannot absorb adequate
water, even in moist soils (Foy, 1984). There is considerable evidence suggesting that
Al toxicity limits microbial breakdown of organic matter in strongly acid soils
(Alexander, 1980). High concentrations of Al are also linked to adverse interactions
with other elements, e.g., Fe and Ca. At a pH <5.5, the Al x Ca antagonism is probably
the most important factor affecting Ca uptake by plants (Foy, 1984). Aluminum toxicity
is also linked to P deficiency; conversely, Al tolerance appears to be related to the
efficient use of P.

Aluminum toxicity, amelioration: One of the more traditional ways to correct or
ameliorate the problem of Al toxicity in field soils is liming. Deep liming of acid
subsoils in many instances has been found to be uneconomical or of no significance. In
interpreting these data, care is required as percent Al saturation may or may not indicate
a problem of Al toxicity. There is evidence that the mechanisms of plant tolerance or
sensitivity to Al and acidity may be different. In addition, there is evidence that liming
may correct the Al problem by correcting the relative activities of Ca and Al more than
by raising the pH or correcting the Ca deficiency. Surface applications of lime have
been shown to increase the Ca concentration and base saturation at depths of 180 cm or
more below the soil surface (Hartgrove et al., 2006).

Manganese toxicity: Manganese toxicity is probably the second most important
growth-limiting factor (after Al toxicity) in acid soils (Foy, 1984). The solubility and,
thus, the potential toxicity of Mn to a given crop depend on many soil properties,
including total Mn content, pH, organic matter level, aeration, and microbial activity
(Foy, 1973; Stahlberg et al., 1976). Manganese toxicity generally occurs in soils with
pH values of <5.5 if the soil contains sufficient total Mn (Foth and Ellis, 1988), but it
may also occur at higher soil pH values in poorly drained or compacted soils where
reducing conditions favor the production of divalent Mn that plants absorb. This
increase in Mn”" occurs as Mn is one of the first elements to undergo reduction in soils
with reducing conditions. Some soils do not contain sufficient Mn to produce toxicity,
even at pH 5 or below. Manganese has been reported to interact with Fe, Mo, P, Ca, and
Si in affecting toxicity symptoms and growth.

Manganese, essential plant element: Manganese is an essential plant nutrient. It is
typically involved in the oxidation-reduction processes, decarboxylation, and hydrolysis
reactions in photosynthesis as well as in the evolution of oxygen (Tisdale et al., 1985).
Manganese has also been associated with maximal activity of many enzyme reactions in
the citric acid cycle and can substitute for Mg in many of the phosphorylating and
group-transfer reactions. Manganese influences auxin levels in plants. High
concentrations of this element favor the breakdown of indoleacetic acid.

1 N KCl extractable Al and Mn, application: Most of the acidity of acid soils is
associated with Al. The Al extracted by 1 N KCl approximates exchangeable Al and is a
measure of the “active” acidity present in soils with a pH <5.5. In soils with a pH above
5.5, Al has undergone hydrolysis and is present in less available forms than AI*". The
SSL analyzes for 1 N KClI extractable Al if the 1:2 0.01 M CaCl, pH is <5.05. This
method does not measure the acidity component of hydronium ions (H;O"). If Al is
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present in measurable amounts, the hydronium is a minor component of the active
acidity. Typically, hydroxy-Al accumulates in soils as they become increasingly acid as
follows: (1) as interlayer Al, as coatings on clays, and as complexes with organic
matter; and (2) exchangeable AP*" when pH is <5.5 (Foth and Ellis, 1988). Because the
1 N KCl extractant is an unbuffered salt and usually affects the soil pH one unit or less,
the extraction is determined at or near the soil pH. The KCl-extractable Al is related to
the immediate lime requirement and existing CEC of the soil. The use of NH4Cl in
place of KCl is useful where a single extractant for exchangeable bases and Al is
preferred since NHy" is as effective as K at displacing Al (Lee et al., 1985; Bertsch and
Bloom, 1996).

The Mn extracted by 1 N KCl approximates exchangeable Mn. Mn is an essential
trace metal for plant nutrition and is absorbed as the ion Mn”". Soil analysis for Mn is of
interest from the perspectives of both deficiency and toxicity (Gambrell, 1996). The
availability of Mn in the field has been difficult to predict. Since Mn mobility is related
to oxidation-reduction reactions in the soil, the availability of Mn is closely related to
soil moisture and temperature. Cool temperatures may retard organic Mn
mineralization. On the other hand, cool temperatures associated with high rainfall levels
in early spring may maintain more available Mn through reduction of Mn oxides (Allen
and Hajek, 1989; McKenzie, 1989). In general, the soil chemistries of Fe and Mn are
similar; i.e., both can exist in more than one oxidation state, both are affected by
drainage conditions, both are precipitated as oxides and hydroxides, and both can be
complexed with organic matter. Under poorly drained conditions, however, the Mn is
more easily reduced and mobilized than Fe (Allen and Hajek, 1989; McKenzie, 1989).

1 N KCl extractable Al and Mn, measurement: A soil sample is leached with 1
N KCl1 using the mechanical vacuum extractor. The extract is weighed. The KCl-
extracted solution is diluted with 0.5 N HCI. The analytes (Al, Mn) are measured by
inductively coupled plasma atomic emission spectrophotometer (ICP-AES). The SSL
reports Mn and Al in mg kg™ and cmol(+) kg™, respectively. In the past, Mn and Al
were reported as parts per million (ppm) and meq 100 g, respectively.

4.1 Ion Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.1 Sum of Extractable Bases
4.1.6.1.1 Sum of Extractable Bases by NH,;OAc, pH 7
4.1.6.1.1.1 Sum of Extractable Bases by NH;OAc, pH 7, Calculated

Sum the NH4OAc, pH 7 extractable bases (Ca®", Mg2+, K", and Na"). This value is
reported as cmol(+) kg™

Equation 4.1.6.1.1.1:

Sum of NH4OAc extractable bases = Ca*” + Mg*" + K"+ Na*
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4.1 Ion Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.1 Sum of Extractable Bases
4.1.6.1.2 Sum of Extractable Bases by NH,Cl
4.1.6.1.2.1 Sum of Extractable Bases by NH,Cl, Calculated

Equation 4.1.6.1.2:

Sum the NH4Cl extractable bases (Ca2+, Mg%, K", and Na"). This value is reported
as cmol(+) kg™

Sum of NH,4Cl extractable bases = Ca®" + Mg®" + K" + Na"

4.1 TIon Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.2 Cation-Exchange Capacity (CEC)
4.1.6.2.1 CEC-8.2 (Sum of Cations)
4.1.6.2.1.1 CEC-8.2, Calculated
4.1.6.2.1.2 CEC-8.2, Not Calculated

Calculate the CEC-8.2 by summing the NH4OAc extractable bases (Ca2+, Mg2+, K,
and Na") plus the BaCl,-TEA extractable acidity. This value is reported as cmol(+)
kg™'. Cation summation is the basis for this method. The CEC-8.2 minus the CEC-7 is
considered the pH-dependent charge from pH 7.0 to pH 8.2. The CEC-8.2 is not
calculated if significant quantities of soluble salts or carbonates are present in the soil
(Soil Survey Staff, 2004). CEC-8.2 is calculated as follows:

Equation 4.1.6.2.1.1:

CEC-8.2 = NH4OAc Extractable Bases + BaCl,-TEA Extractable Acidity

4.1 Ion Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.2 Cation-Exchange Capacity (CEC)

4.1.6.2.2 Effective Cation-Exchange Capacity (ECEC)

4.1.6.2.2.1 Sum of NH,OAc Extractable Bases + 1 NV KCI Extractable Aluminum,
Calculated

4.1.6.2.2.2 Sum of NH,OAc Extractable Bases + 1 N KCIl Extractable Aluminum, Not
Calculated

The CEC can be measured by extraction with an unbuffered salt, which measures
the effective cation-exchange capacity (ECEC), i.e., CEC at the normal soil pH
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(Coleman et al., 1958). Since the unbuffered salt solution, e.g., 1 N KCI, only affects the
soil pH one unit or less, the extraction is determined at or near the soil pH and extracts
only the cations held at active exchange sites at the particular pH of the soil. Neutral
NH4OAc extracts the same amounts of Ca2+, Mg2+, Na', and K" as KCl; therefore,
extractable bases by NH4OAc is used at the SSL in place of KCl-extractable bases.

The ECEC may be determined by extracting one soil sample with neutral normal
NH,4OAc to determine the exchangeable basic cations (Ca**, Mg*", Na', and K*) and by
extracting another sample of the same soil with 1 N KCI to determine the exchangeable
Al. The 1 N KCI extractable Al approximates exchangeable Al and is a measure of
“active” acidity present in soils with a 1:1 pH <5.5. Aluminum is nonexchangeable at
pH >5.5 due to hydrolysis, polymerization, and precipitation. For soils with pH <7.0,
the ECEC should be less than the CEC measured with a buffered solution at pH 7.0.
The ECEC is not reported for soils with soluble salts. The SSL calculates ECEC by
summing the NH4OAc bases plus the KCl-extractable Al as follows:

Equation 4.1.6.2.2.1:

ECEC = NH4OACc Extractable Bases + 1 N KCI Extractable Al

4.1 TIon Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.3 Base Saturation

Base saturation, historical background: It is important to understand the
historical development of base saturation and its significance in soil classification and
fertility. In early literature on soil acidity, soils were characterized by their percent base
saturation values at specified pH levels (Bohn et al., 1979). Soils with low percent base
saturation values were considered dominated by kaolinite and hydrous oxide minerals,
whereas soils with high percent base saturation were considered dominated by 2:1 type
minerals, e.g., montmorillonite, vermiculite, chlorite, and the micas (Bohn et al., 1979).

When work on Soil Taxonomy began, base saturation criteria were developed at a
time when it was commonplace to determine the CEC at pH 7.0 or 8.2 and when the
role of Al and the importance and nature of pH-dependent charge were poorly
understood (Foth and Ellis, 1988). The CEC in soils dominated by permanent charge
varies less with pH change than it does in soils with pH-dependent charge. Base
saturation at pH 8.2 of the subsoil (generally 180 cm below the mineral surface) was
used to differentiate the less weathered, fertile Alfisols dominated by permanent charge
from the more weathered and less naturally fertile Ultisols dominated by variable
charge (Foth and Ellis, 1988). Base saturation at pH 7.0 of the surface horizons was
used to distinguish between base-rich mollic epipedons and their base-poor umbric
equivalents (Foth and Ellis, 1988). Mollisols typically have more permanent-charge
clays, have less leaching of bases, and are more naturally fertile for the more commonly
grown crops than Alfisols (Foth and Ellis, 1988). This base saturation criterion,
however, was not intended to imply that Ultisols and Alfisols could not become as
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productive as Mollisols with proper fertilization and liming (Foth and Ellis, 1988).
Currently in Keys to Soil Taxonomy, base saturation determined by CEC-7 is used in
mollic, umbric, and eutro-dystro criteria and base saturation determined by the sum of
cations (CEC-8.2) is used in most alfic-ultic criteria (Soil Survey Staff, 2010). Refer to
Soil Survey Staff (2010) for additional discussion of these criteria.

Base saturation, index: Percent base saturation is an imprecise index as it is not
only a measure of the pH-dependent charge of soils but also of the actual percentage of
cation-exchange sites occupied by exchangeable bases (Bohn et al., 1979). The
denominator includes any additional charge (CEC) generated by soil organic matter and
hydrous oxide-mineral complexes between the actual soil pH and the reference pH (pH
7 or 8.2). Since neither exchangeable Al nor exchangeable H is appreciable in soils with
pH >5.5, the ECEC of soils with pH >5.5 typically is essentially 100 percent base
saturated (Bohn et al., 1979). If base saturation is based on CEC-7 or CEC-8.2,
however, soils in the pH range 5.5 to 7.0 or 8.2 generally still have measured base
saturation of <100 percent. These base saturation values are particularly low for
weathered soils dominated by such minerals as kaolinite, which has a high proportion of
pH-dependent charge (Bohn et al., 1979). Below pH 5.5, exchangeable Al saturation
increases, and the exchangeable base saturation decreases with decreasing pH. This
phenomenon is expressed as Al saturation (Foth and Ellis, 1988). Refer to the
discussion on Al saturation described herein.

Although it is an imprecise index, the percent base saturation is still useful for soil
genesis and classification purposes and for empirical liming recommendations (Bohn et
al., 1979). From the standpoint of soil chemical properties and reactions, however, base
saturation is more correctly an acidity index or liming index, and the degree of nonbase
saturation is more meaningful if separated into exchangeable acidity and pH-dependent
charge (Bohn et al., 1979). Cation-exchange capacity, and hence the base saturation, is
an arbitrary measurement unless the method by which the data are determined is clearly
defined (Tisdale et al., 1985).

Base saturation, calculations: In this section, the SSL methods for calculating
base saturation are described. These methods include base saturation by NH4OAc, pH 7
(CEC-7); base saturation by NH4Cl; base saturation by CEC-8.2 (sum of cations); and
base saturation by sum of NH4OAc extractable bases + 1 N KClI extractable aluminum.

4.1 Ion Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.3 Base Saturation
4.1.6.3.1 Base Saturation by NH,;OAc, pH 7 (CEC-7)
4.1.6.3.1.1 Base Saturation by CEC-7, Calculated
4.1.6.3.1.2 Base Saturation by CEC-7, Set to 100 Percent

Calculate the base saturation by dividing by the sum of NH4OAc extractable bases
by CEC-7 and multiplying by 100. This value is reported as percent. If a soil has
significant quantities of soluble salts or carbonates, this value is set to 100 percent.
Calculate base saturation by CEC-7 as follows:
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Equation 4.1.6.3.1.1:

Base Saturation (%) = (NH4OAc Bases/CEC-7) x 100

4.1 TIon Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.3 Base Saturation
4.1.6.3.2 Base Saturation by NH,Cl
4.1.6.3.2.1 Base Saturation by NH,Cl, Calculated
4.1.6.3.2.2 Base Saturation by NH,Cl, Set to 100 Percent

Calculate the base saturation by dividing the sum of the NH4Cl extractable bases by
CEC by NH4CI and multiplying by 100. This value is reported as percent. If a soil has
significant quantities of soluble salts or carbonates, this value is set to 100 percent.
Calculate base saturation by NH4Cl as follows:

Equation 4.1.6.3.2.1:

Base Saturation (%) = (NH4CI Bases/CEC by NH4Cl) x 100

4.1 TIon Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.3 Base Saturation
4.1.6.3.3 Base Saturation by CEC-8.2 (Sum of Cations)
4.1.6.3.3.1 Base Saturation by CEC-8.2, Calculated
4.1.6.3.3.2 Base Saturation by CEC-8.2, Not Calculated

Calculate the base saturation by dividing the sum of the NH4OAc extractable bases
by CEC-8.2 and multiplying by 100. This value is reported as percent. In Keys to Soil
Taxonomy, base saturation determined by the sum of cations (CEC-8.2) is used in most
alfic-ultic criteria (Soil Survey Staff, 2010). If a soil has significant quantities of soluble
salts or carbonates, this value is not calculated. Calculate base saturation by CEC-8.2
(sum of cations) as follows:

Equation 4.1.6.3.3.1:

Base Saturation (%) = [NH4OAc Bases/(NH4OAc Bases + BaCl,-TEA Acidity)] x 100
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4.1 Ion Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.3 Base Saturation

4.1.6.3.4 Base Saturation by Effective Cation-Exchange Capacity (ECEC)

4.1.6.3.4.1 Base Saturation by Sum of NH,OAc Extractable Bases + 1 NV KCI Extractable
Aluminum, Calculated

4.1.6.3.4.2 Base Saturation by Sum of NH,OAc Extractable Bases + 1 NV KCI Extractable
Aluminum, Not Calculated

The base saturation is calculated by dividing the sum of NH4OAc extractable bases
by the ECEC and multiplying by 100. This value is reported as percent. If a soil has
significant quantities of soluble salts or carbonates, this value is not calculated.
Calculate base saturation by ECEC as follows:

Equation 4.1.6.3.4.1:

Base Saturation (%) = [NH4OAc Bases/(NH4OAc Bases + 1 N KCI Al)] x 100

4.1 TIon Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.4 Aluminum Saturation

4.1.6.4.1 Aluminum Saturation by Effective Cation-Exchange Capacity (ECEC)

4.1.6.4.1.1 Aluminum Saturation by Sum of NH,OAc Extractable Bases + 1 N KCl
Extractable Aluminum, Calculated

4.1.6.4.1.2 Aluminum Saturation by Sum of NH,OAc Extractable Bases + 1 N KCl
Extractable Aluminum, Not Calculated

Calculate the Al saturation by dividing the 1 N KCl extractable Al by ECEC and
multiplying by 100. This value is reported as percent. If a soil has significant quantities
of soluble salts or carbonates, this value is not calculated. Calculate Al saturation as
follows:

Equation 4.1.6.4.1.1:

Al Saturation (%) =[1 N KCl Al/(NH40Ac Bases + 1 N KCI1 Al)]
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4.1 Ion Exchange and Extractable Cations
4.1.6 Ratios, Estimates, and Calculations Related to Ion Exchange and
Extractable Cations
4.1.6.5 Activity
4.1.6.5.1 CEC-7/Clay

Clay activity, data assessments: The CEC of soils is mainly a function of the
amount and kind of clay and soil organic matter, their interaction, and pH (Foth and
Ellis, 1988). In intensely weathered soils, e.g., Ultisols and Oxisols, the dominant clay
minerals are kaolinite, gibbsite, and other oxidic clays; the negative charge properties of
kaolinite are modified by these oxidic clays that tend to coat the kaolinite surfaces,
masking the kaolinite effects (Foth and Ellis, 1988). These soils have low-activity clays
(LAC), dominated by variable or pH-dependent charge. These soils have distinctly
different fertility characteristics and require distinctly different management practices
compared to soils with a much greater CEC dominated by permanent charge. Refer to
Soil Survey Staff (2010) for more discussion of Ultisols and Oxisols.

