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Introduction

his guide differs from other publica-

tions on the land application of

sewage sludge because it emphasizes

the soil. Natural processes in the soil
store and release water and nutrients for plant
use, break down organic matter, immobilize
metals and organic contaminants, and reduce the
number of pathogenic organisms. Understanding
these processes requires understanding soil
properties because they control both the natural
processes and the overall suitability of a site for
land application of sewage sludge.

The interactions among sludge, soil, crop,
and farm management are also emphasized in
this guide. Under the right conditions, almost
any arable land can be used for the beneficial use
of sewage sludge. The right conditions, however,
depend on the nature of the sludge, the proper-
ties of the soil, the kind of crop, the cropping
system, and most importantly, the interactions
that uitimately control the decisions regarding
sludge application and site management.

Throughout the guide both principles and
practical applications are stressed. Whether
you're conducting a site evaluation, writing a
permit application, or reviewing a project
proposal, you need a solid base of technical
information and a healthy dose of common
sense. This guide emphasizes principles that will
supplement your technical information and
provides practical, useful information to add to
your storehouse of common sense.

The objective of this guide is to assist
treatment plant operators, permit writers, and
others involved in sludge management in the
development, evaluation, and implementation of
plans for the beneficial use of sewage sludge.
The guide provides needed information, explains
methods of evaluating the adequacy of
information in site studies and project proposals,
and identifies available resources.

The guide cannot, however, provide a
complete prescription for site management.
Because each site represents a unique combina-
tion of sludge, soil, and farming system, a
unique set of procedures must be prepared for
each combination. In developing site-specific
Plans, take advantage of local experience and
knowledge available from agricultural Extension
agents, Soil Conservation Service (SCS) district
conservationists, agricultural consultants, and
the farmers who will be using the sludge.

Framework for Evaluating
Sludge Utilization Proposals

Land application of sewage sludge benefits
both agricuiture and society. Agriculture benefits
because sludge supplies nutrients for crop
growth and improves the physical condition of
the soil. Society benefits from the “disposal” of
“waste” in a safe and effective manner. All
sludge utilization proposals should clearly
indicate how both sets of benefits can be
achieved, while at the same time maintaining
environmental quality and protecting the public
from health hazards associated with pathogens,
metals, and organic contaminants,

Project evaluation has three components:

1. Evaluating the completeness of the data;

2. Evaluating the accuracy of the data;

3. Evaluating the extent to which the project
accounts for issues and design considera-
tions stemming from sludge, soil, and
cropping system interactions.

Evaluation of data completeness requires
verifying the data on fertilizer recommendations
and cropping practices as well as verifying that
the chemical and physical characterization of
both sludge and soil are sufficient to make all
necessary design calculations. The data also
should be sufficient to ensure compliance with
all pertinent regulatory standards. If any of the
required data are incomplete or missing, you
may need to request additional information
before proceeding with the project review.

Evaluation of data accuracy requires
ensuring that both sludge and soils have been
sampled and analyzed according to approved
procedures and that the data are consistent with
results from similar sludges and soils analyzed
previously. Confidence in data calculations and
interpretations depends on this assurance. If the
data are not valid, it is not reasonable to expect
a county Extension agent or anyone else to make
recommendations for a sludge utilization plan.

Evaluation of issues and design considera-
tions requires verifying that all calculations
account for all relevant interactions, and that
management decisions reflect the principles
discussed in this guide. Some of the more
important issues include:

1. Ensuring that soil properties and soil
surveys, or on-site investigations, have
been used to help select and evaluate
potential sites;

2. Ensuring that the calculated agronomic
loading rate accounts for all nutrient
interactions in sludge and soil, and that it
delivers the right amount of nutrients at
the right time for crop utilization;
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3. Ensuring that the timing of sludge
applications accounts for any soil, site, or
climatic limitations, and is coordinated
with crop management plans;

4. Ensuring that appropriate management
practices have been specified to mitigate
limiting soil properties and protect the
public from adverse effects of metals,
organic contaminants, and pathogens.

Unit Conversions

Analytical data on sludge characteristics and
the standards established by regulatory agencies
are usually expressed in metric units. Farmers and
farm advisors, however, usually use English units
for expressing nutrient requirements and the
amounts of sludge to apply. Table 1 is designed
to help you convert from one unit to the other.

The following tips may be useful in
simplifying your calculations and presenting
information in terms understandable to your users:

I. Make all conversions at one time, either

at the beginning or the end. Rounding
errors in metric-English conversions can
be very large, and the number of times
units are converted should be minimized.

2. Milligrams per kilogram (mg/Kg) is the
same as parts per million (ppm). Thus, if
sludge analysis data report 65,000 mg
NH,-N/Kg, that is the same as 65,000 mg
NH -N per 1,000,000 mg oven-dried
sludge.

3. When the units are the same in the
numerator and the denominator, the same
fraction can be expressed in any unit. In
this example, the equivalent English unit
is 65,000 Ibs NH,-N per 1,000,000 Ibs
oven-dried sludge. This can then be
expressed as 65 Ibs NH,-N per 1,000 Ibs
oven-dried sludge, or 130 Ibs per ton of
oven-dried sludge.

Definitions

Throughout the text, many soil science
terms such as adsorption, cation exchange
capacity, denitrification, mineralization, soil
structure, and soil texture are used. These and
several other terms are defined in the glossary at
the end of this guide.

Table 1.—Guides for converting between metric and English units

English unit?

Metric unit' Conversion factor
Centimeter 0.3937 Inch
Meter 3.2808 Foot
Kilometer 0.6214 Mile
Hectare 2.4711 Acre
Cubic meter 35.3147 Cubic foot
0.00081071 Acre-foot
264.25 Gallon
Gram 0.002205 Pound
Kilogram 2.205 Pound
0.0011 Tons
Metric ton 1.10 Tons
Kilograms per hectare 0.000446 Tons per acre
0.892 Pounds per acre
Metric tons per hectare 0.892 Tons per acre
Cubic meters per hectare 0.0001069 Million gallons per acre
Galion of water 8.34 Pounds of water
Gallon of water 0.1336 Cubic feet of water

' To convert metric to English, multiply the metric unit by the conversion factor in the middle column.
2 To convert English to metric, divide the Engiish unit by the conversion factor in the middie column.




