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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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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,
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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.
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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.

24



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 mo