CEC-7/clay ratio, mineralogy assessments: The CEC-7 to clay ratio has been
used as auxiliary data to assess clay mineralogy. These data are especially useful when
mineralogy data are not available. The CEC-7/clay is an index for clay activity, i.e.,
probable contribution of clay to the exchange capacity and soil solution chemistry. Clay
activity is closely linked to clay mineralogy. The smectites (montmorillonites) and
vermiculites are considered high-activity clays; kaolinites and hydroxy-interlayered
vermiculites are low-activity clays; and micas (illites) and chlorites are intermediate-
activity clays (National Soil Survey Laboratory Staff, 1983). Refer to Soil Survey Staff
(2010) for discussion of mineralogy class as a taxonomic criterion of soil families in
different particle-size classes. Also refer to Soil Survey Staff (2010) for discussion of
the cation-exchange activity classes to help in making interpretations of mineral
assemblages and nutrient-holding capacity of soils in mixed and siliceous mineralogy
classes of selected particle-size classes. The following guidelines were developed
primarily from experience with soil samples from the Central United States and Puerto
Rico (National Soil Survey Laboratory Staff, 1983).

CEC-7/Clay Family mineralogy as assessed by XRD and
DTA evidence
>0.7 Smectite
0.5-0.7 Smectite or Mixed
0.3-0.5 Mixed
0.2-0.3 Kaolinite or Mixed
<0.2 Kaolinite

Soils with illitic family mineralogy typically have CEC-7/clay ratios in the range of
mixed (lower end of mixed range). Vermiculitic soils typically have CEC-7/clay ratios
similar to those of smectitic soils; however, some soil minerals determined as
vermiculite by x-ray diffraction analysis (termed hydroxy-interlayered vermiculites)
appear more similar in nature to inactive soil chlorites, which have CEC-7/clay ratios in
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the range of kaolinite (National Soil Survey Laboratory Staff, 1983). The CEC-7/clay
ratio is useful both as an internal check of the data and as an estimator of mineralogy
when mineralogy data are not available.

A soil with a silt or sand fraction having a significant CEC can have a higher
CEC-7/clay ratio than expected. Soils with organic or glassy materials or with a clay
fraction that is incompletely dispersed by PSDA or soils with porous silts and sands too
coherent to be disaggregated by PSDA also can have a high CEC-7/clay ratio. Users of
laboratory data should be alert to any CEC-7/clay ratios >1. In these cases, the 15-bar
water to clay ratios also are high (>0.6). In a study of 34 Borolls (National Soil Survey
Laboratory Staff, 1990), each percent increase in organic C increases the CEC-7 by 3
meq 100 g soil (r* = 0.83) and the CEC-8.2 by 4 meq 100 g soil (r* = 0.85). A soil
with clay-sized materials with little or no CEC, e.g., calcium carbonate, can have a low
CEC-7/clay ratio. In this case, the carbonate clay percentage needs to be checked and
the CEC-7/clay ratio recalculated based on the noncarbonate clay (National Soil Survey
Laboratory Staff, 1983).

CEC-7/clay ratio, calculation: Divide the CEC by NH4OAc, pH 7 (CEC-7) by
total (noncarbonate) clay. This ratio is reported as a dimensionless value. In the past, the
ratios of CEC to clay have been reported as meq g”'. For more detailed information on
the application of this ratio, refer to Soil Survey Staff (2010).

Equation 4.1.6.5.1:

CEC-7/Clay

4.1 Ion Exchange and Extractable Cations
4.1.7 Nutrient Depletion/Deficiency and Acidification, Processes, Case Studies,
and Major Developments

Nutrient depletion/deficiency and acidification, processes: Nutrient depletion,
acidification, and loss of organic matter are natural as well as human-induced processes.
Normal weathering processes in humid regions, such as the Southeastern United States,
result in mineral weathering with release of bases that leach from the soil. This leaching
results in the continued acidification of the soil, which in turn contributes to diminished
plant growth and the subsequent depletion of organic matter and to soil erosion. In a
humid climate, the course of development in a freely drained environment is always
toward acidification and leaching of bases (Bache, 2002).

Nutrient depletion is the loss of the capacity of a soil to supply mineral nutrients to
plants, commonly assessed by the CEC measurement and its derivative, base saturation.
Loss of organic matter typically occurs as a result of oxidation rates (decomposition) or
removal of these materials (e.g., crops, erosion) in excess of subsequent accumulation.
It is commonly assessed by visual observations and/or laboratory measurements of
organic or total C. Soil biology is an important component of soil quality and one that
has not received appropriate attention until recently. The biological component is
commonly assessed by organic matter content, biomass C, and activity and diversity of
soil fauna.
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Acidification occurs where there is a net donation of protons to soil components
with a loss of bases by leaching or by harvest of plant materials. It is assessed by
multiple methods, e.g., pH, acidity, and CEC. Natural acidification is generally the
result of processes linked to plants and their ability to assimilate carbon dioxide and to
the presence of organic acids from plants, e.g., litter, degradation products of litter, and
exudates from plant roots (Bloom et al., 2005). In most cases, soil acidification does not
cause serious degradation until pH is <5.5. Below this level, toxic levels of Al and
sometimes Mn can be manifested by reduced cropland, forest, or rangeland productivity
and in some cases by the transfer of soluble Al to water bodies, which poses a threat to
aquatic life (Sumner, 1998).

Nutrient depletion/deficiency and acidification, case studies: Numerous
agricultural practices in the United States have induced nutrient depletion/deficiency
and soil acidification. Some of these practices were common to many areas in the
country, while others were more regionalized. These practices include, but are not
limited to, the following: intensive agriculture with inadequate or no return of crop
residues; land conversion (e.g., forest or grassland converted to cropland); higher
yielding cropping systems with increased nutrient demand and induced micronutrient
deficiencies; heavy tillage systems that accelerate organic matter decomposition and
increase the release of nutrient elements; inadequate or no implementation of soil and
water conservation techniques to constrain soil erosion by wind and water, resulting in
accelerated loss of nutrients; volatilization and leaching of nutrients hastened by type of
vegetative cover and cropping systems; inadequate, excessive, or inappropriate
application of fertilizers and lime, including micronutrients, sometimes resulting in
nutrient immobilization or imbalance; application of fertilizer amendments (e.g.,
ammonium sulfate, ammonium nitrate, anhydrous ammonia, and urea) that produce
NH," (which is nitrified to nitrate, NO3") and acidify soils; nutrient immobilization or
imbalance through excessive or inefficient fertilizer applications; inadequate or
improper soil testing and plant analysis; and irrigation practices on saline or alkaline
soils, resulting in nutrient leaching (e.g., N, P, and B) and/or reduced mineral solubility
(e.g., P, Fe, Mn, and Zn) and thus reducing plant absorption.

In the late 1930s to the early 1950s, in response to concerns about nutrient
depletion and acidification in U.S. agricultural soils, soil testing laboratories were
established at land grant colleges of agriculture. These laboratories have been widely
used for decades. They provide statewide testing services to help farmers make
decisions about fertilizer and lime applications. It is also important to recognize the
growth in the number of commercial laboratories providing these services, many of
which were connected to the fertilizer industry. Over the years, both the role and
number of extension soil testing programs have changed dramatically. Some of these
programs have been closed due to financial cutbacks at the colleges/universities. The
remaining programs not only provide analytical services and appropriate nutrient
recommendations for successful agriculture but also work with regulatory services to
identify best management practices (BMPs) that minimize nutrient-related water-quality
impacts—for example, determining appropriate P-based nutrient management plans,
such as agronomic soil test P, environmental soil P thresholds, and P indexing of a site
(USDA/NRCS and USEPA, 1999). An important development in the 1990s was the
increasing pressure on commercial laboratories to participate in proficiency testing

149



programs, e.g., North American Proficiency Testing Program, better ensuring the
quality of the soil and plant analysis data and the resulting recommendations to farmers.

Despite the long history of research and development in soil acidity and liming,
excessive soil acidity has been recognized as a continuing problem in many agricultural
areas of the U.S. and in some cases is considered a yield-limiting factor (Adams, 1984).
Significant progress was made in the 1940s (peaking in 1946-47) in addressing soil
acidification through increased application of liming materials. This progress was
largely due to farm subsidies for the application of these materials. When these
subsidies were discontinued by the Federal government, however, the decline in
demand suggested that not all farmers were continuing to add lime frequently enough to
replace Ca and Mg removed by more intensive cropping and from acids created by the
greater use of nitrogen fertilizers after WWIL. In 1975, it was estimated that 88 million
tons of limestone was required annually, but only 24 million tons had been applied
(Tisdale and Nelson, 1975). In more recent years, this trend has been reversed in some
parts of the United States (Jackson and Reisenauer, 1984; Lathwell and Reid, 1984;
McLean and Brown, 1984).

Even though the beneficial effects of liming were researched as far back as 1906 on
major crops in Alabama (Duggar and Funchess, 1911), liming did not become a general
practice in the Southern U.S. until the second half of the 20th century (Adams, 1984). In
the 1960s and extending into the 1980s, some of the most important research in the
yield-limiting effect of subsoil acidity became the focal point at Auburn University
(Howard and Adams, 1965; Lyle and Adams, 1971; Adams and Moore, 1983).
Nevertheless, in 1979 the National Limestone Institute (unpublished data) estimated
that 10 million tons of limestone was applied annually on acid soils in the Southeast and
that this amount was a deficit of what was required. Soil acidification is not exclusive to
the Southern United States. The pH of soils in the dryland wheat-growing area of the
Pacific Northwest dropped an average of one unit between the 1960s and 1980s, and
even more dramatic changes have been observed in the surface layers of minimum-
tilled fields (Adams, 1984).

In the Midwest during the 1950s, changes in cropping systems and agricultural
practices impacted soil nutrients and acidity. There was a decline in, if not abandonment
of, the use of legumes as a source of N; legumes typically require large amounts of lime
to function properly (McLean and Brown, 1984). There were also significant advances
in farm machinery and pesticides, resulting in a shift to greater acreages of cultivated
crops, €.g., soybeans and corn, and away from pasture and forage. Higher rates of
fertilization, especially N, and removal of large grain yields resulted in a higher rate of
depletion of nutrients and lime reserves (McLean and Brown, 1984). While advances in
plant breeding and management practices have resulted in higher yielding crops (e.g.,
50 bushels per acre in the 1930s compared to over 200 bushels per acre since the 1960s
on some productive U.S. soils), these advances have led to an increased nutrient
demand (e.g., N, P, and K) and inducement of micronutrient deficiencies. Many U.S.
soils are naturally low in available levels of one or more micronutrients, and heavy crop
demands over time increase the severity of the deficiency.

While some of the soils in the Western U.S. are naturally or “geologically” acid,
there are wide areas of both dryland and irrigated soils that have been made acid
through agricultural practices, e.g., fertilization, irrigation, and basic cation removal
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(Jackson and Reisenhauer, 1984). Historically, in the West, the use of S-supplying
acidifying fertilizers has been preferred, primarily because Western soils are inherently
low in available S and responses to soil acidification are well documented (Lorenz and
Johnson, 1953; Jackson and Carter, 1976; Jackson and Reisenauer, 1984). In general,
the applications of fertilizer amendments (e.g., ammonium sulfate, ammonium nitrate,
anhydrous ammonia, and urea) that produce NH;" and are nitrified to nitrate (NO3") can
acidify soils. Other practices that have resulted in soil acidification in the West include
transfer of basic cations from surface to subsurface layers with percolating waters and
the removal of basic cations by crops, especially those crops for which a large fraction
of the plant is removed at harvest; such crops are commonly grown in the West and
include hay, silage, and pasture (Jackson and Reisenauer, 1984). Pierre and Banwart
(1973) reported that an 18 t ha™' crop of alfalfa hay removes an average of 23.2 mmol of
basic cations (+) dm™. This amount represents a significant depletion in soil nutrients as
animal feed crops occupy a large amount of cultivated acreage in the West.

Over the years, a number of management practices have been used in the U.S. to
ameliorate soil acidity. These include amelioration of topsoil acidity through surface
application of lime; amelioration of subsoil acidity through mechanical incorporation of
lime to depth, though this method is considered impractical by some (Sumner, 1995);
surface applications of gypsum or gypsum plus lime (Sumner, 1970; Reeve and
Sumner, 1972; Bradford and Blanchar, 1977; Sumner et al., 1986); and applications of
large amounts of animal manure or other organic materials, decreasing subsoil pH
(Long, 1979; Lund and Doss, 1980; Wright et al., 1985; Sweeten et al., 1995), although
other investigators reported no effect (Sharpley et al., 1991) or subsoil pH decreases
(Kingery et al., 1994). In general, the reactions taking place after the application of
manure to soil are complex, and the resulting impact on subsoil pH depends on the
nature of the manure and the cropping system (Bloom et al., 2005). The benefits of a
high content of organic matter in ameliorating the toxic effects of Al in the surface soil
have long been recognized in the literature (Evans and Kamprath, 1970; Thomas and
Hargrove, 1984). This technique has not been considered feasible in most U.S.
agricultural soils, especially under intensive row-cropping. It is worthy to note,
however, that a high content of organic matter greatly reduces Al toxicity in the
northern temperate forest region, allowing prolific rooting in high organic surface
horizons despite pH <4.

To a great extent, concern about nutrient removal from U.S. soils has been focused
more on private lands in agricultural production than on public lands. Public lands have
been leased to ranchers for grazing by livestock for nearly a century. Overgrazing of the
public lands can result in a slow deficit in nutrient balance and in soil erosion.
Deposition of manure returns some nutrients, but the nutrients captured in weight gain
of animals are removed. Fertilization of public lands is typically not practiced.

Major developments in knowledge, science, and technology in soil fertility: At
the turn of the 20th century, the “scientific”” approach to soil fertility in the United
States was gradually developing. This approach has evolved over the last half century to
integrate the knowledge and theories about soil weathering and evolution, mineralogy,
exchange chemistry, soil taxonomy, fertilizer technology, and plant growth and
nutrition. The early work of the agricultural experiment stations, established in 1862 by
the USDA Morrill Act, showed the benefits of fertilization and developed a broad
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outline of the fertility status of soils in the United States. This outline noted the
widespread need for P fertilizers, a general lack of K in the coastal plains, deficiencies
of N in the South, predominantly acidic soils in Mississippi requiring lime, and the fact
that Western soils were generally well supplied with Ca (Tisdale and Nelson, 1975). It
soon became apparent, however, that this broad outline, though well defined, could not
be used as a basis for blanket fertilizer recommendations (Tisdale and Nelson, 1975).
With this evolution in approach and knowledge came a greater understanding of the
problems of soil fertility.

At about the same time that the soil testing programs were established at land grant
colleges and universities, major soil methods were being developed (e.g., Bray and
Kurtz, 1945) that associated available soil nutrients with specific soil types and crops.
The development of these methods continued for many years (e.g., Olsen et al., 1954;
Mehlich, 1984). The methods encompassed soil test technologies tailored to specific
crop nutrient requirements and/or soil amelioration for specific soil types (e.g., acid
versus alkaline; fine textured versus coarse textured). The development of tests for soil
acidity and lime requirements varied by geographical area and soil types. They include
but are not limited to: Woodruff, developed for Mollisols in the Midwest, pH 6.5;
Shoemaker, McLean, and Pratt (SMP), developed for Alfisols in the Midwest; and
Adams Evan Buffer, developed for acid soils in Alabama, Florida, Georgia, Tennessee,
South Carolina, and Virginia.

During the 1970s some of the extension soil testing laboratories began to fulfill a
broader mission. North Carolina State University, for example, provided not only soil
testing but also nematode assay, plant tissue analysis, waste analysis, solution analysis,
and a statewide field services advisory program. During this time there also was
renewed emphasis on the efficient use of agricultural inputs, such as fertilizers, largely
due to the energy crisis, U.S. grain embargos, and resulting depressed markets and
prices for U.S. agricultural products. This emphasis was further enhanced by the
increased public concern for the protection of water quality and the prevention of
pollution from chemical fertilizers. Some of the soil tests developed in the 1940s are
currently being employed in more diverse agronomic and environmental uses
(Pierzynski, 2000). With the closure of some of these extension soil testing laboratories
due to financial cutbacks at the universities/colleges, the institutional knowledge about
analytical methods for soils, water, and plant material is lodged more and more in the
U.S. private sector.

A significant development in the last half of the last century (and continuing today)
relating to soil, water, and plant analysis for agricultural production is the development
(automation, sophistication) of analytical instrumentation (e.g., AAS, ICP-AES, and
ICP-MS) for measuring analytes of interest. Aspects of these developments in analytical
instrumentation have impacted the accuracy, efficiency, sophistication, and
reproducibility of data, i.e., types of analysis and interpretation, speed of analysis,
number of analytes, suite of analytes, and detection limits. During the period 1961 to
1986, soil chemists adapted modern technology (including IR, ESR, NMR, and SEM),
computer technology, and models to solve complex soil chemical problems and add to
our knowledge (Ellis, 1986).

Much of the early work in soil fertility was done when more people on average
were either being trained and/or actively working in the area of soil science and
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agriculture. The prevailing trend of soil science as a discipline is widely perceived to be
retrenchment, as evidenced by decreased enrollments in undergraduate soil science
curricula at land grant colleges of agriculture. In the aggregate, UC-Davis, University of
Florida, University of Nebraska, and Washington State University had 74 students
enrolled in such programs in the early 1990s but only 16 in 2001. Ohio State University
had 94 students in 1994 compared to 5 in 2004. North Dakota State University had 15
students in the mid 1990s and nearly 5 in 2004 but had plant science enrollments of 115
for 2002 and 120 for 2003 (Prunty, 2004). Over 96 percent of the American public is
not involved in agricultural production and thus does not have the training or access to
information necessary to draw good conclusions regarding such topics as long-term
fertility of U.S. agricultural soils.

4.2 Soil pH

Soil pH, definition: Soil pH is one of the most frequently performed
determinations and one of the most indicative measurements of soil chemical properties
(McLean, 1982). The pH value is defined as the negative logarithm to the base of 10
(logarithm of reciprocal) of H-ion activity. Activity is the apparent or effective
concentration of an ion in solution. It is affected by various factors, such as the
concentration and valence of other ions present in solution. Since pH is logarithmic,
H-ion activity in solution increases 10 times when the pH is lowered one unit. The
activity of H-ion in soil solution is the intensity factor (index) of soil acidity, whereas
exchangeable acidity and lime requirement (quick test), performed by soil testing
laboratories, are the capacity factors of soil acidity (McLean, 1982).