Sludge Characteristics

he nutrient value of sludge, and the

potential for environmental degrada-

tion from land-applied sludge, depend

on the sludge composition, the
handling and processing of the sludge prior to
land application, and the manner, timing and
location of the sludge application. This chapter
discusses some of those interactions.

Types of Sludge

Sewage sludge consists of water, dissolved
solids, and suspended solids removed from
municipal wastewater during the treatment
process. Sludge solids contain plant nutrients,
trace metals, organic chemicals, and inert solids,
many of which are combined with complex
organic compounds. The percent total solids in
the sludge determines the type of sludge.

Liquid sludge is a very dilute mixture. The
solids content is usually within a range of 2 to
5% but may be as low as 0.5% or as high as
10%.

Dewatered sludge is a more concentrated
mixture produced by mechanically removing
some of the liquid. Many dewatering processes
produce a sludge that contains between 16 and
22% solids, although some dewatered sludges
may have as much as 40% solids.

Dried sludge is an even more concentrated
mixture that results from evaporation through air
drying or heating. The solids content of a well
dried sludge is typically 50% or more.

Composted sludge is produced by combin-
ing dewatered sludge with a bulking agent such
as sawdust and aerating the resulting mixture
under controlled temperatures. Recycled
compost may be used as a bulking agent also.
The solids content of composted sludge is
generally about 40%.

The type of sludge applied to the land has

several implications for a beneficial use program.

First, any process that reduces the volume of
sludge reduces the storage and transportation
needs and costs. Second, the solids content
dictates whether the sludge can be applied
through an irrigation system, a dry cast manure
spreader, a truck driving over the soil, or some
other means. The method of application may
affect the timing of the application. Third,
hydraulic loading of the soil may be a problem
with liquid sludges that have a very low solids
content. Fourth, dewatering, drying, and com-
posting affect the fertilizer value of the sludge.
These changes must be recognized when
planning a land application program.

Pathogen Reduction

Virtually all pathogenic bacteria, viruses,
protozoa, and parasitic heiminths must be
eliminated from municipal sewage sludge in
order to prevent contamination of human and
livestock food and water supplies. Management
of a land application program should strive to
provide conditions that eliminate pathogens from
the sludge and prevent their entry into the food
chain. Most of this can be accomplished by
processing the sludge prior to land application.
The remainder can be accomplished by natural
processes in the soil. All processes to treat sludge
solids, whether prior to land application or in the
soil itself, are designed to create environments
unfavorable to pathogen survival.

Pathogens prefer cool, wet, and dark
environments and do not survive in warm, dry
environments that are exposed to sunlight.
Pathogenic organisms become a health hazard if:

1. The numbers of pathogenic organisms in

sludge are not reduced to tolerable limits;

2. Pathogens are leached into groundwater,

carried by runoff into surface water,
ingested with plant or soil materials, or
transported by vectors.

The regulatory strategy for protecting public
health is a 2-step process. The first step involves
maximum treatment at the treatment plant to
reduce pathogen populations, The second step
involves additional treatment in the soil to
decrease the number of pathogens remaining.
The greater the kill at the treatment plant, the
less is required of the land management system.

Current regulations classify treatment
options at the plant into processes that signifi-
cantly reduce pathogens (PSRP) and processes
that further reduce pathogens (PFRP). New regu-
lations, however, may change this classification.

Processes that significantly reduce pathogens
(PSRP) include anaerobic digestion, lime stabili-
zation, air-drying, and composting. Each of these
processes takes advantage of one or more of the
environmental conditions that reduces the number
of pathogens. Specific requirements for pathogen
reduction and vector control are indicated in
Appendix II of 40 CFR part 257.3-6.

Sludge that has been processed to
significantly reduce pathogens is generally safe
to apply to the land, although some pathogens
may remain. Additional soil treatment and man-
agement practices are necessary to maintain high
standards of public health protection.

Surface applications expose sludge to both
drying and sunlight, conditions that facilitate
rapid decline of most remaining pathogens and
parasites. Similarly, sludge applied directly to
growing crops is expected to be pathogen-free in
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Sludge data must
represent the final
processed sludge
that will be
applied to the
land.

Rules for Sludge
Sampling

1.Collect samples
that are truly
representative of
the sludge product

2. Store samples in
appropriate glass
or plastic
containers

3. Refrigerate or
freeze samples to
prevent changes
in nitrogen data

a short time, usually a few days. A lag time of a
month between sludge application and grazing of
pastures is usually required to ensure that there
are no harmful effects from pathogens. Mixing
sludge into the soil also provides the right
environment for pathogen treatment as long as
the soil is kept well aerated.

Additional solids treatment processes may be
used to further reduce pathogens. These processes
include high temperature digestion, gamma
irradiation, heat drying, advanced alkaline
stabilization, and certain types of composting.
Sludge that has been treated with one or more of
these processes is considered safe to apply to
land regardless of the type of crop to be grown.

Both PSRP’s and PFRP’s affect the fertilizer
value of sludge. In particular, the amounts of
readily available nitrogen and the rates of
mineralization of organic nitrogen are affected
by the particular process used to reduce patho-
gens. When determining the amount of the sludge
to be applied, these interactions must be recog-
nized in order to deliver the amount of nitrogen
needed to meet a fertilizer recommendation.