Soil pH tells more about a soil than merely indicating whether it is acidic or basic.
The availability of essential nutrients and the toxicity of other elements also can be
estimated because of their known relationship with pH (Thomas, 1996). The pH of a
soil must be determined for an understanding of important chemical processes, such as
ion mobility, metal ion equilibria, rate of precipitation and dissolution reactions,
nutrient availability, toxicity of trace metals, and the negative response of many plant
species to soil acidity (Bloom et al., 2005). Soil pH provides necessary data to help
determine liming needs and fertilizer responses. Soil pH can also indicate something
about the degree of dissociation of H-ions from cation-exchange sites or the extent of Al
hydrolysis (McLean, 1982) and thus can help to develop inferences about many of the
chemical processes that have taken place during the genesis of a soil (Buol et al., 1980).
Depending on the predominant clay type, the pH may be used as a relative indicator of
base saturation (Mehlich, 1943).

Soil pH, related factors: Soils with similar pH can have different levels of acidity;
therefore, the quantity of agricultural lime needed to yield the same increase in pH may
differ among acidic soils with similar pH values (Bloom et al., 2005). For these reasons,
the Soil Science Society of America (2010) defines three measures of the quantity of
soil acidity (total, residual, and salt-replaceable). Soil pH is affected by many factors,
including the nature and type of inorganic and organic matter, the amount and type of
exchangeable cations and anions, the soil:solution ratio, the content of salt or
electrolytes, and the CO; content (McLean, 1982). The acidity, neutrality, or basicity of

153



a soil influences the solubility of various compounds, the relative ion bonding to
exchange sites, and microbial activities. When the pH values of various soils are
compared, it is important that the determination be made by the same method (Foth and
Ellis, 1988). The pH of an air-dry soil sample in the laboratory will be different from
the pH that exists in the same soil in the field during the growing season; i.e., there will
be differences in water and salt content, and the roots and micro-organisms will produce
CO; (Foth and Ellis, 1988). An increase in the soil:water ratio or the presence of salts
generally results in a decrease in measured soil pH. The influence of the natural soluble
salt content of the soil can be overcome by using dilute salt solutions, e.g., CaCl, or
KCl, instead of distilled water (Foth and Ellis, 1988). The use of dilute salt solutions is
a popular method for masking seasonal variation in soil pH. The pH readings are
typically lower with dilute salt solutions than with distilled water but may be the same
or greater in highly weathered soils with a high sesquioxide content, i.e., soils with a
high anion (OH") exchange capacity (AEC).

Soil pH, measurements: In this section, the SSL pH methods and their
applications are described. The SSL performs several pH determinations. These
methods include but are not limited to: NaF (1 N pH 7.5 to 7.8); saturated paste pH;
oxidized pH; 1:1 water and 1:2 CaCl,; (final solution: 0.01 M CaCl,); 1 N KCI; and
organic materials, CaCl, (final solution = 0.01 M CaCl,). The SSL reports all pH
values to the nearest 0.1 pH unit. For detailed descriptions of SSL pH methods
which are cross-referenced by method code in the table of contents in this manual,
refer to SSIR No. 42 (Soil Survey Staff, 2004), which is available online at
http://soils.usda.gov/technical/lmm/. Also refer to the Soil Survey Field and Laboratory
Methods Manual, SSIR No. 51 (Soil Survey Staff, 2009; available online at
http://www.soils.usda.gov/technical/), for detailed descriptions of field methods as used
by NRCS soil survey offices.

4.2 Soil pH
4.2.1 1N NaF, pH 7.5-7.8

1 N NaF, pH 7.5-7.8, application: The action of NaF upon noncrystalline
(amorphous) soil material releases hydroxide ions (OH") to the soil solution and
increases the pH of the solution. The amount of amorphous material in the soil controls
the release of OH™ and the subsequent increase in pH (Fields and Perrott, 1966). The
following reactions illustrate this action and form the basis of this method.

Equation 4.2.1:
Al(OH); + 3 F—> AlF; + 3 OH"
Equation 4.2.2:

Si(OH)s + 4 F—> SiF, + 4 OH
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Most soils contain components that react with NaF and release OH’, but an NaF pH
>9.4 is a strong indicator that amorphous material dominates the soil exchange complex
(Fields and Perrot, 1966). Amorphous material is generally an early product of
weathering of pyroclastic materials in a humid climate. Amorphous material appears to
form in spodic horizons in the absence of pyroclastics.

Even though the NaF pH test is one of the simplest and most convenient ways of
identifying andic materials, the NaF pH of andic and nonandic materials indicates that
there is a continuum of materials that range from clearly andic to marginally andic or
nonandic in character (Uehara and Ikawa, 1985). As the glass content of the fine-earth
fraction increases and/or the silica/alumina ratio increases, the NaF pH test typically
becomes less effective in identifying andic materials (Uehara and Ikawa, 1985). The pH
rise with NaF is an intensity rather than a quantity indicator (Bartlett, 1972; Wilson et
al., 2002). A small amount of hydroxy Al produces as much pH increase as a large
amount, as demonstrated by the constancy of pH in NaF soil suspensions in spite of
several-fold increases in solution/soil ratio (Bartlett, 1972). In addition, the NaF pH is
not a selective test; e.g., the fluoride in complexing the Al releases OH ions from any
form of reactive hydroxy Al, organic or inorganic (Egawa et al., 1960; Birrell, 1961;
Bartlett, 1972; Wada, 1977, 1989).

The NaF pH is used as a diagnostic criterion for the isotic family mineralogy class
(Soil Survey Staff, 2010). The specific requirements for this family are lack of free
carbonates, NaF pH >8.4, and 1500-kPa water retention to clay percentage ratio >0.6.
For a more detailed discussion of the NaF pH criteria for isotic mineralogy class, refer
to Fields and Perrott (1966), Wilson et al. (2002), and Soil Survey Staff (2010).

1 N NaF, pH 7.5-7.8, measurement: A 1-g sample is mixed with 50 mL of 1 N
NaF (with an initial pH between 7.5 and 7.8) and stirred for 2 minutes. While the
sample is being stirred, the pH is read at exactly 2 minutes in the upper one-third of the
suspension. The 1 N NaF pH may be used as an indicator that amorphous material
dominates the soil exchange complex and should be comparable to relative acid-
oxalate-extractable Fe and Al values. The NaF pH test is based on the ligand exchange
between F~ and OH™ in the noncrystalline materials, which results in a rapid rise in pH
when 1.0 g of amorphous soil material is suspended in 1 N NaF solution.

1 N NaF, pH 7.5-7.8, interferences: Soils with a 1:1 water pH >8.2 do not give a
reliable NaF pH. Free carbonates in a soil result in a high NaF pH. As high NaF values
may be found in soils with large sources of Ca or bases, including carbonates, and in
some sesquioxide-rich soils, care is required in the interpretation of these data. In
general, soils with a 1:1 water pH <7.0 are not affected.

4.2 Soil pH
4.2.2 Saturated Paste pH

Saturated paste pH, application: When interpretations about the soil are made,
the saturated paste pH is usually compared to the 1:1 water pH and the 1:2 CaCl, pH.
The usual pH sequence is as follows: 1:1 water pH > 1:2 CaCl, pH > saturated paste
pH. If saturated paste pH is > 1:2 CaCl, pH, the soil is not saline. If the saturated paste
pH > 1:1 water pH, the soil may be Na saturated and does not have free carbonates.
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Because of the interrelations among the various soil chemical determinations, the
saturated paste pH value may be used as a means of cross-checking salinity data for
internal consistency and reliability (U.S. Salinity Laboratory Staff, 1954). Some general
rules that apply to the saturated paste pH are as follows:

e Soluble carbonates are present only if the pH is >9.

e Soluble bicarbonate is seldom >3 or 4 meq L™ if the pH is <7.
e Soluble Ca*" and Mg*" are seldom >2 meq L™ if the pH is >9.
e Soils with gypsum seldom have a pH >8.2.

The saturated paste pH is popular in regions where the soils have soluble salts. The
water content of the saturated paste varies with soil water storage characteristics. The
saturated paste pH may be more indicative of the saturated, irrigated soil pH than is the
soil pH measurement at a constant soil:water ratio. The saturated paste pH is also that
pH at which the saturation extract is removed for salt analysis and thus is the pH and the
dilution at which the sodium adsorption ratio (SAR) is computed.

Saturated paste pH, measurement: The saturated paste is prepared, and the pH of
paste is measured with a calibrated combination electrode/digital pH meter.

4.2 Soil pH
4.2.3 Oxidized pH

Oxidized pH, application: Sulfidic material is waterlogged mineral, organic, or
mixed soil material that has a pH of 3.5 or higher, that contains oxidizable sulfur
compounds, and that, if incubated as a 1-cm-thick layer under moist, aerobic conditions
(field capacity) at room temperature, shows a drop in pH of 0.5 or more units to a pH
value of 4.0 or less (1:1 by weight in water or in a minimum of water to permit
measurement) within 8 weeks (Van Breemen, 1982; Soil Survey Staff, 2010). The
intent of the method described herein is to determine whether known or suspected
sulfidic materials will oxidize to form a sulfuric horizon (Soil Survey Staft, 2010).
Identification of H,S in a soil by a “rotten-egg” smell or FeS in a saturated soil by its
blue-black color indicates that sulfidic materials may be present. If such soils are
drained and oxidized, the soil pH could drop to 3.5 or less, making the soil unsuitable
for many uses. A field test for FeS is to add 1 N HCI and note the odor of H,S.

Oxidized pH, measurement: Samples that will be collected for analysis should be
collected in an air-tight container and refrigerated until the analysis is made. Analysis
should be initiated as soon as possible (Murray-Darling Basin Authority, 2010). Enough
soil is transferred to fill a plastic cup one-half to two-thirds full. A little water should be
added if needed to make a slurry. The slurry is stirred thoroughly to introduce air. The
pH should be determined immediately. Place the cup in a closed container with
openings (inlet and outlet) providing humidified air if possible. Keep the sample at
room temperature. After 24 hours, open the container, stir the sample thoroughly, and
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determine the soil pH. Repeat the procedure for a minimum of 16 weeks until the pH
reaches a steady state of <0.1 unit over a 2-day period. Daily pH readings are recorded.
The initial pH and the oxidized pH (end pH) are reported to the nearest 0.1 pH unit.

4.2 Soil pH
4.2.4 Organic Materials CaCl, pH, Final Solution ~ 0.01 M CaCl,

Organic materials CaCl, pH, final solution ~ 0.01 M CaCl,, application: The
0.01 M CaCl, pH is used as a taxonomic criterion to distinguish two family reaction
classes in Histosols (Soil Survey Staff, 2010). Dysic families have a pH <4.5 in 0.01 M
CaCl, in all parts of the organic materials in the control section. Euic families have a pH
>4.51n 0.01 M CacCl, in some part of the control section.

Organic materials CaCl, pH, final solution = 0.01 M CaCl,, measurement:
Place the prepared 2.5-mL sample (2.5 cm’) in a 30-mL plastic container and add 4 mL
0of 0.015 M CaCl,, making a final concentration of = 0.01 M CaCl, with most packed,
moist organic materials. Mix, cover, and allow to equilibrate at least 1 hour. Uncover
the sample and measure pH with pH paper or a pH meter. This test of organic soil
material can be used in field offices. Since it is not practical in the field to base a
determination on a dry sample weight, moist soil is used. The specific volume of moist
material depends on how the material is packed. Therefore, packing of material must be
standardized in order to obtain comparable results by different soil scientists (Soil
Survey Staff, 2010).

4.2 Soil pH
4.2.5 1:1 Water pH
4.2.6 1:20.01 M CaCl, pH

1:1 water pH and 1:2 0.01 M CaCl, pH, application: The 1:1 water pH and 1:2
0.01 M CacCl, pH determinations are two commonly performed soil pH measurements.
A number of general interpretations about soils can be made from these pH
measurements, but most are made with more confidence if extractable acidity and bases
have been measured (National Soil Survey Laboratory Staff, 1975). Most mineral soils
with pH <3.5 or in which pH drops to <3.5 after prolonged drying typically contain acid
sulfates. Such soils can be found in coastal marshes or mine spoil areas. They have
reduced forms of sulfur, which can oxidize to form H,SO4. Soils with pH of 4.5 to 6.5
have some acidity present as hydroxy-Al and hydronium (H;O"). Exchangeable Al™ is
present at pH <5.5. The SSL does not analyze for 1 N KCl Al if the 1:2 0.01 M CaCl,
pH is >5.05. In these soils, base saturation (CEC-8.2) is typically <75 percent and in
many cases is <35 percent. Soils with pH of 6.5 to 8 typically have a base saturation
(CEC-7) in the range of 75 to 100 percent. Soils with pH of 8§ to 8.5 are fully base
saturated; they probably contain CaCOj; and some salts, and Ca and Mg typically
dominate the exchange sites. Soils with pH >8.5 typically contain significant amounts
of exchangeable Na, and soils with pH >10 are highly saturated with Na and have an
EC >4 mmhos cm™ (dS m™) and very low resistivities. Soil pH correlates poorly with
corrosion potential, but in general soils with pH <4 and >10 have corrosion potential.
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The CaCl, soil pH is generally less than the 1:1 water pH. The combination of
exchange and hydrolysis in salt solutions (0.1 to 1 M) can lower the measured pH from
0.5 unit to 1.5 units, compared to the pH measured in reverse osmosis (RO) water (Foth
and Ellis, 1988). The CaCl, pH measurement estimates the activity of H-ions in a soil
suspension in the presence of 0.01 M CaCl, to approximate a constant ionic strength for
all soils regardless of past management, mineral composition, and natural fertility level.
The result is a pH measurement that remains somewhat invariable despite the seasonal
changes in soil pH. The CaCl, solution also diminishes the seasonal effect of soluble
salt concentration.

Calcium chloride (CaCl,) pH is the standard used in Keys fo Soil Taxonomy to
differentiate the reaction classes used at the family level in mineral and organic soils.
The calcium chloride pH 1:2 0.01 M CaCl, is measured in a mixture, by weight, of one
part soil to two parts 0.01 M CacCl, solution. These pH values are used as taxonomic
criteria for the reaction classes (acid and nonacid) in families of mineral soils, such as
Entisols, Gelisols (other than Histels), Aquands, Aquepts, and all Gelic suborders and
Gelic great groups (Soil Survey Staff, 2010). Soils classified in the acid class have a pH
value of <5.0 in 0.01 M CaCl, (1:2) (about pH 5.5 in water, 1:1). The pH value limit for
soils classified in the nonacid class is >5.0 in 0.01 M CacCl; (1:2). The reaction classes
used in the families of organic soils (Histosols and Histels) are euic and dysic. Soils
classified in the euic reaction class have a pH value of >4.5 in 0.01 M CaCl, (1:2), and
soils classified in the dysic reaction class have a pH value of <4.5.

1:1 water pH and 1:2 0.01 M CaCl; pH, measurement: The pH is measured in
soil-water (1:1) and soil-salt (1:2 CaCl,) solutions. For convenience, the pH is initially
measured in water and then measured in CaCl,. With the addition of an equal volume of
0.02 M CaCl, to the soil suspension that was prepared for the water pH, the final soil-
solution ratio is 1:2 0.01 M CaCl,. A 20-g soil sample is mixed with 20 mL of reverse
osmosis (RO) water (1:1 w:v). The sample is allowed to stand for 1 hour and is stirred
occasionally. The sample is then stirred for 30 seconds, and the 1:1 water pH is
measured. The 0.02 M CaCl, (20 mL) is added to the soil suspension, the sample is
stirred, and the 1:2 0.01 M CaCl, pH is measured.

4.2 Soil pH
4.2.7 1 NKCIpH

1 N KCl1 pH, application: The 1 N KCI pH is an index of soil acidity and is more
popular in regions that have extremely acid soils and in which KCl is used as an
extractant of exchangeable Al. The KCl pH indicates the pH at which Al is extracted. If
the pH is <5.5, significant amounts of Al are expected in the solution. Soils that have
pH <4 generally have free acids, such as H;SO4. As with the 1:2 CaCl, pH, the 1 N KCl
pH readings tend to be uniform regardless of time of year.

1 N KCI pH, measurement: A 20-g soil sample is mixed with 20 mL of 1 N KCl.
The sample is allowed to stand for 1 hour and is occasionally stirred. The sample is then
stirred for 30 seconds; after 1 minute, the KCI pH is read.
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4.2 Soil pH
4.2.8 1:5 Water pH

1:5 aqueous extraction, pH, measurement: A 20-g sample of soil is added to 100
mL of water in a 250-mL polyethylene bottle. The soil:water suspension is maintained
at room temperature for 23 hours and is then shaken on a reciprocating shaker for 1
hour. The supernatant is filtered into a 100-mL polyethylene bottle. The pH of the
extract is measured with a calibrated combination electrode/digital pH meter. The 1:5
extract is also analyzed for EC, cations, anions, nitrate-nitrite, and multielements.

4.3 Soil Test Analyses

For more than 30 years, soil testing has been used as a basis for determining lime
and fertilizer needs (Soil and Plant Analysis Council, 1999). In more recent years, some
of these tests have been employed in more diverse agronomic and environmental uses
(Pierzynski, 2000). For these reasons, the SSL expanded its suite of soil test analyses to
more completely characterize the inorganic and organic N fractions and to provide a
number of P analyses for a broad spectrum of soil applications. This section describes
the suite of SSL test analyses for N, P, and several multielements, along with key
definitions and applications of these SSL data. In addition, information is provided
on the various soil P and N forms, factors affecting their retention or mobility in soils,
and their role as essential plant nutrients and fertilizer components. The SSL P test
methods include, but are not limited to, anion-resin extractable, water soluble, Bray P-1,
Bray P-2, Olsen sodium-bicarbonate, Mehlich No. 3, citric acid soluble, and New
Zealand P Retention. The procedures for total P analysis are described in another
section of this manual entitled “Total Analysis.” The SSL determines inorganic N
(nitrate-nitrite) by KCl extraction. A flow injection automated ion analyzer is used to
measure the soluble inorganic nitrate (NOj3"). The SSL also determines mineralizable N
(N as NH3) by anaerobic incubation. Other N procedures, such as mineralizable N after
fumigation incubation and total N, are described in other sections of this manual entitled
“Soil Biological and Plant Analysis” and “Total Analysis,” respectively. This section
also describes water and Mehlich No. 3 extractions for multielement determinations.
For detailed descriptions of the SSL methods for N, P, and multielements which are
cross-referenced by method code in the table of contents in this manual, refer to SSIR
No. 42 (Soil Survey Staff, 2004), which is available online at
http://soils.usda.gov/technical/lmm/. Also refer to the Soil Survey Field and Laboratory
Methods Manual, SSIR No. 51 (Soil Survey Staff, 2009; available online at
http://www.soils.usda.gov/technical/), for detailed descriptions of field methods as used
by NRCS soil survey offices.