Sludge Characterization

Planning a program for beneficial use of
sewage sludge requires complete and accurate
data. An important part of project evaluation is
ensuring that the data used to make management
decisions are both complete and accurate. |

Complete sludge data include the amount of
solids produced and the amounts of plant
nutrients, trace metals, and organic contaminants
contained in the solids. The data should also
indicate the type of sludge that will be applied to
the land and the process or processes used to
reduce pathogens and control vector attraction.

Data accuracy depends on the use of standard
procedures for sampling, handling, and analyzing
samples. The EPA publication, Analytical Meth-
ods for the National Sewage Sludge Survey (see
page 56), is a useful reference for some of these
procedures. This document, and any other
approved procedures, should be available from
the agency that regulates sludge treatment and
disposal in your state.

Some rules of common sense apply to sludge
sampling and sample handling. For example,
samples should not be put in a paper bag and left
in a truck for several days. Samples should be
stored in glass or plastic containers to prevent the
loss of liquids, volatilization, and contamination
with extraneous organic material. Samples must
be representative of the sludge to be applied.

Biological activity does not stop once a
sample has been taken. Organic matter continues
to decompose, and organic nitrogen continues to be

mineralized. To get good nitrogen data, the sample
should be refrigerated or frozen immediately after
sampling and stored in that condition until labo-
ratory analyses can be performed. Otherwise the
nitrogen data may not represent the actual amounts
of each form of nitrogen that are in the sludge.

Laboratory procedures for sludge analyses
are essentially standardized. Nevertheless, there
will be some variation among laboratories in both
the accuracy and the precision of analytical data.
Your state regulatory agency can provide a list of
reputable laboratories whose work is reliable.

Analytical data are expressed in terms of the
dry weight of the sludge. This is the weight of
the residue left after driving off all the water in a
sludge sample by heating in an oven at 105°C.
The dry weight includes all solids suspended in
the original sludge mixture, plus all constituents
dissolved in the liquid portion of the sludge. All
references 1o dry weight, dry pounds, or dry tons
are for dry weight determined in this way.

Siudge volume

The amount of sludge a wastewater treat-
ment plant produces each year can be expressed
either as dry tons or as gallons. Dry tons is
preferred because it is independent of liquid
content, which varies according to the method of
sludge processing and handling. The number of
dry tons produced determines the total area of
land required for beneficial use applications.

For liquid sludges, knowing the gallons
produced may help determine sludge storage and
transportation requirements as well as calculating
the hydraulic loading rate.

Sludge storage is necessary during the times
when sludge cannot be applied to the land. These
times occur when the ground is frozen, when soil
water tables are high, and when the soil surface
is wet. Depending on specific climatic
conditions, these times may range from a few
days to a few months. Sludge storage may also
be required because certain crops limit sludge
applications to specific times of year. You
probably can’t drive over a grain or row crop
after the crop has been planted, and public health
regulations may preclude sludge application for
part or all of the growing season. Applications to
permanent pasture, however, are generally
limited only by the timing of livestock grazing.

Sludge transportation needs depend on the
volume of sludge produced, the percent solids,
and the times of year during which sludge can be
applied. The larger the volume of sludge
produced, the greater the transportation
requirements, and if sludge can only be applied
during a portion of the year, the required hauling



capacity may be even higher. The percent solids
dictates whether tanks, watertight boxes, or
regular boxes are needed for transportation.

Percent total solids

The method of land application depends on
the percent total solids of the processed sludge.
Liquid sludge that contains less than 6% solids
can be surface applied either from tank trucks with
special deflection plates, from irrigation guns, or
by direct injection into the soil. At higher solids
contents, the slurry may be too thick to pump.

Dewatered sludge, dried sludge, and
composted sludge will not flow. They must be
hauled in dump trucks and spread mechanically
with hammer throw or manure spreader devices.

If sludge volume is expressed in terms of
gallons per year, then the percent total solids is
needed to calculate the dry tons total solids
produced. This is done by converting the total
gallons produced to tons (see table 1) and
multiplying by the percent solids.

Nutrients

Sludge is a low-analysis fertilizer. Although
sludge is a valuable source of plant nutrients, the
nutrient concentrations are significantly lower
than most commercial fertilizers. The nutrient
content of a sludge depends on the primary
source of the sludge and the methods of process-
ing, handling, and application of the sludge.

Consequently, the actual fertilizer value of a
sludge, and the determination of appropriate agro-
nomic loading rates, depend on the specific data
reported for that sludge. It is essential, therefore,
that these data represent the final processed sludge,
not an intermediate sludge product.

_ The most important nutrients in sludge are
nitrogen, phosphorus, and potassium. Other
nutrients that may be present include copper,
calcium, magnesium, and sulfur. Nutrient
contents of sludge are usually expressed either as
percent of dry weight or as mg/kg dry weight.
Most calculations, however, use the equivalent
concentration in lbs per dry ton of sludge. To
convert percent to Ibs/ton, multiply by 20. To
convert mg/kg to 1bs/ton, muitiply by 0.002,

Nitrogen in sludge occurs in both inorganic
and organic forms. Sludge analysis datausually in-
clude the amounts of inorganic ammonia nitrogen
and inorganic nitrate nitrogen, and either the
total Kjeldahl nitrogen or the total nitrogen. To
determine the amount of organic nitrogen, either
subtract the ammonia nitrogen from the total
Kjeldahl nitrogen, or subtract the sum of ammonia
plus nitrate nitrogen from the total nitrogen,

Inorganic forms of nitrogen are dissolved in
the liquid portion of sludge and are readily
available to plants. For this reason, ammonia
nitrogen and nitrate nitrogen in sludge liquids
serve as short-term, or quick-release fertilizers.

Organic nitrogen in sludge is a long-term,
slow-release fertilizer. As organic matter
decomposes in the soil, microorganisms convert
the organic nitrogen to inorganic ammonium
nitrogen. This process is called mineralization.
Other organisms then convert the ammonium to
nitrate. This process is called nitrification. Only
after these conversions is the nitrogen in sludge
organic matter readily available to plants.