4.3 Soil Test Analyses

4.3.1 Phosphorus, Agronomic, Taxonomic, and Environmental Significance

Total P, organic and inorganic: Phosphorus added to the soil-crop system goes
through a series of transformations as it cycles through plants, animals, microbes, soil
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organic matter, and the soil mineral fraction (National Research Council, 1993).
Phosphorus is also an essential plant nutrient and is often related to water-quality
problems. Unlike N, most P is tightly bound in the soil, and only a small fraction of the
total P found in the soil is available to crop plants. Total P includes both organic and
inorganic P forms. Apatite is a common P-bearing mineral.

Organic P levels may range from virtually zero to 0.2 percent, and the inorganic P
is typically higher than organic P (Tisdale et al., 1985). The organic P fraction is found
in humus and other organic materials. The inorganic P fraction occurs in numerous
combinations with Fe, Al, Ca, and other elements. The solubility of these various
combinations ranges from soluble to very insoluble (Chang and Jackson, 1957; Lindsay
and Vlek, 1977). Phosphates may also react with clays to form generally insoluble clay
phosphate complexes (adsorbed P). Refer to Sharpley et al. (1985) for a detailed P
characterization of 78 soils representing 7 major soil orders from all regions of the
United States. Sharpley et al. (1985) discuss the various soil P forms, e.g., labile,
organic, and sorbed; the various pathways of P transformation; the significance of
selected soil P test values; and the relationships between soil P and soil test P values.
Burt et al. (2002a) published a study of various P extractions and examined correlations
with other soil properties of selected benchmark pedons in the United States.

C:N:P ratio: Studies of the mineralization of organic P in relation to the C:N:P
ratio have indicated that there is no set ratio for all soils. Some studies have indicated
that if the C:inorganic P ratio is 200:1 or less, mineralization of P may occur, and if this
ratio is 300:1, immobilization would occur (Tisdale et al., 1985). Other studies have
indicated that the N:P ratio is related to the mineralization and immobilization of P and
that the decreased supply of one results in the increased mineralization of the other; i.e.,
if N were limiting, inorganic P may accumulate in the soil and the formation of soil
organic matter would be inhibited (Tisdale et al., 1985).

Phosphorus, essential plant element: Phosphorus is an essential nutrient for plant
growth and is a primary fertilizer element. Phosphorus is essential in supplying
phosphate, which acts as a linkage or binding site in plants. The stability of phosphate
enables it to participate in many energy capture, transfer, and recovery reactions, which
are important for plant growth (Tisdale et al., 1985). The energy obtained from
photosynthesis and metabolism of carbohydrates is stored in phosphate compounds
(ATP and ADP) for subsequent use in growth and reproductive processes. In addition to
its metabolic role, P also acts as an important structural component of a wide variety of
biochemicals, including nucleic acids (DNA and RNA), coenzymes, nucleotides,
phosphoproteins, phospholipids, and sugar phosphates (Tisdale et al., 1985).
Phosphorus has also been linked to increased root growth and early maturity of crops,
particularly grain crops. Plants can absorb P as either the primary H,PO4” ion or smaller
amounts of the secondary HPO,*” orthophosphate ion. The H,POy is the principal form
absorbed as it is most abundant over the prevailing range in soil pH for most crops. The
absorption of HyPOy4” is typically greater at low soil pH values, whereas the uptake of
HPO,” is typically greater at higher pH values (Bidwell, 1979). Some studies have
shown that there are 10 times as many absorption sites on plant roots for H,PO,” than
for HPO,*

Phosphorus, fertilizer: Fertilizer P is the single most important source of P added
to cropland in the United States. Relatively small annual additions of P can cause a soil
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buildup of P (McCollum, 1991). Phosphorus can be lost from the soil-crop system in
soluble form through leaching, subsurface flow, and surface runoff. Particulate P is lost
when soil erodes. The fraction of total P lost to erosion and runoff can be substantial.
Some of the P added in excess of crop needs remains as residual plant-available P.
Without fertilization, the amount of extractable P declines with time because of the slow
conversion of P to unavailable forms, e.g., Ca, Al, and Fe-P compounds (Yost et al.,
1981; Mendoza and Barrow, 1987; Sharpley et al., 1989; McCollum, 1991). The rate of
decline in extractable P (discounting plant uptake) varies with the soil P-level and P-
sorption capacity. The P level in the soil is the critical factor in determining actual loads
of P to surface water and the relative proportions of P lost in solution and attached to
soil particles (National Research Council, 1993). Understanding the relative importance
of transport pathways and the processes regulating these transport pathways helps in the
design of measures to reduce P losses. When P enters surface waters in substantial
amounts, it becomes a pollutant and contributes to the excessive growth of algae and
other aquatic vegetation and, thus, to the accelerated eutrophication of lakes and
reservoirs (National Research Council, 1993).

Phosphorus, soil testing: Soil chemical tests for estimating soil nutrient pools are
relatively rapid. As soil requirements are determined before a crop is planted, these tests
have the added advantage over plant analyses and observations of deficiency symptoms
during the growing stage. Soil tests usually only measure a part of the total nutrient
supplies in the soil. In general, these test values are of no use in themselves and must be
calibrated against nutrient rate experiments, i.e., field and greenhouse experiments,
before use in the prediction of the nutrient needs of crops. A complete soil testing
program includes both the analytical procedures for estimating soil fertility and the
appropriate correlation and calibration data for recommending the correct fertilization
practices (Corey, 1987; Sabbe and Marx, 1987). Fertilizer recommendations are then
based on the interpretation of these calibration data and fertilizer response curves.

Phosphorus, available: The fraction of soil P utilizable for crop growth has been
designated as available P. This term is also used to refer to the portion of soil P
extracted by various solvents, e.g., water, dilute acids or alkalis, and salt solutions
(Tisdale et al., 1985). The quantities of total P are much greater than those of the
available P, but the available form is of greater importance to plant growth. The term
labile P has been defined as the fraction that is isotopically exchanged with **P or that is
readily extracted by some chemical extractant or by plants (Foth and Ellis, 1988). Thus,
the labile P may include some or all of the adsorbed P in a particular soil, or it may also
include some precipitated P (Foth and Ellis, 1988). Adsorbed P is generally considered
the portion of soil P that is bonded to the surface of other soil compounds when a
discrete mineral-phase is not formed; e.g., if soluble P were added to a soil solution, it
may be bound to the surface of amorphous Al hydroxide without forming a discrete Al-
P mineral (Foth and Ellis, 1988). Labile P has been an important working concept for
the soil scientist in relating soil P to plant-available P as it is a measurable fraction, even
though it may include P from several of the discrete P fractions held in soils (Foth and
Ellis, 1988). Soil tests for P generally try to measure all or part of the labile P (Foth and
Ellis, 1988).

Phosphorus retention: Sorption is the removal of P from solution and its retention
at soil surfaces. When P is held at the surface of a solid, the P is considered adsorbed,
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but if the retained P penetrates more or less uniformly into solid phase, it is considered
to be absorbed or chemisorbed (Tisdale et al., 1985). The less specific term sorption is
often preferred because of the difficulty in distinguishing between these two reactions
(Tisdale et al., 1985). The reverse reaction, desorption, relates to the release of sorbed P
into solution. Fixation is a term frequently used to collectively describe both sorption
and precipitation reactions of P. There is considerable evidence that supports a wide
range of sorption and precipitation mechanisms as causes of P retention but no explicit
consensus as to the relative magnitudes of their contributions (Tisdale et al., 1985).
Phosphorus retention is viewed by many researchers as a continuous sequence of
precipitation, chemisorption, and adsorption. At low P solution concentrations,
adsorption may be the dominant mechanism.

Phosphorus retention, soil-related factors: Several of the factors that influence
soil P retention are the nature and amount of soil components, pH, cation and anion
effects, saturation of sorption complex, organic matter, temperature, and time of
reaction. Some of the major soil components that affect P sorption (retention) are
hydrous oxides of Fe and Al type and amount of clay, calcium carbonate, and
amorphous colloids. Soils with significant amounts of Fe and Al oxides typically have
greater P retention capacity than those soils with more crystalline oxides because of the
greater relative surface area and sites of adsorption. Phosphorus is typically retained to a
greater extent by 1:1 clays, e.g. kaolinite (low SiO,/R,0j ratio), than by 2:1 clays. Soils
with high amounts of clay typically retain more P than those with small clay contents
because of greater surface area. In calcareous soils, calcium carbonate and associated
hydrous ferric oxide impurities can function as principal P adsorption sites (Hamad et
al., 1992). The active Al in noncrystalline colloids, e.g., allophane, imogolite, and Al
humus complexes, is highly reactive with anions, e.g., phosphates, sulfates, and silicates
(Van Wambeke, 1992). The affinity of the noncrystalline minerals for P is the result of
very high specific surface of these minerals and the density of active Al on colloidal
fractions. In addition, fully hydrated gels can deform, partially liquefy, and trap or
encapsulate P (occluded P) in voids that are not connected with the soil solution
(Uehara and Gillman, 1981).

Phosphorus retention, selected soils: Andisols and other soils that contain large
amounts of allophane and other poorly crystalline minerals have capacities for binding
P (Gebhardt and Coleman, 1984). The factors that affect P retention in these soils are
not well understood; however, allophane and imogolite have been considered as major
materials that contribute to P retention in Andisols (Wada, 1985). Phosphate sorption in
the surface horizons of 228 acid to neutral soils in Western Australia was found to be
more closely related (r* = 0.76) to the content of oxalate extractable Al than to any other
constituent (Gilkes and Hughes, 1994). A phosphate retention of >85 percent is a
taxonomic criterion for andic soil properties (Soil Survey Staff, 2010). The intent of the
criterion is diagnostic for the dominance of active Al in amorphous clay minerals that
generally synthesize in rapidly weathering volcanic glass (Van Wambeke, 1992). Refer
to Soil Survey Staff (2010) for a more detailed discussion of this criterion. The P
retention test may not necessarily coincide with soil fertility criteria as the concentration
of the P solution in this procedure is higher than current P contents in most soil
solutions. Also, in some cases, the method probably overestimates the positive charges
on the soil colloids under field conditions (Van Wambeke, 1992).
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The P retention test is based on a ligand exchange between HPO42' or H,PO,4 and
OH'. The NaF pH test is based on a similar ligand exchange, i.e., the exchange between
F and OH'. In many ways, the P retention test is a duplication of the information
provided by the NaF pH test (Uehara and Ikawa, 1985). Soil pH in NaF was found to be
related to P-sorbed (r* = 0.48), particularly when log(P-sorbed) and log(P-sorbed + 10)
were related to pHyar (1° = 0.66 and 0.74, respectively) (Gilkes and Hughes, 1994).

Phosphorus, data assessments: Methods development in soil P characterization
(Bray and Kurtz, 1945; Olsen et al., 1954; Chang and Jackson, 1957) has been
instrumental in developing principles and understanding of the nature and behavior of P
in soils (Olsen and Sommers, 1982). Amounts, forms, and distribution of soil P vary
with soil-forming factors (Walker, 1974; Stewart and Tiessen, 1987), level and kind of
added P (Barrow, 1974; Tisdale et al., 1985; Sharpley and Menzel, 1987; Sharpley,
1996), other soil and land management factors (Haynes, 1982; Sharpley, 1985), and
soil P-sorption characteristics (Goldberg and Sposito, 1984; van Riemsdijk et al., 1984;
Polyzopoulos et al., 1985; Frossard et al., 1993). Knowledge of these factors and their
impact upon the fate and transport of soil P has been used in developing soil P
interpretations for such broad and diverse applications as fertility, taxonomic
classification, genesis and geomorphology models, and environmental studies (Burt et
al., 2002a).

While available (extractable) soil P traditionally has been related to the amount of P
available for crop uptake and the probability of crop response to added P, and thereby
fertilizer requirements (Pierzynski, 2000), many traditional soil P tests (e.g., Mehlich
No. 3, Bray P-1, and water soluble) have also been evaluated for use in environmental
studies, e.g., predictive models for P runoff (Tiessen et al., 1984; Gartley and Sims,
1994; Heckrath et al., 1995; Pote et al., 1996; Sims et al., 1998). Comparative studies
have shown good correlations between some soil P tests (Wolf and Baker, 1985; Sims,
1989; Tran et al., 1990; Bhiyan and Sedberry, 1995) and between soil P and other
soil properties (Jones et al., 1984; Sharpley et al., 1984, 1985, 1989). In a study of 168
U.S. benchmark soils, representing 8 soil orders (Tiessen et al., 1984), the relative
proportions of available and stable P and organic and inorganic P were found to be
dependent on soil chemical properties and related to the system of soil taxonomic
classification. Similarly, predictive P models (labile, organic, sorbed), derived from
other soil properties (e.g., total N, clay, and CaCOs) and P data (e.g., extractable P),
were improved when 78 soils were divided into groups based on the soil taxonomic
classification system (Soil Survey Staff, 2010) and weathering (Sharpley et al., 1984,
1985). The predictive model for potential P runoff (dissolved and bioavailable) in some
soils in Oklahoma (Sharpley, 1995) was improved with the integration of the effect of
soil type (P-sorption characteristics) over soil P alone, suggesting that relationships
between runoff P and soil P need to be soil specific for use in management
recommendations.

Soil P-sorption characteristics provide useful information for the assessment of
available P (Frossard et al., 1993; Indiati, 2000), determination of pedogenic P
pathways (Tiessen et al., 1984), and taxonomic classification (Soil Survey Staff, 2010).
Soil P-sorption, expressed as P-saturation indices, has also been investigated for use in
risk management of water contamination by P (van der Zee et al., 1987; Breeuwsma and
Silva, 1992; Sharpley, 1996; Sims et al., 1998; Beauchemin and Simard, 1999). In a
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review of these studies, Beauchemin and Simard (1999) suggested that these indices are
best developed using homogeneous soil groups to account for their distinctive behavior
and characteristics.

Phosphorus-sorption characteristics reflect the chemical and mineralogical
properties of the soil, e.g., clay type, Fe and Al oxides, organic matter, pH, and CaCO;
(Loganathan et al., 1987; Owusu-Bennoah and Acguaye, 1989; Solis and Torrent,
1989). Because these soil components are themselves interrelated (Syers et al., 1973),
however, it is often difficult to determine which components contribute the most to
P-sorption in soils. In a study of intensely weathered acid soils in Kentucky (Mubiru
and Karathanasis, 1994), P-sorption was best correlated with extractable Al (r = 0.93)
and crystalline Fe oxyhydroxides (r = 0.97) but had a negative association with organic
matter (r = -0.83). In a study of P-deficient, highly weathered, lateritic, ironstone gravel
soils in Australia (Brennan et al., 1994), Al,O; and organic C explained 45 to 59 percent
of the variation in P adsorption, whereas Fe,0s explained less variation (r* = 0.34), even
though it was higher in content than Al,O;. The influence of organic matter on P
adsorption has been related to the presence of organically chelated Fe and Al oxides
(Harter, 1969; Syers et al., 1971). In a study of soils in Italy with low to medium P
retention capacity, P adsorption in soils was best correlated with Al, (r = 0.94) but had
no significant relationship with organic C, Fe,, pH, CEC, clay, or exchangeable Ca. In a
study of different clay minerals (Oh et al., 1999), P retention was related to pH and P
levels (decreasing with increasing pH at greater added P concentrations) and to surface
area (maximum adsorption capacities at pH 5.4, decreasing in the order allophane
> alumina > goethite > hematite), suggesting that surface site density is greater for Al
minerals than for Fe-oxides. However, Goldberg and Sposito (1984) suggest that
P-adsorption models need not distinguish between Al and Fe, as similar protonation-
dissociation constants and P-surface complexation constants were found for both
minerals. Olsen and Watanabe (1957) also found a close relationship between
P-sorption and surface area in both acid (r* = 0.92) and alkaline (r* = 0.96) soils. Said
and Dakermanyji (1993) found P adsorption in calcareous soils most significantly related
to clay content (r* = 0.69) but to no other measured soil property, including CaCOs (r* =
0.106), which ranged from 1.8 to 49.1 percent. Similarly, Ryan et al. (1984) found no
effect by CaCOs3 on P adsorption in calcareous soils but a significant relationship with
Fe,. Holford and Mattingly (1975a and 1975b) attributed CaCOj reactivity to surface
area (carbonate particle-size distribution) rather than to total CaCOs.

In a study of 21 benchmark soils of the United States (Burt et al., 2002a), including
surface and subsurface horizons, and satellites from the Water Erosion Prediction
Project (WEPP), phosphorus (P) was analyzed using methods that included total (TP),
water soluble (WP), Bray 1 (BP), Mehlich No. 3 (MP), Olsen (OLP), New Zealand P
Retention (NZP), organic (OP), anion-exchange resin (AERP), and acid oxalate (P,).
Objectives of the study were to determine relationships among soil P test values and
other soil properties. Knowledge and understanding of these relationships are important
to researchers when soil P datasets are evaluated for use in predictive models for
agronomic, soil genesis, or environmental purposes. Important relationships were
developed, using simple or multiple linear regression models, among P methods and
other soil properties, e.g., organic C (OC), total N (TN), dithionite-citrate extractable Fe
and Al (Feq, Alg), and clay, as follows:
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TP (mg/kg) = 229.02 + 27.76 Al (g/kg) + 27.44 (g/kg) + 4.14 Feq(g/kg), r* = 0.89, P<0.01, n = 263 (all
soils)

OP (mg/kg) = 114.07 + 38.07 TN (g/kg) — 14.74 pH + 6.94 OC (g/kg), r* = 0.80, p<0.01, n = 262 (all
soils)

BP (mg/kg) = -1.82 + 1.11 MP (mg/kg), r*= 0.96, P<0.01, n = 268 (all soils)
P, (mg/kg) = 16.02 — 24.27 Al, (g/kg) + 25.59 Fe, (g/kg), * = 0.79, p < 0.01, n = 202 (noncalcareous)
NZP (%) =16.92 + 1.37 Aly (g/kg) + 0.28 clay (%), *=0.91, P <0.01, n =203 (noncalcareous)

Phosphorus, measurements: To characterize the P in the soil system requires the
selection of an appropriate method of determination. This selection is influenced by
many factors, e.g., objectives of the study, soil properties, sample condition or
environment, accuracy, and reproducibility (Olsen and Sommers, 1982). Most soil P
determinations have two phases, i.e., preparation of a solution that contains the soil P or
fraction thereof and the quantitative determination of P in the solution. Most P analyses
of soil solutions have been colorimetric procedures, as they are sensitive, reproducible,
and lend themselves to automated analysis, accommodating water samples, digest
solutions, and extracts (Pierzynski, 2000). The selected colorimetric method for P
determination depends on the concentration of solution P, the concentration of
interfering substances in the solution to be analyzed, and the particular acid system
involved in the analytical procedure (Olsen and Sommers, 1982). Inductively coupled
plasma (ICP) spectrophotometry also can be used for P determination. The popularity of
this procedure is increasing due to the use of multielement soil extractants (Pierzynski,
2000). Results from colorimetric analyses are not always comparable to those from ICP
because ICP measures the total amount of P in solution while the colorimetric
procedures measure P that can react with the color developing reagent (Pierzynski,
2000). In the following section, the various SSL P test methods and their respective
applications are described.

4.3 Soil Test Analyses
4.3.2 Anion Resin Extraction
4.3.2.1 Two-Point Extraction
43.2.1.1 1-h,24-h, 1 M NaCl
4.3.2.1.1.1 Phosphorus

Anion resin P, application: Anion resins remove P from soils without chemical
alterations and with only minor pH changes. Amounts of P released from soil and
adsorbed by resins have been used as a measure of available P, an assessment of the
availability of residual phosphates, an estimation of release characteristics and runoff P
for agricultural land (Elrashidi et al., 2003), and a measure of the buffer capacity of
soils (Olsen and Sommers, 1982).
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Plotting a log of extraction periods (0.25, 0.50, 1, 2, 4, 8, 24, and 48 hours) against
amounts of P released (mg kg™) showed a linear relationship in 24 U.S. benchmark soils
(Elrashidi et al., 2003). Two extraction periods (1 hour and 24 hours) are sufficient to
develop linear equations that predict P release characteristics (PRC), describing the
whole relationship between the extraction time (1 minute to 48 hours) and amount of P
released (mg kg™ for soils (Elrashidi et al., 2003). The SSL method for anion resin P
describes a two-point measurement (1-hour and 24-hour extraction).

Anion resin P, measurement and interferences: A 2-g soil sample and 4-g resin
bag are shaken with 100 mL of reverse osmosis deionized water for 1 hour. The soil
suspension is shaken again with another 4-g resin bag for 23 hours. Phosphorus released
from soil during shaking is adsorbed by resin. To remove P from resin, resin bags are
shaken for 1 hour in 1 M NaCl solution. Concentrated HCI is added to sample extracts.
A 1-mL aliquot is diluted with 4 mL of ascorbic acid molybdate solution. Absorbance
of the solution is read using a spectrophotometer at 882 nm. The SSL reports anion
resin P as mg P kg™ soil.

The anion resin P analyses similar to the water, Bray, and Mehlich procedures are
Mo blue methods, which are very sensitive for P. These methods are based on the
principle that in an acid molybdate solution containing orthophosphate ions, a
phosphomolybdate complex forms that can be reduced by ascorbic acid, SnCl,, and
other reducing agents to a Mo color. The intensity of blue color varies with the P
concentration but is also affected by other factors, such as acidity, arsenates, silicates,
and substances that influence the oxidation-reduction conditions of the system (Olsen
and Sommers, 1982).

4.3 Soil Test Analyses
4.3.3 Aqueous Extraction
4.3.3.1 Single-Point Extraction
4.3.3.1.1 1:10,30 min
4.3.3.1.1.1 Phosphorus

Water-soluble P, application: Phosphorus occurs in soil in both the solution and
solid phases. These forms are well documented, but questions still remain concerning
the exact nature of the constituents and ionic forms found in water, soils, and sediments
(National Research Council, 1993). These forms influence P availability in relation to
root absorption and plant growth, runoff and water-quality problems, and P loadings.
Water-soluble P has been defined as P measured in water, dilute salt extracts (e.g., 0.01
M CaCly), displaced soil solutions, or saturation paste extracts (Olsen and Sommers,
1982). Even though the water-soluble fraction principally consists of inorganic
orthophosphate ions, there is evidence that some organic P also is included (Rigler,
1968).

The water or dilute salt extracts represent an attempt to approximate the soil
solution P concentration. The objectives of this method, which is an index of P
availability, are (1) to determine the P concentration level in the soil extract that limits
plant growth (Olsen and Sommers, 1982) and (2) to determine the composition of the
soil solution so that the chemical environment of the plant roots may be defined in
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quantitative terms (Adams, 1974). The sum of water-soluble P and pH 3 extractable P
has also been defined as the available P in runoff (Jackson, 1958).

Water-soluble P, measurement: A 2.5-g sample of <2-mm, air-dry soil is
mechanically shaken for 30 minutes in 25 mL of reverse osmosis deionized water. The
sample is centrifuged until the solution is free of soil mineral particles and then is
filtered until clear extracts are obtained. Absorbance of the solution is read using a
spectrophotometer at 882 nm. Alternatively, a flow injection automated ion analyzer is
used to measure the orthophosphate ion (PO,”"). Method parameters specific to water-
soluble P have been modified from the QuikChem Method 10-115-01-1-A,
orthophosphate in waters (U.S. Environmental Protection Agency, 1983; LACHAT
Instruments, 1993; U.S. Department of the Interior, Geological Survey, 1993). The ion
(PO,>) reacts with ammonium molybdate and antimony potassium tartrate under acidic
conditions to form a complex. This complex is reduced with ascorbic acid to form a
blue complex, which absorbs light at 882 nm. Absorbance is proportional to the
concentration of PO,4” in the sample. The SSL reports water-soluble P as mg P kg™ soil.

4.3 Soil Test Analyses
4.3.3 Aqueous Extraction
4.3.3.1 Single-Point Extraction

43.3.1.2 1:5,23h,1h

4.3.3.1.2.1-22 Aluminum, Arsenic, Barium, Calcium, Cadmium, Cobalt, Chromium,
Copper, Iron, Lead, Magnesium, Manganese, Molybdenum, Sodium, Nickel, Phosphorus,
Potassium, Selenium, Silicon, Strontium, Vanadium, and Zinc

4.3.3.1.2.23 Boron

4.3.3.1.2.24-30 Bromide, Chloride, Fluoride, Nitrate, Nitrite, Phosphate, and Sulfate

1:5 aqueous extraction, preparation: A 20-g sample of soil is added to 100 mL of
water in a 250-mL polyethylene bottle. The soil:water suspension is maintained at room
temperature for 23 hours and is then shaken on a reciprocating shaker for 1 hour. The
supernatant is filtered into a 100-mL polyethylene bottle. The 1:5 extract is analyzed for
pH, EC, cations, anions, nitrate-nitrite, and multielements, including B.

1:5 aqueous extract, anions, measurement: The 1:5 extract is diluted according
to its electrical conductivity (EC;). The diluted sample is injected into the ion
chromatograph, and the anions are separated. A conductivity detector is used to measure
the anion species and content. Standard anion concentrations are used to calibrate the
system. A calibration curve is determined, and the anion concentrations (Br’, CI', F,
NO;, NOy', PO,”, and SO, respectively) are calculated. A computer program
automates these actions. An aliquot of 1:5 extract is titrated on an automatic titrator to
pH 8.25 and pH 4.60 end points. The carbonate and bicarbonate (COs> and HCO5’,
respectively) are calculated from the titers, aliquot volume, blank titer, and acid
normality. The 1:5 extracted anions, Br’', CI', F', NO3", NO;, PO.>, SO4%, COs%, and
HCO5’, are reported as mmol (-) L™'. The 1:5 extract is also analyzed for EC and pH.

1:5 aqueous extract, nitrate-nitrite, measurement: An aliquot of the 1:5 aqueous
extract is analyzed for soluble inorganic nitrate (NOs') using a flow injection automated
ion analyzer. The nitrate is quantitatively reduced to nitrite by passage of the sample
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through a copperized cadmium column. The nitrite (reduced nitrate plus original nitrite)
is then determined by diazotizing with sulfanilamide followed by coupling with N-1-
naphthylethylenediamine dihydrochloride. The resulting water-soluble dye has a
magenta color, which is read at 520 nm. Absorbance is proportional to the concentration
of NO;™ in the sample. The SSL reports data as mg N kg™ soil as NO3™ and/or NO,".

1:5 aqueous extract, multielement, measurement: A 20-g sample of soil is added
to 100 mL of water in a 250-mL polyethylene bottle. The soil:water suspension is
maintained at room temperature for 23 hours and is then shaken on a reciprocating
shaker for 1 hour. The supernatant is filtered into a 100-mL polyethylene bottle. The
extract is analyzed for Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, Pb, Mg, Mn, Mo, Na, Ni, P,
K, Se, Si, Sr, V, and Zn by inductively coupled plasma mass spectrophotometry (ICP-
MS). The SSL reports water-soluble elements as mg kg™

1:5 aqueous extract, boron, measurement: The 1:5 extract is used for B analysis
using azomethine-H, which forms a colored complex of H;BOs in aqueous media. A
I-mL aliquot of blank, diluted B standard, or sample, is added to a 50-mL
polypropylene centrifuge tube, followed by 2 mL of buffer, and mixed. A 2-mL aliquot
of azomethine-H reagent is added to the tube and mixed. After 30 minutes, absorbance
is read at 420 nm. Sample concentrations are determined using a standard curve
prepared with 0, 2, 4, 6, 8, and 10 B ug B mL"" solutions. The SSL reports B as pug kg™

4.3 Soil Test Analyses
4.3.4 Bray P-1 Extraction
4.3.4.1 Phosphorus

Bray P-1, application: The Bray P-1 procedure is widely used as an index of
available P in the soil. Bray and Kurtz (1945) originally designed the Bray P-1
extractant to selectively remove a portion of the adsorbed form of P with the weak,
acidified ammonium fluoride solution. Adsorbed phosphorus is in the anion form
adsorbed by different charged surface functional groups that have varying degrees of
adsorption affinity. In general, this method has been most successful on acid soils
(Olsen and Sommers, 1982). The acid solubilizes calcium and aluminum phosphates
and partially extracts iron phosphate compounds. The NH4F complexes the aluminum
in solution and limits readsorption of P on iron oxides (Kuo, 1996). The Bray P-1 has
limited ability to extract P in calcareous soils due to the neutralization of the dilute acid
by carbonates. For most soils, Bray P-1 and Mehlich No. 3 are nearly comparable in
their abilities to extract native P but exceed the Olsen sodium-bicarbonate method by
two- to three-fold, indicating that predictive models for Bray P-1, Mehlich No. 3, and
Olsen sodium-bicarbonate are closely associated with pH buffering of extractant (acid
versus alkaline) (Burt et al., 2002a).

Bray P-1, measurement: A 2.5-g soil sample is shaken with 25 mL of Bray P-1
extracting solution for 15 minutes. The sample is centrifuged until the solution is free of
soil mineral particles and is then filtered until clear extracts are obtained. A 2-mL
aliquot is diluted with 8 mL of ascorbic acid molybdate solution. Absorbance of the
solution is read using a spectrophotometer at 882 nm. Alternatively, a flow injection
automated ion analyzer is used to measure the orthophosphate ion (PO,’). Method
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parameters specific to Bray P-1 have been modified from the QuikChem Method 12-
115-01-1-A, orthophosphate in soils (U.S. Environmental Protection Agency, 1983;
LACHAT Instruments, 1989; U.S. Department of the Interior, Geological Survey,
1993). The ion (PO4”) reacts with ammonium molybdate and antimony potassium
tartrate under acidic conditions to form a complex. This complex is reduced with
ascorbic acid to form a blue complex, which absorbs light at 660 nm. Absorbance is
proportional to the concentration of PO,” in the sample. The SSL reports Bray P-1 as
mg P kg™ soil.

Bray P-1, interferences: Many procedures may be used to determine P. Studies
have shown the incomplete or excessive extraction of P to be the most significant
contributor to interlaboratory variation. The Bray P-1 procedure is sensitive to the
soil/extractant ratio, shaking rate, and time. This extraction uses the ascorbic acid-
potassium antimony-tartrate-molybdate method. The Fiske-Subbarrow method is less
sensitive but has a wider range before dilution is required (North Central Regional
Research Publication No. 221, 1988). For calcareous soils, the Olsen method is
preferred. An alternative procedure for calcareous soils uses the Bray P-1 extracting
solution at a 1:50 soil:solution ratio. This procedure has been shown to be satisfactory
for some calcareous soils (Smith et al., 1957; North Central Regional Research
Publication No. 221, 1988).

Silica forms a pale blue complex, which also absorbs light at 660 nm. This
interference is generally insignificant as a silica concentration of approximately 4000
mg L would be required to produce a 1 mg L™ positive error in orthophosphate
(LACHAT Instruments, 1989).

Concentrations of ferric iron greater than 50 mg L' will cause a negative error due
to competition with the complex for the reducing agent ascorbic acid. Pretreating
samples high in iron with sodium bisulfite can eliminate this interference. Treatment
with bisulfite will also remove the interference due to arsenates (LACHAT Instruments,
1989).

The determination of phosphorus is sensitive to variations in acid concentrations in
the sample since there is no buffer. With increasing acidity, the sensitivity of the
method is reduced. Samples, standards, and blanks should be prepared in a similar
matrix.

4.3 Soil Test Analyses
4.3.5 Bray P-2 Extraction
4.3.5.1 Phosphorus

Bray P-2, application: The Bray P-2 procedure functions to extract a portion of
the plant-available P in the soil. The composition is similar to that of the Bray P-1
extraction solution. The difference is a slightly higher concentration of HCI (0.025 N
compared to 0.1 N) in the Bray P-2. The Bray P-2 was originally designated by Bray
and Kurtz (1945) to extract the easily acid soluble P as well as a fraction of adsorbed
phosphates. The HCl solubilizes calcium and aluminum phosphates and partially
extracts iron phosphate compounds. The NH4F complexes the aluminum in solution and
limits readsorption of P on iron oxides (Kuo, 1996). The higher acid concentration of
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the Bray P-2 should allow greater extraction of P in calcareous soils compared to Bray
P-1, but the Bray P-2 is not as widely used by soil testing laboratories as the Bray P-1.

Bray P-2, measurement: A 2.5-g soil sample is shaken with 25 mL of Bray P-2
extracting solution for 15 minutes. The sample is centrifuged until the solution is free of
soil mineral particles and then is filtered until clear extracts are obtained. A 2-mL
aliquot is diluted with 8 mL of ascorbic acid molybdate solution. Absorbance of the
solutilon is read using a spectrophotometer at 882 nm. The SSL reports Bray P-2 as mg
P kg soil.

4.3 Soil Test Analyses
4.3.6 Olsen Sodium-Bicarbonate Extraction

4.3.6.1 Phosphorus

Olsen sodium-bicarbonate P, application: The Olsen sodium-bicarbonate
extractant is 0.5 M sodium bicarbonate solution at pH 8.5. This extractant is most
applicable to neutral to calcareous soils (Buurman et al., 1996). Solubility of Ca-
phosphate in calcareous, alkaline, or neutral soils is increased because of the
precipitation of Ca*" as CaCO; (Soil and Plant Analysis Council, 1999). Olsen
extractant correlates with Mehlich No. 3 on calcareous soils (R*= 0.918), even though
the quantity of Mehlich No. 3 extractable P is considerably higher (Soil and Plant
Analysis Council, 1999). While Mehlich No. 3, Bray P-1, and Olsen sodium-
bicarbonate are linearly related, relationships developed between some P tests (e.g.,
Olsen P and Mehlich No. 3) may have limited predictive capability with increasing soil
P content (Burt et al., 2002a).

Olsen sodium-bicarbonate P, measurement: A 1.0-g soil sample is shaken with
20 mL of Olsen sodium-bicarbonate extracting solution for 30 minutes. The sample is
centrifuged until the solution is free of soil mineral particles and then is filtered until
clear extracts are obtained. Dilute 5 mL of sample extract with 5 mL of color reagent.
The absorbance of the solution is read using a spectrophotometer at 882 nm. The SSL
reports Olsen sodium-bicarbonate P as mg P kg™ soil.

4.3 Soil Test Analyses
4.3.7 Mehlich No. 3 Extraction
4.3.7.1 Phosphorus

Mehlich No. 3 P, application: Mehlich No. 3 was developed as a multielement
soil extraction (Ca, Mg, K, Na, and P) (Mehlich, 1984). In the Mehlich No. 3 procedure,
P is extracted by reaction with acetic acid and F compounds. Mehlich No. 3 is used as
an index of available P in the soil. Extraction of P by Mehlich No. 3 is designed to be
applicable across a wide range of soil properties, ranging in reaction from acid to basic
(Mehlich, 1984). Mehlich No. 3 correlates well with Bray P-1 on acid to neutral soils
(R* = 0.966) but does not correlate with Bray P-1 on calcareous soils (Soil and Plant
Analysis Council, 1999). Mehlich No. 3 correlates with Olsen extractant on calcareous
soils (R= 0.918), even though the quantity of Mehlich No. 3 extractable P is
considerably higher (Soil and Plant Analysis Council, 1999). The Mehlich No. 3
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extractant is neutralized less by carbonate compounds in soil than the double acid
(Mehlich No. 1) and the Bray P-1 extractants and is less aggressive towards apatite or
other Ca-phosphate than the double acid and Bray P-2 extractants (Tran and Simard,
1993). Mehlich No. 3 can also be used to extract Ca, Mg, K, and Na in a wide range of
soils and correlates well with Mehlich No. 1, Mehlich No. 2, and NH4sOAc¢ (Soil and
Plant Analysis Council, 1999). The SSL determines Mehlich No. 3 extractable P.
Additionally, Mehlich No. 3 can be used to extract multielements (Elrashidi et al.,
2003).