The fertilizer value of the sludge is changed
by the concentration of sludge solids and the
processing to reduce pathogens and vector
attraction. Dewatering processes reduce the
fertilizer value because they remove some of the
nutrient-containing liquid. Drying also reduces
the fertilizer value because much of the ammonia
nitrogen is lost by volatilization. As a result, both
dewatered and dried sludges deliver much less
quick-release, readily available nitrogen to the
soil than liquid sludge.

Composting converts most of the inorganic
nitrogen in sludge to organically bound nitrogen,
a process called immobilization. As a soil
amendment, composted sludge supplies little
readily available nitrogen to plants. However, the
nitrogen that is released by further decomposition
in the soil continues to supply plants for a longer
period of time than for other kinds of sludge.

In all sludges much of the fertilizer value
comes from the slow release of organic nitrogen
through mineralization. The rate of this release,
usually between 8 and 30%, depends on many
factors, including the form of sludge applied.

In general, the highest rate of release during
the year following application is obtained with
liquid and dewatered sludges. Dried sludges and
composted sludges have slower rates, but
because these sludges have much higher solids
contents, more nitrogen will be released in the
second and third year after initial application
than from other types of sludge.

Methods of processing also affect the
mineralization rate. For aerobically processed
sludge the mineralization rate may be 30% or
more. Anaerobic processing often results in a
mineralization rate of about 20%. Composted
sludge has even lower mineralization rates
during the year after application.

The fertilizer value of liquid sludge is
affected by the method of land application.
Methods that leave the liquid sludge on the soil
surface may result in volatilization of up to half
the ammonia. On the other hand, liquid sludge
that is injected or worked into the soil retains
most of its nutrient value. 5

Surface
spreading of
liquid sludge
leads to
volatilization

of up to one half
of the ammonia
nitrogen applied.




Phosphorus and potassium are important
plant nutrients, but in most cases they are needed
in smaller amounts than nitrogen. Their availa-
bility to plants is less dependent on the extent of
studge processing prior to land application than
nitrogen. As a result, if the sludge application
rate is based on nitrogen, you can use the sludge
analysis data to calculate the amounts of P and K
delivered with it and compare them with crop
requirements. If there is still a deficiency,
supplemental fertilizer can be added.

Excessive amounts of P and K delivered in
sludge have no short-term impacts on crop
production, but monitoring of long term increases
in soil salinity and nutrient balance may be
appropriate. Particular care may be required to
prevent surface runoff and overland transport of
sludge that could lead to an increase in the
phosphorus content of nearby rivers and lakes.

Metals

Trace metals in sludge may include arsenic,
cadmium, chromium, cobalt, copper, mercury,
manganese, molybdenum, nickel, lead, selenium,
tin, and zinc. Sludge analysis data usually report
concentrations of these metals inmg/kgdry weight.
Multiplying these numbers by 0.002 converts the
expression to Ibs metal per dry ton of shudge.

Excessive applications of metals are of
concern because: ‘

1. Some may be toxic if ingested at hig

levels for long periods;

2. Some are potential carcinogens;

3. Some tend to accumulate in body tissues
and, in large quantities, may impair the
function of vital organs, particularly the
liver and kidneys;

4, Some may enter human food supplies, either
through animals that graze on crops that
take up metals from soils, or through direct
consumption of accumulator crops;

5. Some may be toxic to plants.

To protect public health and help assure
beneficial use of sludge, the Clean Water Act
required EPA to identify any toxic pollutants in
sludge that could affect public health, and to
propose regulations specifying acceptable
management practices for sewage sludge that
contains toxic pollutants.

This mandate resulted in establishment of
standards for allowable cumulative limits of
metals in soils at 1and application sites.
Cadmium, lead, nickel, zinc, and copper are the
heavy metals currently used to calculate the
allowable accumulation period for land applica-
tion of sludge. Of these, cadmium poses the
greatest long-term threat to human health and is
the metal for which the most stringent standards

for both annual and cumulative loading limits
have been established.

Specific regulations regarding metal loading
rates and cumulative limits undergo periodic
revision, This reflects increasing understanding
of the reactions of these metals in soils, their
tendency to be immobilized in the soil, and their
uptake by specific crops. For these reasons, you
should refer 1o the applicable federal and state
regulations in force when a particular land
application project is being developed.

Organic contaminants

Many different kinds of organic chemicals
may be found in sewage sludge, depending on
the number and kind of industries discharging
wastes into municipal sewer systems. Solvents,
paints, pesticides, and polychlorinated biphenyls
(PCB’s) are some of the classes of organic
chemicals that may occur. In general, trace
organics such as halogenated hydrocarbons,
benzo(a)pyrene, dimethyl nitrosamine, and hexa-
chlorobenzene appear to pose the greatest potential
hazard to human health. Sludge data, therefore,
should at least include the amounts of these
compounds present. The data are usually reported
either as parts per million or as mg/kg dry weight.

Land application of sludge provides several
possible mechanisms for mitigating toxic effects
of organic contaminants. Some organics may be
subject to volatilization or may be decomposed
by sunlight. Some undergo rapid microbial
decomposition; others decompose very slowly.
Some organics may be immobilized by
adsorption on surfaces of clay particles and
organic matter in the soil. Others may be leached
out of the soil system, Leaching losses are not
very likely because the organic matter added to
soil by the studge itself adsorbs organics and
immobilizes them in soil.

Current knowledge of all of these mecha-
nisms leads to the conclusion that organic
chemicals in land-applied sludge do not pose a
serious threat to plants or animals. The major
concern is human toxicity caused by ingestion of
plant or animal products, the sludge itself, or the
sludge-amended soil.