Mehlich No. 3 P, measurement: A 2.5-g soil sample is shaken with 25 mL of
Mehlich No. 3 extracting solution for 5 minutes. The sample is centrifuged until the
solution is free of soil mineral particles and then is filtered until clear extracts are
obtained. Dilute 0.5 mL of sample extract with 13.5 mL of working solution.
Absorbance of the solution is read using a spectrophotometer at 882 nm. The SSL
reports Mehlich No. 3 P as mg kg™ soil.

4.3 Soil Test Analyses
4.3.7 Mehlich No. 3 Extraction
4.3.7.2-22 Aluminum, Arsenic, Barium, Calcium, Cadmium, Cobalt, Chromium, Copper,
Iron, Potassium, Magnesium, Manganese, Molybdenum, Sodium, Nickel, Phosphorus,
Lead, Selenium, Silicon, Strontium, and Zinc

Mebhlich No. 3, multielement, measurement: A 2.5-g soil sample is shaken with
25 mL of Mehlich No. 3 extracting solution for 5 minutes. The sample is centrifuged
until the solution is free of soil mineral particles and then is filtered until clear extracts
are obtained. Dilute 0.5 mL of sample extract with 13.5 mL of working solution. The
extract is analyzed for Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P,
Pb, Se, Si, Sr, and Zn by inductively coupled plasma atomic emission
spectrophotometer (ICP-AES). The SSL reports Mehlich No. 3 elements as mg kg™
soil.

4.3 Soil Test Analyses
4.3.8 Citric Acid Soluble P,05
4.3.8.1 Phosphorus

Citric acid soluble P,Os application: Citric acid soluble P,Osis used as a
taxonomic criterion for distinguishing between mollic (<250 ppm P,0Os) and anthropic
(>250 ppm P,0s) epipedons (Soil Survey Staff, 2010). Additional data on anthropic
epipedons from several parts of the world may permit improvements in this definition
(Soil Survey Staff, 2010).

Phosphorus (citrate-soluble, Method 960.01) and phosphorus (citrate-insoluble,
Method 963.03) are recognized methods in the Official Methods of Analysis by the
American Association of Analytical Communities (AOAC), International (AOAC,
2000). The AOAC citrate-soluble P method considers the recovery of phosphite source
materials as available phosphorus, even though the Association of American Plant Food
Control Officials does not recognize phosphite as a source of available phosphorus. The
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procedure described herein is used by the National Academy of Agricultural Sciences
(England and Wales) and is based on the method developed by Dyer (1894).

Citric acid soluble P,Os measurement: A sample is checked for CaCOs
equivalent. Sufficient citric acid is added to the sample to neutralize the CaCOs3 and to
bring the solution concentration of citric acid to 1 percent. A 1:10 soil:solution is
maintained for all samples. The sample is shaken for 16 hours and filtered. Ammonium
molybdate and stannous chloride are added. Absorbance is read using a
spectrophotometer at 660 nm. The SSL reports citric acid soluble P,Os as mg kg™ soil.

Citric acid soluble P,Os interferences: Unreacted carbonates interfere with the
extraction of P,Os; therefore, sufficient citric acid is added to the sample to neutralize
the CaCOs. However, a high citrate level in the sample may interfere with the
molybdate blue test. If this occurs, the method can be modified by evaporating the
extract and ashing in a muffle furnace to destroy the citric acid. Positive interferences in
the analytical determination of P,Os are silica and arsenic, if the sample is heated.
Negative interferences in the P,Os determination are arsenate, fluoride, thorium,
bismuth, sulfide, thiosulfate, thiocyanate, and excess molybdate. A concentration of Fe
>1000 ppm interferes with P,Os determination. Refer to Snell and Snell (1949) and
Metson (1956) for additional information on interferences in the citric acid extraction of
P,0s.

4.3 Soil Test Analyses
4.3.9 New Zealand P Retention
4.3.9.1 Phosphorus

New Zealand P retention, application: Phosphorus retention of soil material is
used as a taxonomic criterion for andic soil properties (Soil Survey Staff, 2010).
Andisols and other soils that contain large amounts of allophane and other amorphous
minerals have capacities for binding P (Gebhardt and Coleman, 1984). The factors that
affect soil P retention are not well understood; however, allophane and imogolite have
been considered as major materials that contribute to P retention in Andisols (Wada,
1985). Phosphate retention is also called P adsorption, sorption, or fixation.

New Zealand P retention, measurement: A 5-g soil sample is shaken in a 25-mL
aliquot of a 1000 mg L™ P solution for 24 hours. The mixture is centrifuged at 2000 rpm
for 15 minutes. An aliquot of the supernatant is transferred to a colorimetric tube to
which nitric vanadomolybdate acid reagent (NVAR) is added. Absorbance of the
solution is read using a spectrophotometer at 466 nm. This absorbance correlates to the
concentration of the nonadsorbed P that remains in the sample solution. The New
Zealand P retention (Blakemore et al., 1987) is the initial P concentration minus the P
remaining in the sample solution and is reported by the SSL as percent P retained.

4.3 Soil Test Analyses

4.3.10 Nitrogen, Agronomic and Environmental Significance

Total nitrogen, organic and inorganic: Nitrogen is ubiquitous in the environment
as it is continually cycled among plants, soil organisms, soil organic matter, water, and
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the atmosphere (National Research Council, 1993). Nitrogen is one of the most
important plant nutrients. Because it forms some of the most mobile compounds in the
soil-crop system, it is commonly related to water-quality problems. Total N includes
both organic and inorganic forms.

Inorganic N in soils is predominantly NO;" and NH,". Nitrite is seldom found in
detectable amounts except in neutral to alkaline soils receiving NH4 or NH4-producing
fertilizers (Keeney and Nelson, 1982; Maynard and Kalra, 1993; Mulvaney, 1996).
Ammonium ions and nitrate are of particular concern because they are very mobile
forms of nitrogen and are most likely to be lost to the environment (National Research
Council, 1993). All forms of nitrogen, however, are subject to transformation to
ammonium ions and nitrate as part of the nitrogen cycle in agroecosystems, and all can
contribute to residual nitrogen and nitrogen losses to the environment (National
Research Council, 1993).

Nitrogen, measurements: The SSL determines total N by dry combustion. There
is considerable diversity among laboratories in the extraction and determination of NOs
and NH4 (Maynard and Kalra, 1993). Nitrate is water soluble, and a number of soil
solutions, including water, have been used as extractants; the most common is KCL.
Refer to Maynard and Kalra (1993) and Mulvaney (1996) for a review of extractants.
The SSL determines inorganic N (nitrate-nitrite) by KCI extraction, in which a flow
injection automated ion analyzer is used to measure the soluble inorganic nitrate (NO3").
The nitrate is quantitatively reduced to nitrite by passage of the sample through a
copperized cadmium column. The nitrite (reduced nitrate plus original nitrite) is then
determined by diazotizing with sulfanilamide followed by coupling with N-1-
naphthylethylenediamine dihydrochloride. The resulting water-soluble dye has a
magenta color, which is read at 520 nm. The concept of an organic N fraction that is
readily mineralized has been used to assess soil N availability in cropland, in forestland,
and on waste-disposal sites (Campbell et al., 1993). Incubation-leaching techniques
have been used to quantify the mineralizable pool of soil organic N. These techniques
may be aerobic or anaerobic. The SSL determines mineralizable N (N as NHj3) by
anaerobic incubation. In addition, the SSL determines mineralizable N after fumigation
incubation.

4.3 Soil Test Analyses
4.3.11 1 M KCIl Extraction
4.3.11.1-2 Nitrate-Nitrite

1 M KCl nitrate-nitrite, application: The inorganic combined N in soils is
predominantly NH,;" and NOs™ (Keeney and Nelson, 1982). Ammonium ions and nitrate
are of particular concern because they are very mobile forms of nitrogen and are most
likely to be lost to the environment (National Research Council, 1993). All forms of
nitrogen, however, are subject to transformation to ammonium ions and nitrate as part
of the nitrogen cycle in agroecosystems, and all can contribute to residual nitrogen and
nitrogen losses to the environment (National Research Council, 1993).

1 M KCl nitrate-nitrite, measurement: A 2.5-g soil sample is mechanically
shaken for 30 minutes in 25 mL of 1 M KCI solution. The sample is then filtered
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through Whatman No. 42 filter paper. A flow injection automated ion analyzer is used
to measure the soluble inorganic nitrate (NO3"). Method parameters specific to 1 M KCl
have been modified from the QuikChem Method 12-107-04-1-B, nitrate-nitrite in 2 M
(1 M) KCl soil extracts (U.S. Environmental Protection Agency, 1983; LACHAT
Instruments, 1992; U.S. Department of the Interior, Geological Survey, 1993). The
nitrate is quantitatively reduced to nitrite by passage of the sample through a copperized
cadmium column. The nitrite (reduced nitrate plus original nitrite) is then determined by
diazotizing with sulfanilamide followed by coupling with N-1-naphthylethylenediamine
dihydrochloride. The resulting water-soluble dye has a magenta color, which is read at
520 nm. Absorbance is proportional to the concentration of NO;" in the sample. The
SSL reports data as mg N kg™ soil as NO;” and/or NO;".

4.3 Soil Test Analyses
4.3.12 Anaerobic Incubation
4.3.12.1 2 M KCIl Extraction
4.3.12.1.1 Nitrogen as NH;

Anaerobic incubation, 2 M KCI nitrogen as NHj3, application: The most
satisfactory methods currently available for obtaining an index for the availability of
soil N are those involving the estimation of the N formed when soil is incubated under
conditions that promote mineralization of organic N by soil micro-organisms (U.S.
Environmental Protection Agency, 1992). The method described herein for estimating
mineralizable N is one of anaerobic incubation and is suitable for routine analysis of
soils. This method involves estimation of the ammonium produced by a 1-week period
of incubation of soil at 40 °C (Keeney and Bremner, 1966) under anaerobic conditions
to provide an index of N availability.

Anaerobic incubation, 2 M KCI nitrogen as NH3, measurement: An aliquot of
air-dry homogenized soil is placed in a test tube with water. The test tube is stoppered,
and the contents are incubated at 40 °C for 1 week. The contents are rinsed with 2 M
KCI. A flow injection automated ion analyzer is used to measure the ammonium
produced in the soil after incubation. Absorbance of the solution is read at 660 nm. The
SSL reports data as mg N kg™ soil as NH;.

4.4 Carbonate and Gypsum

This section describes the agronomic, taxonomic, and engineering significance of
carbonate and gypsum in soils. The SSL methods for the analysis of carbonate and
gypsum are described. For detailed descriptions of the SSL methods which are cross-
referenced by method code in the table of contents in this manual, refer to SSIR No. 42
(Soil Survey Staff, 2004), which is available online at
http://soils.usda.gov/technical/lmm/. For detailed descriptions of other laboratory
methods for the quantification of gypsum, refer to U.S. Salinity Laboratory Staff, 1954;
Kovalenko, 1972; Sayegh et al., 1978; Lagerwerft et al., 1965; Friedel, 1978; and
Nelson et al., 1978. Also refer to SSIR No. 51 (Soil Survey Staff, 2009; available online
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at http://www.soils.usda.gov/technical/) for detailed descriptions of field methods as
used by NRCS soil survey offices.

4.4 Carbonate and Gypsum
4.4.1 Carbonate

4.4.1.1 Agronomic, Taxonomic, and Engineering Significance

Carbonate, soil-related factors: The distribution and amount of CaCO; have an
important effect on fertility, erosion, available water-holding capacity, and genesis of
the soil. Calcium carbonate provides a reactive surface for adsorption and precipitation
reactions, e.g., phosphate, trace elements, and organic acids (Loeppert and Suarez,
1996; Amer et al., 1985; Talibudeen and Arambarri, 1964; Boischot et al., 1950). The
determination of calcium carbonate (CaCO3) equivalent is a taxonomic criterion (Soil
Survey Staff, 2010). Carbonate content of a soil is used to define carbonatic, particle-
size, and calcareous soil classes and to define calcic and petrocalcic horizons (Soil
Survey Staff, 2010). The formation of calcic and petrocalcic horizons has been related
to a variety of processes, including translocation and net accumulation of pedogenic
carbonates from a variety of sources as well as the alteration of lithogenic (inherited)
carbonate to pedogenic carbonate (soil-formed carbonate through in situ dissolution and
reprecipitation of carbonates) (Rabenhorst et al., 1991).

Carbonate, acid-neutralizing capacity: In agriculture, the term lime is defined as
the addition of any Ca or Ca- and Mg-containing compound that is capable of reducing
soil acidity. Lime correctly refers only to calcium oxide (CaO), but the term almost
universally includes such materials as calcium hydroxide, calcium carbonate, calcium-
magnesium carbonate, and calcium silicate slags (Tisdale et al., 1985). As used in soil
fertility, the term CaCOs equivalent (CCE) is defined as the acid-neutralizing capacity
of an agricultural liming material expressed as a weight percentage of CaCOs. Pure
CaCO; is the standard against which other liming materials are measured, and its
neutralizing value is considered to be 100 percent. The molecular constitution is the
determining factor in the neutralizing value of chemically pure liming materials
(Tisdale et al., 1985). Consider the following discussion and related equations (Tisdale
et al., 1985).

Equation 4.4.1.1:
CaCOs + 2HCl —> CaCl, + H,O + CO,
Equation 4.4.1.2:
MgCOs3 + 2HCl—> MgCl, + H,0 + CO,
In both equations, the molecular proportions are the same; i.e., one molecule of
either CaCO3; or MgCO; will neutralize two molecules of acid. The molecular weight of

CaCOs; is 100, however, whereas that of MgCOj; is only 84. Therefore, 84 g of MgCOs
will neutralize the same amount of acid as 100 g of CaCOs. The neutralizing value or
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CCE of MgCO:; in relation to CaCO; (CCE = 100) is calculated in the simple proportion
as follows:

Equation 4.4.1.3:
84/100 = 100/x
x = 119 percent

Therefore, on a weight basis, MgCO3 will neutralize 1.19 times as much acid as the
same weight of calcium carbonate. This same procedure is used to calculate the
neutralizing value of other liming materials, e.g., CaO (CCE = 170); Ca(OH), (CCE =
109); and CaMg(CO3), (CCE = 109).

Carbonate, agronomic and engineering significance: In general, crops grown on
carbonatic soils may show signs of chlorosis, reflecting nutrient deficiencies (Fe, Zn, or
Cu). Alfalfa grown on these soils may indicate symptoms of B deficiency. Carbonatic
soils have also been associated with P fixation; hindrance to root ramification; high base
status (near pH 8); and lower available water, especially in soils with calcic horizons.
Abundant Ca in the soil has a flocculating effect on soil colloids; i.e., clays tend to be
coarser. Carbonate particles have a distribution of sizes from coarse clay to gravel.
These carbonates affect the soil regardless of the dominant particle size, but the clay-
sized carbonate appears to have a stronger influence. Fine carbonates behave like silt
and are less coherent than silicate silts and clays. Carbonatic materials are susceptible to
frost disruption and to erosion by piping and jugging.

Field test, quantitative calcium carbonate equivalent determination: A field
procedure was developed to measure CaCO; by using a simple volume calcimeter from
a 50-mL and a 20-mL plastic syringe (Holmgren, 1973). A weighed quantity of soil is
placed in the 50-mL syringe, 5 mL 10 percent HCI is added in the small syringe, the
syringes are connected, acid is injected into the soil, and the volume of CO, produced is
measured in either or both syringes, depending on the amount. An array of sample
weights to yield 1 mL CO; for 1 percent CaCOs equivalent at various temperatures and
elevations is developed. An alternate procedure was developed using a constant weight
of 0.33 g of soil (Holmgren, 1973). A simple hand balance is used to weigh this amount
in the field, and a monograph is provided to facilitate calculations. Calcium carbonate
equivalent by these procedures can be determined within 1 to 2 percent absolute error
over the range 0 to 50 percent. These errors can be reduced at lower CaCOs equivalent
values by increasing the sample size. The SSL makes the calcimeter kits described
above and distributes them to NCSS cooperators upon request.

Field or laboratory staining scheme, differentiation of major carbonate
minerals: Carbonate minerals are often difficult to differentiate by typical petrographic
procedures. Stains for many carbonate minerals (e.g., calcite, siderite, ankerite and
ferroandolomite, dolomite, and witherite) have been described and reviewed (Rodgers,
1940; Hugi, 1945; LeRoy, 1950). Friedman’s method (1959) is the most extensively
tested, has been found to be the most reliable, and is widely applied (Wolf and Warne,
1960). Warne (1962) presents a more comprehensive diagrammatic scheme for the
identification of the major anhydrous carbonate and two sulphate minerals (calcite,
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aragonite, high magnesian calcite, dolomite, ankerite and ferroandolomite, siderite,
magnesite, witherite, rhodochrosite, smithsonite, strontianite, cerussite, anhydrite, and
gypsum) in fragments and sections of rocks and coal using five staining solutions
(initial classification with alizarin red S first in acid followed in alkaline solution, and
final resolution with rhodizonic acid, benzidine, magneson, and Fegl’s solution). These
tests are easily applied in the field or laboratory. In addition, various methods have been
developed to separate calcite from dolomite from different sources of soil carbonates
(Evangelou et al., 1984; Kraimer et al., 2005; West et al., 1988).

4.4 Carbonate and Gypsum
4.4.1.2 3 N HCI Treatment
4.4.1.2.1 CO, Analysis
4.4.1.2.1.1 Carbonate
4.4.1.2.1.1.1 Calcium Carbonate

Calcium carbonate, measurement: The SSL measures the amount of carbonate in
the soil by treating the samples with HCI. The evolved CO, is measured
manometrically. The amount of carbonate is then calculated as percent CaCOs. The SSL
most commonly reports the CaCO; equivalent on the <2-mm basis. In some soils with
hard carbonate concretions, however, carbonates are determined on both the <2-mm
basis and the 2- to 20-mm basis.

Calcium carbonate, interferences: Chemical interference is the reaction by the
acid with other carbonates, e.g., carbonates of Mg, Na, and K, that may be present in the
soil sample. The calculated CaCOs is only a semiquantitative measurement (Nelson,
1982). Analytical interference may be caused by temperature changes within the
reaction vessel. When sealing the vessel, the analyst should not hold the vessel any
longer than necessary to tighten the cap. The internal pressure must be equalized with
the atmosphere. After the septum has been pierced with a needle, = 5 to 10 seconds is
required to equalize the internal pressure of the bottle. With extensive use, the septa
leak gas under pressure; therefore, they should be replaced at regular intervals. The
analyst should not touch the glass of the vessel when reading the pressure.

4.4 Carbonate and Gypsum
4.4.2 Gypsum

4.42.1 Agronomic, Taxonomic, and Engineering Significance

Gypsum, soil-related factors: Gypsum is one of the most commonly occurring
sulfate minerals. Gypsum occurs as a soil constituent and is frequently associated with
gypsiferous geologic deposits, even if the deposits are deep seated or are located some
distance away from the site of the gypsum-containing soils (Eswaran and Zi-Tong,
1991). Gypsum may be present as traces in the soil or may dominate the soil system.
Generally, gypsum occurs in soils where very little leaching occurs (Lindsay, 1979).
Gypsum is frequently found in association with halite (NaCl), the dominant soluble salt
in Saliorthids, as well as with some soluble sulfate minerals, e.g., assanite, anhydrite,
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mirabilite, epsomite, konyaite, hexahydrite, and bloedite. All of these salts are more
soluble than gypsum.

Four sources of gypsum can be distinguished (Porta and Herrero, 1990): (1)
outcrops of gyprock in which weathering produces a material very rich in gypsum that
remains in situ or is transported as a mudflow or as calcium and sulfate ions that may be
transported over long distances; (2) ions dissolved in water by surface runoff, a flood, or
a water table; (3) gypsum dust; and (4) gypsum formed from the oxidation of pyrites in
environments rich in calcium carbonate. In all these cases, gypsum can be translocated
and accumulated, depending on the characteristics of the soil moisture regime.

Gypsum formation by precipitation of deposits rich in calcium sulfate (CaSOy) is
typically highest at the surface layers, whereas gypsum from deposits high in gypsum is
typically highest in the lower part of the soil profile; however, leaching may disrupt this
sequence. Gypsum accumulations deep in the profile in areas with low annual
precipitation may suggest that these soils developed under previously wetter climates.
The amount of rainfall and the topographic setting influence the amount and location of
gypsum in the soils. The observation that gypsum precipitates near the maximum depth
of wetting in some semiarid regions (Nettleton et al., 1982) is supported by the
experimental work of Krupkin (1963) with leaching soil columns.

In soils, crystals of gypsum in the solum are generally the size of coarse clay or silt,
but deeper in the soil profile the crystals may be sand sized and larger (Nelson, 1982).
The crystals are commonly segregated in the soil matrix. In addition, the solubility of
gypsum in soils may be reduced in calcareous environments by surface coatings of
CaCOs; (Keren and Kauschansky, 1981; Doner and Lynn, 1989).

Pedogenic forms in which gypsum occurs vary widely as follows: as crystal
clusters or as single macroscopic crystals (cm) with seemingly little relationship to
surrounding components; as macroscopic or microscopic-lenticular crystals in pores,
along channels, and along planar voids with no apparent orientation to the associated
surfaces or with obvious orientation, especially along planar voids; as interlocking
blades or microcrystalline masses; not typically in intimate mixtures with silicate clay
(tendency toward segregation of components); commonly in mixtures with calcite but
typically in segregated zones (Allen, 1985; Herrero and Porta, 2000).

Gypsum, carbonates, and soluble salts: Gypsum is generally too soluble to
persist in soils unless SO4* approaches 102 M. Actual qualitative and quantitative
characteristics of soluble salts in a system influence the solubility of gypsum. Gypsum
has variable solubility in saline solutions (20 to 50 meq L) (U.S. Salinity Laboratory
Staff, 1954). The increase in solubility in saline environments tends to impede the
formation of gypsum under these conditions.

The solubility of gypsum is not pH dependent, whereas that of calcite is (Lindsay,
1979). With the presence of competing species, such as gypsum and calcite, in a soil
system, calcite formation is favored at the higher pH. Gypsum is rarely present in soils
if pH >8.2 (Nelson, 1982). Shifts in the dynamics of a system can result in
predominating mineral species (calcite versus gypsum). That is, shifts in system inputs,
e.g., soluble Ca2+, SO42', acidity, and water content, will ultimately affect system
outputs, e.g., calcium and/or gypsum. The window in which these minerals can coexist
is relatively small, and the window in which they could possibly exist in equal amounts
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is even smaller (Fig. 4.4.2.1.1). The use of gypsum in sodic soils is an example of the
equilibria between the two mineral species. If gypsum is introduced, naturally or
anthropogenically, into a soil system with a pH of 8.5 or higher, the soluble Ca*" is
raised above calcite equilibria and leads to the precipitation of calcite. This calcite
reaction releases H'. Over time, the pH will drop to 7.5 to 8.0, which is the pH range in
which gypsum and calcite can coexist. In addition, soluble Ca®” is restored to
approximately 107> M, keeping colloids flocculated and predominantly Ca saturated,
with displaced Na' leached from the system (Lindsay, 1979; Cresser et al., 1993).

Natural occurrence of soluble salt minerals (including soluble carbonate minerals)
in soils requires high evaporation, low rainfall, and a means of concentrating the salts.
The main soluble salt minerals reported in soils are some combination of Na, Mg, K,
Ca, Cl, SO4, HCO3, and COs. Salts of NOs and 103 occur less frequently, and salts of
ClO4 and CrOs occur rarely (Doner and Lynn, 1989). The high solubility of MgSO,,
NaSO,, and NaCl minerals results in their formation at the furthest extent of soil-water
movement. As a result, the crystalline forms of these minerals commonly occur only at
the soil surface, under conditions of extreme desiccation (Doner and Lynn, 1989). The
formation of Na,CO3 minerals can occur in several ways, one of which is through the
irrigation of saline-sodic soils. Saline-sodic soils have traditionally been defined as
having properties of saline and sodic soils with appreciable contents of soluble salts,
ESP >15, and an EC >4 dS m™' (mmhos cm™) (U.S. Salinity Laboratory Staff, 1954).
Theoretically, the maximum concentration of Na,SOy in the saturation extract of a
medium-textured soil is about 7,000 meq L™, which is approximately 25 percent salt by
weight (Nelson, 1982). The salt content of a soil seldom exceeds 2 percent; hence, all
nongypsum sulfate should dissolve if the EC of the saturation extract does not exceed
40 mmhos cm™ (Nelson, 1982). In the Middle East, anhydrite (CaSQ,) is a stable
mineral species in coastal areas (Shahid et al., 2007; Sanford and Wood, 2001). The loss
of waters of hydration (present in gypsum) occurs in areas of extreme salinity and at
temperatures that approach and exceed 50 °C.

Gypsum, agronomic significance: Generally, soils with gypsum have an
abundance of Ca. These soils are typically associated with high base status, salinity, and
possibly more soluble salts than gypsum. When present in excessive amounts, gypsum
controls the properties of the soil and may have adverse effects on the agricultural and
engineering properties of the soil (Eswaran and Zi-Tong, 1991). Gypsum can also be
beneficial. Gypsum is added as a plant nutrient (Ca, S) for improved plant growth in
leached Oxisols and Ultisols. Gypsum is also used as an amendment to improve soil
structure and permeability in sodic soils.

Soils with gypsum may become impervious to roots and water. Available water
content and cation-exchange capacity are generally inversely proportional to gypsum
content. The saturated Ca soil solution may result in the fixation of the micronutrients
Mn, Zn, and Cu. Gypsum may be used in the reclamation of sodic soils, with calcium
replacing the sodium on the exchange complex and sodium sulfate carried out in the
drainage water.
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Figure 4.4.2.1.1.—The solubility of various calcium minerals in soils. After Lindsay (1979).
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Gypsum, engineering significance: Application of irrigation water on farmland in
arid and semiarid areas poses engineering challenges for soils with gypsum (Elrashidi et
al., 2007). Soil subsidence through solution and removal of gypsum can crack building
foundations, break irrigation canals, and make roads uneven. Failure can be a problem
in soils with as little as 1.5 percent gypsum (Nelson, 1982). Typically, soils with
gypsum have a number of other water-soluble minerals that are associated with gypsum.
Elrashidi et al. (2007) proposed that subsidence should not be solely estimated by
gypsum content but also by content of other water-soluble minerals using the
Equivalent Gypsum Content (EGC). The EGC is defined as the quantity of both gypsum
and other water-soluble minerals and expressed as gypsum percentage (by weight) in
soils. Refer to Elrashidi et al. (2007) for the application of EGC to estimate soil
subsidence in soils with gypsum. Corrosion of concrete also is associated with soil
gypsum. Gypsum content, soil resistivity, and extractable acidity individually or in
combination provide a basis for estimating potential corrosivity of soils (USDA/SCS,
1971).

Gypsum, taxonomic significance: The content of gypsum in a soil is a criterion
for gypsic and petrogypsic horizons and for mineralogical class at the family level (Soil
Survey Staff, 2010). Gypsic horizons typically form abrupt boundaries with overlying
cambic or calcic horizons (Allen, 1985). Some characteristics of gypsic horizons are as
follows: >15 cm thick; not cemented or indurated (as in petrogypsic); >5 percent
gypsum and >1 percent (by volume) secondary visible gypsum; and product thickness
(cm) multiplied by gypsum percent by >150. In a study of Reg soils in southern Israel
and Sinai (Dan et al., 1982), gypsic and petrogypsic horizons were associated with older
and higher (more stable) geomorphic surfaces that developed over a long period of
weathering under extreme arid conditions.

Field test, qualitative, soluble sulfate, calcium, and magnesium: Quantification
of gypsum content is important for classification and use and management of soils with
gypsum (Soil Survey Staff, 2010). A qualitative field test to identify soluble sulfate in
soil material was developed by the SSL for use by NRCS soil survey offices and is
available upon request from the NSSC. This test is used conjunctively with other field
tests (soluble calcium and magnesium) to identify gypsum.

During a test for sulfate, a soil sample is tested for effervescence with 1 ¥
hydrochloric acid (HCl). Depending on test results, a variable quantity of 0.1 N HCl is
added to the sample, followed by barium chromate and a color indicator solution.
Development and persistence of a lavender/violet color within 60 seconds represent the
presence of sulfate. During a test for calcium and/or magnesium, a soil sample is
extracted with water and a portion of the mixture is withdrawn. Half of the mixture is
ejected into one test tube, and the other half is ejected into another test tube. Saturated
ammonium oxalate solution is added to one test tube. If a cloudy white precipitate
forms, calcium is indicated. The amount of precipitate is related to the calcium level. To
the other test tube, 0.5 N sodium hydroxide (NaOH) and titan yellow indicator is added.
A yellow or brownish yellow color indicates no magnesium. A reddish color indicates
magnesium. Red precipitate indicates a high magnesium level.

Other tests, gypsum: Gypsum can also be quantified by low temperature weight
loss procedures based on the waters of hydration (Artieda et al., 2006; Lebron et al.,
2009; Karathanasis and Harris, 1994).
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4.4 Carbonate and Gypsum
4.4.2.2 Aqueous Extraction
4.4.2.2.1 Precipitation in Acetone
4.4.2.2.1.1 Electrical Conductivity
4.4.2.2.1.1.1 Gypsum, Qualitative and Quantitative

Gypsum, measurement: If the electrical conductivity of a soil sample is >0.50 dS
cm’™, gypsum content is determined. Additionally, normal amounts of organic matter
and a high air-dry/oven-dry ratio (AD/OD) may trigger the determination of gypsum by
the SSL. A soil sample is mixed with water to dissolve gypsum. Acetone is added to a
portion of the clear extract to precipitate the dissolved gypsum. After the process of
centrifuging, the gypsum is redissolved in water. The electrical conductivity (EC) of the
solution is read. The EC reading is used to estimate the gypsum content in meq 100 g,

Gypsum content (meq 100 g) is converted to percent gypsum (uncorrected). The
percent gypsum (uncorrected) is used to calculate percent gypsum (corrected). The
percent gypsum (corrected) is used to correct the AD/OD. The AD/OD and corrected
AD/OD are determined. The corrected AD/OD uses the correction for the crystal water
of gypsum. Gypsum content on a <2-mm basis is reported.

Gypsum content may also be determined on the 2- to 20-mm fraction. The gypsum
determined on the 2- to 20-mm fraction and the gypsum determined on the fine-earth
fraction are combined and converted to a <20-mm soil basis.

Calculate % Gypsumy, (gypsum uncorrected) by using Table 4.4.2.1 to convert EC
readings (mmhos/cm) to gypsum content (meq/100 g) and proceeding with the
following equation.

Equation 4.4.2.1:
% Gypsum, = [Gypsum x Water x 0.08609 x AD/OD]/[Sample Weight (g) x 5]

where

% Gypsumy = % Gypsum in <2-mm fraction or 2- to 20-mm fraction
Gypsum = Gypsum (meq L™"). Refer to Table 4.4.2.1.

Water = Volume RO water (100 mL) to dissolve gypsum

0.08609 = Conversion factor (gypsum % = meq 100 g x 0.08609)
AD/OD = Air-dry/oven-dry ratio

5 = Filtrate (5 mL)

Table 4.4.2.1 converts EC (mmhos cm™) to gypsum (meq L™) for the above

calculations. Enter Table 4.4.2.1 using both the x and y axes for the EC reading to
determine gypsum content (meq L™).
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Equation 4.4.2.2:

As an alternative to using Table 4.4.2.1, calculate % Gypsum, from the following
equation:

Result = (Exp (2.420384 + 1.1579713 x Log (EC — blank)) x Water x 0.08609 x ADOD)/(Sample Weight
x 5)

Equation 4.4.2.3:

The following equation for calculation of % Gypsum, (gypsum corrected) assumes that
the crystal-water content of gypsum is 19.42 percent (Nelson et al., 1978) as opposed to
the theoretical water content (20.21 percent).

% Gypsum, = [% Gypsumy]/[1 +0.001942 x % Gypsumy,]

Use the % Gypsum,, to recalculate the AD/OD. The corrected AD/OD uses the
correction for the crystal-water content of gypsum.

Equation 4.4.2.4:

Calculate gypsum on <20-mm basis as follows:

(%) Gypsum=A xB+[Cx (1 -B)]

where

A = Gypsum (%) in <2-mm fraction

B = Weight of the <20-mm fraction minus the 20- to 2-mm fraction divided by the
weight of the <20-mm fraction

C = Gypsum (%) in the 20- to 2-mm fraction

Table 4.4.2.1 Convert EC reading (mmhos cm™) to gypsum content (meq L)

EC| 0.00 0.01 0.2 0.03 0.04 0.05 0.06 0.07 0.08 0.09
0.0 0.40

0.1] 0.80 0.89 0.98 1.10 1.22 1.31 140 1.50 1.60 1.70
02] 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70
0.3] 2.80 2.90 3.00 3.10 3.20 3.30 3.40 3.50 3.60 3.72
0.4] 3.85 3.98 4.10 422 435 448 4.60 4.70 4.80 4.90
0.5] 5.00 5.12 525 538 5.50 5.62 5.75 5.88 6.00 6.12
0.6] 6.25 635 6.45 6.58 6.70 6.82 6.95 7.05 7.15 7.28
0.7] 7.40 7.52 7.65 7.78 7.90 8.04 8.18 8.32 845 8.58
0.8] 8.70 8.82 8.95 9.05 9.15 9.28 9.40 9.55 9.70 9.85
0.9]10.00 10.12 10.25 10.38 10.50 10.62 10.75 10.88 11.00 11.15
1.0 |11.30
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Gypsum, interferences: Loss of the precipitated gypsum is the most significant
potential error. Care in handling the precipitated gypsum is required. Incomplete
dissolution of gypsum also is possible. In soils with large gypsum crystals, use fine-
ground samples to reduce sampling errors. When present in sufficiently high
concentrations, the sulfates of Na and K are also precipitated by acetone. The
concentration limits for sulfates of Na and K are 50 and 10 meq L™, respectively.

Gypsum, fine grinding: Gypsum (CaSO4*2H,0) solubility in pure water is 2.6 g
L' (25°C, 0.01 MPa pressure). Soils typically contain gypsum if concentrations of Ca
and SOy in the saturated paste extract exceed 20 meq L. The dissolution rate of
gypsum in water increases as the fineness of particles increases (Nelson, 1982). Fine
grinding may eliminate carbonate surface coats, which can reduce the solubility of
gypsum. In some testing at the SSL, fine grinding of some Arizona soils significantly
increased (8 to 19 percent) the gypsum recovery in soils with large amounts of gypsum
(e.g., 43 to 50 percent) in association with CaCOs, but fine grinding had little or no
effect on the recovery in samples with low amounts of gypsum (e.g., 2 percent). In the
past, the SSL did not fine grind soils for gypsum analysis. Currently, this sample
preparation is the standard method for samples to be analyzed for gypsum content.

The SSL determines a number of samples for gypsum, primarily from the Western
United States. In general, samples with high amounts of gypsum (e.g., 91 percent) pose
some complexity as related to appropriate sample size and resulting reproducibility of
data. In an effort to verify results, the SSL conducted some methods testing over a
period of time. There was reasonably good agreement between the comparative data for
a soil gypsum standard, with 7.82 to 7.84 percent by the U.S. Salinity Laboratory
multiple dilutions method versus 7.08 to 7.27 percent by the SSL method precipitation
in acetone, EC reading. Additionally, soil samples high in gypsum from New Mexico
and Arizona were further analyzed by the SSL thermal analysis method. These
comparative results also showed reasonably good agreement, e.g., 54 versus 56 percent,
91 versus 93 percent, and 12 versus 13 percent by the standard SSL method for gypsum
versus thermal analysis, respectively. Other chemical tests for determination of gypsum
are discussed in Nelson (1982).