Because of the extreme diversity in the
kinds of organic contaminants found in a
particular sludge and in the specific interactions
between organic chemicals and soil environ-
ments, prescribing universal guidelines for
managing sludges containing organic chemicals
is difficult. The best common sense advice is to
consult with your state regulatory agencies and
comply with all pertinent federal and state stand-
ards. If this is done, organic chemicals in sludge
should not pose a problem for public health,
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CHAPTER 3

Soil Properties

ite evaluation, site selection, and site
management all begin with an assess-
ment of soil properties. These properties
control the biological, physical, and
chemical processes in soils that release plant
nutrients and immobilize toxic chemicals.

This chapter gives you a working knowledge
of the soil properties that influence the beneficial
use of sewage sludge. With this knowledge you
shguld be able to read and understand technical
soil profile and map unit descriptions in soil
survey reports. You can then retrieve the
maximum amount of information from those
descriptions. You should also be able to evaluate
site feasibility studies and permit applications for
the adequacy of soils data and the appropriate-
ness of proposed management plans.

Morphological properties define the nature
of the soil profile and are determined in the field.
Prpperties that are based on interpretations of
soil morphology are called inferred properties.
Information about both morphological and
quened properties can be obtained either from
direct field observations or from published soil
survey reports.

The Roles of Soil

Within a sludge management program, the
three roles of soil are to provide a medium for:
1. Plant root growth;
2. Water entry and transmission;
3. Immobilization of metals and toxic
chemicals,

Soil as a medium for plant roots

An aerobic environment is necessary both
for plant roots and for the soil microbes that
decompose organic residues and destroy patho-
gens. Aerobic environments provide a favorable
balance between air-filled pores and water-filled
pores. Soil management for beneficial utilization
of sewage sludge should strive to maintain
aerobic conditions in the soil.

Aerobic conditions are related to soil
texture, soil structure, and soil water content.
Sandy soils, and loamy soils with good structure,
provide aerobic conditions. Clayey soils, and
sails with poor structure tend to be less well
aerated. Soils that are saturated for long periods
Oftime are anaerobic and are not favorable for
mineralization. Saturation is more likely in soils
that are clayey, or have impermeable horizons, or
occur in low-lying landscape positions.

Soil as a medium for water entry
and transmission

Rainfall, irrigation water, and sludge liquids
can be transmitted to surface and ground waters
through soil. The rate of transport depends on the
soil properties. Soil management for land
application of sludge must regulate water
movement over and through the soil in order to
prevent contamination of water supplies with
nitrates, phosphates, metals, and organics.

Soils in high rainfall areas and soils that are
irrigated are subject to leaching. Water moving
through the soil transports any nutrients or toxic
chemicals that are in solution. The more perme-
able the soil, and the higher the rainfall or
irrigation, the greater the potential for leaching.

Runoff occurs when the soil cannot absorb
the rainfall or irrigation. Surface runoff increases
the potential for contamination of lakes and
streams with sludge solids transported over the
soil surface by runoff water. The runoff potential
of a soil depends on the soil’s slope and wetness,
and whether the soil is frozen. Ground cover,
rainfall intensity, and the efficacy of soil
conservation measures also influence runoff.
Bare soil on steep slopes in an area subject to
high-intensity storms represents an extreme case
of runoff potential. Thick sod cover and conser-
vation practices such as minimum tillage help
reduce runoff.

Soil as a medium for
immobilization of metals
and toxic chemicals

Soil immobilizes many metals and other
toxic chemicals. Soil pH and soil cation ex-
change capacity (CEC) are the primary control-
ling factors. Slightly acid to slightly alkaline
soils (pH 6.1-7.8) are generally preferred for land
application of sludge. The cation exchange
capacity depends on the amount of organic
matter and the amount and type of clay in the
soil. Immobilization increases as the cation
exchange capacity increases.

Morphological Properties

The most important morphological proper-
ties are texture, structure, color, mottles, hori-
zons, and soil depth. The definitions of these
properties, their significance for land application
of sewage sludge, and their evaluation in the
field are described in the following sections.
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Texture

Soil texture refers to the soil’s particle size
distribution. Soil particles are classified by size
into two groups: fine earth (<2 mm) and coarse
fragments (2 mm-10 in). Fine earth is subdivided
into sand (.05-2.0 mm), silt (.002-.05 mm), and
clay (<.002 mm). The sand fraction is further
divided into very coarse, coarse, medium, fine,
and very fine sand. Coarse fragments include
gravel (2 mm-3 in), channers (2 mm-6 in and
flat), and cobbles (3-10 in).

Sand particles feel gritty and are so large
that each grain is visible, Silt has a smooth
feeling, like flour or corn starch. Neither sand
nor silt contribute much to the chemical behavior
of the soil.

Clay feels sticky and can be molded into
ribbons and wires. The particles are flat and can
be seen only with high-powered microscopes.
Clay has a large amount of surface area per unit
volume and is much more active chemically than
silt or sand. Many aspects of soil behavior
affecting utilization of sewage sludge depend
heavily on the behavior of clays in soils.

Every soil contains a mixture of sand, silt,
and clay. A textural triangle (figure 1) shows all
the possible combinations and is used to form
groups, or classes, of soil texture. Specific
combinations of sand, silt, and clay have names
such as loam, sandy loam, and silty clay loam.
All the names of soil texture classes, their
abbreviations, and their grouping into
generalized classes are shown in table 2,

If rock fragments larger than 2 mm are
present in sufficient quantity, then names such as
gravelly loam or very cobbly clay, are used.
Precise definitions of coarse fragment modifiers
are given in Appendix A,

Figure 1 is a generalized textural triangle. A
soil that is almost all sand would be very close to
the sand comer of the triangle, and the textural
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Figure 1 —Generalized textural iriangle

Table 2.—Names of soil texture classes

Abbreviation Textural class Generalized

term
S Sand Coarse
Ls Loamy sand Coarse
Sl Sandy loam Moderately
coarse
L Loam Medium
Sil Silt loam Medium
Sicl Silty clay loam Moderately fine
Ci Clay loam Moderately fine
Sc! Sandy clay loam  Moderately fine
Sc Sandy clay Fine
Sic Silty clay Fine
C Clay Fine

class name would be sand. Similarly, a soil
dominated by clay would be near the clay corner
of the triangle, and the class name would be clay.