4.5 Electrical Conductivity and Soluble Salts

This section describes the SSL methods for the preparation of the saturated paste
and salinity measurements on extracts derived from this paste (e.g., electrical
conductivity and soluble salt composition). Ratios, estimates, and calculations
associated with these analyses are described, e.g., exchangeable sodium percentage
(ESP) and sodium adsorption ratio (SAR), calculated with and without the saturation
paste extract. This section also describes a 1:5 aqueous extraction and provides general
information on salt-affected soils, their geographical distribution, soluble salt
concentrations, and their effects upon plants (osmotic stress, specific ion effects, and
nutritional imbalances). The soil processes of salinization, sodication, and alkalinization
also are described, and references to case studies/datasets are presented as evidentiary
examples of the actions/practices that have promoted or diminished these processes. In
addition, major developments in the research, diagnosis, improvement, and
management of salt-affected soils as well as developments in irrigation methods and
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practices are discussed. For detailed descriptions of the SSL methods which are cross-
referenced by method code in the table of contents in this manual, refer to SSIR No. 42
(Soil Survey Staff, 2004), which is available online at
http://soils.usda.gov/technical/lmm/. Refer to SSIR No. 51 (Soil Survey Staff, 2009;
available online at http://www.soils.usda.gov/technical/) for detailed descriptions of
field methods as used in NRCS soil survey offices.

4.5 Electrical Conductivity and Soluble Salts
4.5.1 Salt-Affected Soils

Salt-affected soils, occurrence: Salt-affected soils, 1.e., excessive amounts of
soluble salts and/or exchangeable Na, are common in, though not restricted to, arid and
semiarid regions; they also occur in humid areas (Indorante, 2002). The more
pronounced salinity problems in arid and semiarid regions have been attributed to
annual rainfall amounts that are insufficient for flushing accumulated salts from the
crop root zone (Bresler et al., 1982). The main sources of salts in these regions are
rainfall, mineral weathering, “fossil” salts, and various surface waters and ground
waters that redistribute accumulated salts, often as the result of human activities
(Bresler et al., 1982).

Salt-affected soils, soluble salt concentrations: Salt-affected soils are usually
described and characterized in terms of the soluble salt concentrations, i.e., major
dissolved inorganic solutes (Rhoades, 1982b). Soluble cations and anions have been
loosely defined as those removed by water, whereas exchangeable cations are those
removed by neutral salt solutions. The aqueous phase outside the electrical double layer
of soil colloids is the bulk solution containing the soluble salts. Analyses of water
leached in humid regions indicate that the relative cation concentration in the bulk
solution is typically Ca*" > Mg®" > K" > Na" (Bohn et al., 1979). There may also be low
concentrations of NH," ions as the result of ammonia fertilization. Sodium may
predominate in drainage waters of many irrigated soils. Total salt concentration in the
bulk solution of well drained soils in humid and temperate regions is generally in the
range 0.001 to 0.01 M (Bohn et al., 1979). In irrigated and arid soils, the soluble salt
concentration is typically higher and may be 5 to 10 times as high as in the applied
irrigation water because of the salts that remain after the evapotranspiration of water
(Bohn et al., 1979). In those areas in which salts (particularly Na salts) accumulate
because of improper irrigation, a high water table, or seawater intrusion, the salt
concentrations may be as high as 0.1 to 0.5 M (Bohn et al., 1979).

In general, the anion concentration in the aqueous phase of nonsaline soils is less
than the cation concentration because most of the negative charge in these soils is from
soil colloidal particles (Bohn et al., 1979; Sposito, 1989). The difference between the
sum of cation and anion charge narrows as soil salinity increases. Some major anions in
soils include NO5, SO4%, CI, and HCO5". The relative amounts of these anions vary
with fertilizer and management practices, mineralogy, microbial and higher plant
activity, saltwater encroachment, irrigation water quality, and atmospheric fallout. In
humid regions, the sum of anions rarely exceeds 0.01 M in soil solution (Bohn et al.,
1979). In saline soils, the anion concentrations are generally higher because of
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precipitation of cations and anions as soluble salt with a typical distribution of CI" >
SO4* > HCO5 > NO; or (HCO; + CO5™) > CI' > SO4* > NOs in high-pH sodic soils.
The major anions are retained weakly and therefore are mobile in soils if solubilized
and leached.

Salt-affected soils, definitions: Traditionally, the classification of salt-affected
soils has been based on the soluble salt concentrations in extracted soil solutions and on
the exchangeable sodium percentage (ESP) in the associated soil (Bohn et al., 1979).
Historically, saline soils have been defined as having salt contents >0.1 percent, EC >4
dS m™, ESP <15 percent, and pH <8.5; sodic (alkali) soils typically have an ESP >15
percent, low salt contents, EC <4 dS m'l, and pH 8.5 to 10; and saline-sodic (saline-
alkali) soils typically have properties of both saline and sodic soils and appreciable
contents of soluble salts, ESP >15 percent, and EC >4 dS m™ (U.S. Salinity Laboratory
Staff, 1954). The terms alkali, saline-alkali, and saline-sodic are no longer used in Soil
Science Society of America (SSSA) publications (SSSA, 2010). The term saline soil as
defined by the SSSA (2010) is a nonsodic soil containing sufficient soluble salt to
adversely affect the growth of most crop plants with a lower limit saturation extract EC
(EC,) conventionally set at 4 dS m™ at 25 °C. Sensitive plants are affected at half this
salinity and highly tolerant ones at about twice this salinity. The term sodic soil as
defined by the SSSA (2010) is a nonsaline soil containing sufficient exchangeable
sodium to adversely affect crop production and soil structure under most conditions of
soil and plant type. In Keys to Soil Taxonomy, the ESP (>15) and the sodium adsorption
ratio (SAR) (>13) are criteria for natric (sodium-affected) horizons, and an EC >30 ds
m’' of a saturated paste is used for salic (salt-affected) horizons (Soil Survey Staff,
2010).

Salt-affected soils, plant effects: Salt composition and distribution in the soil
profile affect the plant in various ways, such as osmotic stress, specific ion effects, and
nutritional imbalances. Soil texture and plant species also are factors in this plant
response to saline soils. The primary effect of soluble salts on plants is osmotic. A high
level of salts prevents plants from obtaining water for plant growth. The plant root
contains a semipermeable membrane that preferentially permits water to pass but rejects
most of the salt. Under increasingly saline conditions, water becomes more difficult to
extract osmotically. Plants growing in saline conditions can modify their internal
osmotic concentrations by organic acid production or salt uptake, i.e., osmotic
adjustment. The term salt tolerance can be expressed in terms of saturation-extract EC
levels. The various saturation-extract EC levels can be associated with relative plant
growth, i.e., 10, 25, and 50 percent decreases in yields (U.S. Salinity Laboratory Staff,
1954; Bernstein, 1964; USDA/SCS and U.S. Salinity Laboratory Staff, 1993). In
addition to the general osmotic effects of salts, many plants are sensitive to specific ions
in irrigation waters or soil solutions. This sensitivity has been termed specific ion
effects, e.g., Na and B (boron). In many cases, controlling boron toxicity is more
difficult than controlling salinity.

Salt-affected soils, specific ion effects: The exchangeable suite of saline soils is
highly variable, depending on the amount and kind of salts (Foth and Ellis, 1988). As a
soluble salt, Na can have a preferential accumulation in the soil over time. The structure
of sodic soils tends to disintegrate because Na is weakly adsorbed and is inefficient in
neutralizing the negative charge (Foth and Ellis, 1988). The resulting dispersion of clays
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and humus reduces soil permeability. Significant amounts of Na in soils severely retard
the growth of many plants. Sodic soils that are dominated by active Na exert a
detrimental effect on plants in the following ways: (1) caustic influence of the high
alkalinity induced by the sodium carbonate and bicarbonate; (2) toxicity of the
bicarbonate and other anions; and (3) adverse effects of the active sodium ions on plant
metabolism and nutrition (Brady, 1974). Direct sensitivity by plants (specific ion
effects) to exchangeable or soluble Na is more apparent at low salt levels and therefore
is more difficult to differentiate from the effects of Na on soil permeability.

An important measurement of water quality is the relative amounts of Na or
sodicity of the water. Related to the Na hazard of irrigation waters is the bicarbonate
concentration. The precipitation of CaCOs3 from these waters generally reduces the
concentration of dissolved Ca, increases the SAR, and increases the exchangeable Na
level in the soil (Bohn et al., 1979). Potential bicarbonate injury or toxicity to plants in
saline environments results more from nutritional deficiencies or micronutrient
imbalances than from the direct effect of bicarbonate ions or “bicarbonate toxicities”;
e.g., in high-bicarbonate, high-pH soils, there are common occurrences of reduced
plant-available Fe (Bohn et al., 1979).

Chloride toxicity in saline environments is similar to Na toxicity. Direct sensitivity
to soluble chlorine is more apparent at low salt levels. Excessive accumulations in plant
tissue near the end of the transpiration stream lead to necrosis, leaf tip and margin burn,
and eventual death. Some plants are able to screen out such ions through their root
membranes, i.e., selective uptake.

4.5 Electrical Conductivity and Soluble Salts
4.5.2 Salinization, Sodication, and Alkalinization, Processes, Case Studies, and
Major Developments

Salinization, sodication, and alkalinization, processes: Salinization is a process
of accumulation of salts in soils. Sodication is a process whereby salt additions to a soil
increase the concentration of Na relative to Ca and Mg, resulting in increased
exchangeable Na. Alkalinization is a process that can occur when a soil solution
contains carbonate and bicarbonate in excess of Ca and Mg, the highly soluble Na salts
of these anions hydrolyze, and the soil pH typically rises above 8.5 (Derici, 2002).

Salinization, sodication, and alkalinization, agricultural practices: Salinity is a
common occurrence in semiarid and arid regions, i.e., where evapotranspiration exceeds
rainfall, resulting in accumulation of salts in the root zone (Derici, 2002). The salt
problems of greatest importance to agriculture occur when previously productive soils
become salinized as a result of agricultural activities, e.g., improper or excessive use of
irrigation (high in salts and/or Na relative to Ca and Mg); use of low-quality irrigation
water (even good-quality irrigation water that has some salts); inadequate or no
drainage system; land conversion from perennial species to annual crops with lower
transpiration rates, resulting in the raising of water tables; and actions promoting the
formation of saline seeps (Derici, 2002; Rhoades, 2002). Some practices that have been
employed in the U.S. to diminish or improve the deleterious effects of salinity,
alkalinity, and sodicity include use of high-quality irrigation water, efficient irrigation
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schemes, site modification using settling basins and alteration in canopy configuration,
adequate drainage systems, gypsum application for Na-affected soils, and reduction in
irrigated acreage (Rhoades, 2002).

Salinization, sodication, and alkalinization, case studies: In the United States,
the area under irrigation doubled between 1949 and 1979 to 21 million hectares; by
1987, this area had more than doubled again (Rhoades, 1990a). In 1989, the Western
Region had 15.2 million hectares of irrigated land, approximately 81 percent of the total
irrigated land in the United States (U.S. Department of Commerce), using
approximately 92 percent of all irrigation water. Of the 33.5 million hectares of arable
land in Canada, only 842,000 hectares is irrigated, mostly in Alberta, representing an
increase of 19 percent since 1991 (Canadian National Committee on Irrigation and
Drainage, 1999).

Artificial elevation of water tables by extensive irrigation, with inadequate or
improper drainage, has resulted in salinization of some soils in the Western U.S. (Kapur
and Akca, 2002). While salt-affected soils occur naturally in arid and semiarid regions
of the West, the problems associated with these soils can be exacerbated under
irrigation systems using poor-quality water (e.g., high in Na) and with inadequate
delivery and/or drainage systems, resulting in Na accumulation with a dispersing effect
on clay and organic matter. This effect can lead to disaggregation, crust formations, and
decreased permeability. Approximately 10 million hectares in the West is affected by
salinity-related yield reductions, along with very high costs in the Colorado River Basin
and the San Joaquin Valley (Barrow, 1994; Kapur and Akca, 2002). Law et al. (1972)
estimated that 20 percent of the total water delivered for irrigation in the United States
was lost to seepage from conveyance and irrigation canals. These seepage waters
typically percolate the underlying strata, dissolving additional salts in the process; flow
to lands or waters at lower elevations; and add to the problem of salt-loading associated
with on-farm irrigation (Rhoades, 2002).

While primary soil salinity has steadily increased in the prairies of Canada over
time because of the increasing ground water levels, there are also major problems with
secondary salinity. An estimated 2.2 million hectares of salt-affected land is in Alberta,
Saskatchewan, and parts of Manitoba (Kapur and Akca, 2002). Canada has
approximately 7 million hectares of sodic soils, and the U.S. has about 2.6 million
hectares of sodic soils (Rengasamy, 2002). Farming practices on these soils are
commonly under dryland conditions. Sodicity is a latent problem in many salt-affected
soils where degradation effects on soil properties are evident only when salts are
leached below a threshold level (Rengasamy, 2002).

The Central Valley of California offers one of the best examples of waterlogging
and soil salinization associated with irrigation practices. Drainage problems began in
this area soon after irrigation began in the 1870s. By 1900, extensive areas had been
abandoned because of alkalinity and salinity problems (Nelson and Johnston, 1984).
Irrigation continued to expand with some water table control provided by deep wells
and open drains as subsurface drainage expanded in the 1950s (Jensen et al., 1990). As
a result of the drainage problems in this area, construction began in 1968 on the San
Luis Drain. Work was completed to the Kesterson Reservoir, which started receiving
irrigation runoff water in 1973. The reservoir received subsurface drainage by 1978, and
tile drain water was the sole source by 1981 (Letey et al., 1986). All drainage into the
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reservoir was terminated in 1985, however, due to bird deformities resulting from
selenium in the drainage water (Letey et al., 1986). The Westlands Water District was
organized in 1952 to address a lack of adequate drainage water disposal capacity, but by
1983 more than 10,000 hectares had a perched saline water table within 1.5 m of the
surface; 47,500 hectares had one between depths of 1.5 and 3.0 m; and 36,800 hectares
had one between depths of 3 and 6 m (Letey et al., 1986). Nonuniform and excessive
irrigation applications are the main sources of drainage water (Jensen et al., 1990).
Because of the closure of the drain to the Kesterson Reservoir, the Westlands farmers
were required to greatly improve irrigation management to minimize the quantity of
effluent unsuitable for reuse (Jensen et al., 1990).

The center-pivot irrigation system was developed as an alternative to the
conventional irrigation systems that were causing the salinity problems. The
introduction of this system has caused a decline (about 30 to 50 m) in water table levels
in areas north of Lubbock, Texas, reducing the thickness of the Ogallala Aquifer by 50
percent and resulting in subsidence in some areas (Kapur and Akca, 2002). The
Ogallala Aquifer, also known as the High Plains Aquifer, is a shallow water table
aquifer beneath the Great Plains in the United States. The Ogallala is one of the world’s
largest aquifers (174,000 mi?, or 450,000 km?). It occurs in parts of eight states (South
Dakota, Nebraska, Wyoming, Colorado, Kansas, Oklahoma, New Mexico, and Texas)
(Glantz, 1989). The use of the aquifer began at the turn of the century and has increased
steadily since 1945 (Glantz, 1989). Currently, the withdrawal of this ground water has
surpassed the aquifer’s rate of natural recharge. In some places the aquifer has been
exhausted as a source of irrigation water, whereas other places are less vulnerable
because of favorable saturated thicknesses and recharge rates (Glantz, 1989). Irrigated
agriculture in western Kansas is expected to decline between 40 and 85 percent by the
year 2020 because of a drop in water tables and higher energy costs (Kansas State
University, 2006). In the past 70 years, major studies of the Great Plains and the
Ogallala Aquifer include the Great Plains Report (Cooke, 1936), the Travelers
Insurance studies of the Great Plains (1958-59), and the six-state High Plains study
(Banks, 1982). Recent research on salinity shows the influence of rainfall on infiltration
of irrigated soils (Suarez et al., 2008).

Erosion also has been related to irrigation practices. Yield reductions in southern
Idaho resulting from erosion on undulating irrigated lands were reported by Carter et al.
(1985) and Carter (1986) as follows: 75 percent of the fields had a whitish subsoil
exposed at the upper ends caused by erosion after 80 seasons of furrow irrigation; some
soils had lost all of their topsoil and some of their subsoil near the upper end; most
fields had lost about 20 cm of topsoil; topsoil thickness had increased in downslope
areas by 60 to 150 cm; and crop yields were estimated to be at 75 percent of what they
could have been without erosion.

Soil crusting has been related to irrigation practices. This condition can impact the
efficiency of the irrigation system. Crusting has become more of a concern with
increased use of center-pivot sprinkling irrigation in the Coastal Plain area (Miller and
Radcliffe, 1992). The water application rates of this high energy impact irrigation
system are often limited by low infiltration rates due to crust formation. If crusting were
prevented, such systems could be made more efficient and higher sprinkling rates with
less runoff would be possible. A number of irrigation practices (Singer and Warrington,
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1992; Rhoades, 2002) have been used to reduce or ameliorate crusting problems in the
West. These practices include using surface mulches to intercept sprinkler drop impact
energy; applying chemical amendments (e.g., gypsum and phosphogypsum) to increase
electrical conductivity of irrigation water and decrease Na content; using high-quality
water and efficient irrigation schemes; using settling basins and alteration in canopy
configuration for site modification; and installing adequate irrigation drainage systems.

Major developments in knowledge, science, and technology in the research,
diagnosis, improvement, and management of salt-affected soils: In the last half of
the last century, extensive work was done in the research, diagnosis, improvement, and
management of salt-affected soils in the U.S. and globally, especially in relation to
irrigated agricultural lands (U.S. Salinity Laboratory Staff, 1954; Miles, 1977; Moore
and Hefner, 1977; Ayers and Westcot, 1985; Hoffman et al., 1990; Rhoades, 1990a,
1990b, 1998, 1999; Tanji, 1990; Rhoades et al., 1992; Umali, 1993; Sinclair, 1994;
Rengasamy, 1997; Grattan and Grieve, 1999). Hoffman et al. (1990) reported that high
crop productivity was attainable with salt-affected water and soils if management
practices were appropriate and environmental conditions were favorable. In the
Arkansas River valley of Colorado, sorghum, wheat, and alfalfa were irrigat