Soils that contain a balanced mixture of
sand, silt, and clay are called loams. These soils
are just below the center of the triangle. Loams
require less clay than sand or silt to balance the
mixture because clay has such a pronounced effect
on both the chemical and the physical behavior,

If the balance of a loam is changed by
adding sand, the sand begins to dominate, and
the particle size distribution moves away from
the loam toward the sand corner. The texture
changes from loam to sandy loam, then to loamy
sand, and ultimately to sand.

If clay is added to a loam, the texture moves
toward the top of the triangle. Adding just a little
more clay changes the texture from loam to clay
loam. If the sample contains more than 40%
clay, the textural class name is simply clay.

If both silt and clay are added to a loam at
the expense of sand, the texture moves away
from the sand corner towards a point in between
the silt and clay corners. The name of this
textural class is silty clay loam. Similarly, adding
both sand and clay at the expense of silt becomes
sandy clay loam.

Texture influences soil suitability for sludge
application and utilization in many ways.
Texture is related to the size and shape of soil
pores, which affects water movement into and
within the soil. Texture influences the balance
between water-filled pores and air-filled pores,
creating different soil environments for root
growth and microorganism activity. Texture also
influences the rate of accumulation of organic
matter. Organic matter and clay content together



determine the soil’s capacity to immobilize
metals and supply nutrients.

The medium-textured soils (loam, silt loam,
and fine sandy loam) are usually best for land
application of sewage sludge. The range of pore
sizes in these soils allows water to flow through
the smaller pores and exchange air in the larger
pores. Medium-textured soils provide favorable
environments for root growth, store large
amounts of water for plant use, and have good
nutrient-supplying power.

Sandy soils have more large pores and fewer
small pores. Usually they are well aerated, but
th?y store much less water for plant use. Sandy
soils are droughty soils, and yields of dryland
crops are likely to be lower than on medium-
textured soils. Nutrient requirements are lower,
and the rate of sludge application may need to be
adjusted accordingly.

Many sandy soils are well suited for the
Production of irrigated crops. Since water enters
and moves throughout the soil readily, irrigation
Can compensate for droughty conditions. In
Contrast, rapid water flow through sandy soils
Increases the risk of groundwater contamination.
Groundwater quality problems can stem either
from over-irrigation on a site to which
dewatered, dried, or composted sludge has been
applied, or from applications of excessive
amounts of liquid sludge.

Another potential limitation of sandy soils is
low cation exchange capacity. Cation exchange
capacity depends on both the amount of clay and
the amount of organic matter, and both are low in
most sandy soils. Metal immobilization is likely
to be lower, and the allowable accumulation
period may be shorter.

Clayey soils have more very tiny pores and
fewer large pores. Air exchange and water
movement are much slower than in medium-
textured soils. Water applied as rainfall,
Irrigation, or liquid sludge is more likely to cause
temporary soil saturation, reducing oxygen
supplies to soil microorganisms.

Water entry into clayey soils may be very
slow, so runoff is a greater risk. Care should be
taken when applying dried or composted sludge
on clayey soils so that runoff doesn’t physically
Wash sludge from the site.

Clayey soils have higher cation exchange
Capacity, a factor that may be favorable for
treatment of sludge containing higher amounts of
heavy metals.

Coarse fragments don’t necessarily render a
soil unsuitable for sludge application, but they do
make management more difficult. Coarse frag-
ments reduce the volume of soil through which
Wwater can flow and in which water can be stored.

In soils containing coarse fragments, both
Wwater flow and water retention depend on the

texture of the fine earth. If the fine earth is
medium- textured, then the soil may be suitable
for sludge utilization, but application rates may
have to be reduced and land area requirements
increased. In other soils, coarse fragments exacer-
bate problems associated with sandy or clayey

textures, and management is more difficult. T
Good Soil

Structure Structure

Soil structure refers to the aggregation of * Prom.OteS
individual grains of sand, silt, and clay into larger aeration
units called peds. Plant roots, soil organic matter, * Promotes
and clay particles provide physical and chemical infiltration
binding agents.

» Improves air-

i is im cause it modifies
Soil structure is important be 1 1 water balance

some of the undesirable effects of certain textures
on soil behavior. Structure creates relatively large
pores, which favor movement of air and water into
and through the soil. Even clayey soils can have
good rates of infiltration and permeability if they
have well-developed, stable structure.

Good soil structure also means good aeration
and a favorable balance between pores that contain
water and pores that contain air. Structure creates a
favorable environment for root growth and
microbial activity in all soils, especially in the
finer-textured soils.

Maintaining strong, stable aggregates is an
important management objective in any farming
operation, including those that utilize sludge as a
fertilizer material. Three factors influence the
maintenance of strong, stable aggregates: organic
matter, clay, and heavy equipment.

Organic matter is vital to the formation and
maintenance of good soil structure. Living roots
help surround soil particles and bind them together.
Exudates from roots and other soil biota provide
a kind of “glue” that stabilizes peds. Decomposed
organic matter, or humus, is particularly valuable
in the development of structure,

Sewage sludge is a valuable soil amendment
because it can improve soil structure. Organic
sludge solids mixed into the surface soil help
restore the structure of overworked soils. Land on
which row crops have been grown repeatedly is
particularly prone to structural deterioration, and
sludge application on this kind of land can be very
beneficial.

Clays help aggregate soil particles due to their
chemical activity and their tendency to shrink and
swell. One mechanism of structure formation is the
attraction between negative charges on clay sur-
faces and positive charges on the edges of clay
particles and organic soil constituents.

Soil structure is very sensitive to the weight of
heavy equipment. Driving on wet soil breaks down
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soil aggregates and compacts the soil. Surface soil
compaction retards germination and emergence of
plant seedlings, and reduces the infiltration rate
substantially, thus increasing the potential for
surface runoff. To avoid these problems, wait
until the surface soil has dried out before driving
on the soil. Sod crops (hay and pasture) protect
the structure much more than grain or row crops.
Soil structure is characterized by the shape,
size, and grade of the peds. Common shapes are
illustrated in figure 2. Granular peds are common in
surface soils, and plates occur in some soils
just below the surface horizon. Blocks and prisms
are both common in subsoils. Ped size is de-
scribed with terms such as fine, medium, and
coarse. Peds are measured in millimeters, and the
range in values for each term depends on the
shape. The relationships are given in Appendix A.

.gg. Co. @ Granular

Platy

Blocky

Prismatic

Massive

Single grain

Figure 2—Common shapes of soil structure

Structural grade refers to the degree of
structural development and the strength of the
peds. The structural grade is described as strong,
moderate, weak, and structureless. These terms
also are defined in Appendix A.

Structural grade is important for sludge
utilization because it affects soil porosity and soil
strength. Soils with moderate or strong structures
are ideal because they have good mixtures of
large and small pores and optimum environments
for growing plants. The peds tend to resist
breakdown under the impact of falling water
drops or from normal traffic. Soils with weak
structure tend to have fewer large pores. They are
less permeable and have slower infiltration rates.
Peds are not as stable, and the soil surface is
more likely to form a nearly impermeable crust.

Color

Soil colors provide clues about the nature of
the root zone. Dark colors usually mean favorable
amounts of organic matter. Gray colors often
indicate soils that are poorly aerated due to long
periods of wetness. Yellowish-brown and
reddish-brown colors indicate favorable air-
water relations.

Because different people might perceive and
describe the same color differently, soil scientists
describe soil color quantitatively by matching the
color of a soil clod with a standard color chip in
a special book of soil colors. This method is
described in detail in Appendix A. Nevertheless,
generalization of soil colors into a few broad
groups helps to interpret their significance for
sludge utilization on land.

Dark brown, very dark brown, and black
colors are caused by accumulations of organic
matter in soils. Usually the darker the color, the
more the organic matter in the soil and the more
fertile and productive the soil is, Organic matter
is a major factor in structure development, so the
darker the soil, the better formed and more stable
the soil peds.

Some soils have black colors extending well
down into the subsoil. If the soil beneath is gray,
then the black color in these soils indicates
prolonged wetness in cool to cold climates.
Organic matter in cool, wet soils breaks down
much more slowly than in warm, moist soils.
The extra organic matter that accumulates
darkens the soil to a greater depth.

Brown and yellowish-brown colors indicate
well-aerated soil. As soil microorganisms and
plant roots use up oxygen in soil pores, oxygen
from the air above the soil readily moves in to
replace it. Well-aerated soils are ideal for crop
growth and beneficial use of sewage sludge.
Brown afld yellowish-brown colors are caused
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by iron oxide coatings on soil particles.
Chemically, these coatings are the same as rust
on a'piece of iron. Iron oxide is stable, and the
coatings remain on soil particles as long as there
is plenty of oxygen in soil pores. If oxygen is not
available, as in soils that are saturated for long
periods, the iron oxide coatings are removed, and
the soil turns gray. This is why brown colors
indicate that the soil has good air-water relations
and is never wet for prolonged times.

Red and reddish brown colors are also
caused by iron oxide coatings and indicate well-
aerated soils. The soil is red, rather than brown,
only because the chemical form of the iron oxide
is a little different. These soils are very strongly
weathered and tend to be more leached, more acid,
and less fertile than brown soils. They have a
different group of clay minerals, resulting in a
lower cation exchange capacity. For these reasons,
red soils may be somewhat less effective
than brown soils in immobilizing heavy metals.

Gray colors are the colors of wet soils.
th;n soil pores are full of water, oxygen can’t
get in, This creates a reducing environment, and
the iron oxide coatings begin to change to the
more soluble ferrous form. Gradually the iron
oxide coatings are stripped away and leached out
of the‘ soil. The gray color is the natural color of
the mmeral grains of the soil, darkened a little by
organic matter.

Soils that have gray colors near the surface are
poorly suited for sludge application during times
Wwhen the water table is high. Butif the soil occurs
in aclimatic region having a prolonged dry period,
sludge application may be feasible, especially if
dried or composted sludge is being applied.

_ Many wet soils are permeable enough that
artificial drainage can lower the water table. If the
5911 permeability is at least moderately slow, and
tile drainage has been or can be installed to lower
the water table to a depth of 3 feet, then a wet soil
can be used for most types of sludge application.

Before draining a wet soil, check two things.
One, outlets must be available to receive the
drained water. Two, ensure that draining a wet soil
does not violate provisions of the Food Security
Act of 1985, or any other legislation pertaining
10 natural wetlands. Check with local offices of
the Extension Service, Soil Conservation
Service, Corps of Engineers, and state and
federal Fish and Wildlife Services for possible
regulations that affect wet soils.

Light gray and white colors in soils of
humid regions are also caused by stripping of
lron oxide coatings, revealing the true color of
mineral grains, These colors don’t always
indicate wetness, though. If the soil below the
Wwhite zone is brown or red and well-aerated, the
white zone is not limited by wetness. If the
underlying soil is gray, then the white layer is

probably saturated for long periods of time. In
arid regions, white subsoil may be the result of
deposition of calcium carbonate and not an
indicator of wetness. But if there is a surface
crust of white color, this indicates that water is
rising to the surface from a shallow water table,
bringing soluble salts that are left on the surface
as the water evaporates. These soils are not only
periodically wet, they are often very alkaline and
very slowly permeable, and are more limiting for
sludge application.

Mottles

Some soils have spots of one color in a
matrix of a different color. The spots are called
mottles, and the soil is said to be mottled. Some
mottles appear as splotches of reddish brown
color in a gray matrix. Others appear as gray
mottles in a brown matrix. Both kinds are
described in terms of their abundance, size,
contrast, and color. Abundance refers to the
percentage of exposed surface area occupied by
mottles. Size is the approximate diameter of mottles.
Contrast is the relative difference between the
mottle color and the matrix color. These terms
are defined more fully in Appendix A. Mottle
colors are described using the same technical
procedure that is used to describe soil colors.

Mottling is caused by fluctuating water
tables. When the water table is high, the soil is
saturated and iron oxide is reduced. When the water
table drops, oxygenbegins toreenter the soil through
root channels and large pores, which drain first. As
oxygen comes into contact with moist soil
containing reduced iron, the iron quickly
oxidizes, forming an insoluble precipitate at the
surface of a soil ped. The result is a yellowish-
brown mottle surrounded by gray soil.

By understanding these processes, we can
use observations of soil colors and soil mottles to
make inferences about the height and duration of
water tables in soils, even though the soil may be
quite dry when we look at it. Soil colors and
mottles are used to define classes of internal soil
drainage. These are discussed in the section on
inferred properties.

There are three situations, however, in
which mottles do not indicate wetness. These are
the chemical weathering of rocks, relict mottling,
and coatings on soil peds.

Rocks are the parent materials of soils and
are composed of a variety of different minerals,
Each mineral reacts differently to the processes
of chemical weathering. Some turn yellow, some
red, some gray, and some are destroyed
completely. The result of rock weathering can be
a mixture of colors that may look like drainage
mottles, even though the soil is well drained.

Before draining a
wet soil, check
with state or local
officials for
possible
regulations that
affect the use of
wet soils.

Mottles are spots
of gray or brown
color that indicate
the height of
fluctuating water
lables.
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This situation is often encountered in the lower part
of a soil as it grades into weathered bedrock. It
may also be encountered in some glacial till soils
in which a wide variety of rocks and minerals
has been mixed together in the parent material.

The key to avoiding a false interpretation of
rock weathering is to study climate, soil, and
landscape factors carefully. In humid regions,
soils that are gray and mottled and occur in
concave depressions, low-lying areas, or on broad,
flat terraces, are probably wet soils. Soils that
occur on rounded hilltops, sloping hillsides, and
narrow ridges, as well as soils in arid regions, are
likely to be well drained soils with brown colors.
Color variations in these soils are more likely to
be associated with rock weathering than wetness.

Relict mottles are mottles that formed when
the soil environment was wetter than it is now.
Once formed, mottles are a relatively permanent
feature of the soil, even if the climate changes.
Thus, mottles in soils on convex uplands for
which there is no other evidence of periodic
water tables are probably relict mottles and do
not indicate wetness.

Some peds have coatings of substances
other than iron oxide. Organic matter, clay, and
even moisture films can create colors that differ
from the matrix color. These coatings should not
be confused with mottles caused by reduction
and oxidation of iron, and they should not be
interpreted as indicating wetness. The best way
to avoid this mistake is to break open soil peds
and evaluate the color from a freshly exposed
interior surface.

Soil horizons

A soil horizon is a layer of soil parallel to
the earth’s surface. Each horizon is defined and
described in terms of its morphological properties:
texture, structure, color, etc. Together, all of the
horizons in a soil constitute the soil profile. A
soil profile description is a complete set of
horizon descriptions for all the horizons that
occur in a soil.

Soil horizons are named using combinations
of letters and numbers. Six general kinds of
horizons can occur in soil profiles (see figure 3):
0, A, E, B, C, and R. These are called master
horizons. Gradual changes from one master
horizon to another give rise to transition horizons.
These are named with two letters, for example,
AB, BA, and BC. Special kinds of master
horizons are recognized by adding lower case
letters, as in Ap, Bt, Bk, and Cr. Master horizons,
transition horizons, and special kinds of master
horizons all are described more completely in
Appendix A.

O  Litter layer
A Mineral surface horizon,

dark colored, granular structure

Strongly leached horizon,
light-colored, platy structure

Subsoil horizon of maximum

B development,
“brown”, blocky structure

Weathered “parent material”,
"brown”, massive structure

R  Hard bedrock

Figure 3 —Generalized soil profile

A single soil profile never has all possible
horizons. Most soils have an A horizon, one or
two specific types of B horizons, a C horizon,
and one or two transition horizons. Some soils
have only an A horizon and one or more C
horizons. Others have bedrock (R horizon) at
shallow depths. Some soils have an A-E-B-C
horizon sequence, or even an O-E-B-C profile.

Soil horizons are important for sludge utiliza-
tion because of their effect on transmission of air
and water through soil. Any horizon that differs
markedly in texture, structure, or density from
the one above or below affects water movement.

Horizons that are very clayey and have a
weak or massive structure, and horizons that
have very high densities, are called restrictive
layers. Examples of restrictive horizons include
claypans (Bt, or argillic, horizons that are clayey
and massive), fragipans (Bx horizons that are
silty and very dense), and Cd horizons (very dense
glacial till). Water cannot move into and through
these layers as fast as it moves down through the
soil above them. During periods of excess
rainfall, irrigation, or liquid sludge application,
water perches on top of the restrictive layer,
saturating the soil and creating shallow, but
temporary, water tables.

Restrictive layers thus limit the times during
which a soil can be used for land application of
sludge. Liquid sludge can be applied only during
dry seasons, when there is no perched water
table. Dried sludge can be applied to the surface
at other times, as long as the water table is not at
the surface and thesoil is capable of supporting
the weight of application equipment.



Another hazard associated with restrictive
layers is increased potential for surface runoff,
As soon as the soil above the restrictive layer
fills with water, any additional increments of
water must run off. The shallower the depth to a
restrictive layer, the sooner this occurs, and the
more likely sludge solids lying on the surface
will be carried into surface waters. This hazard is
particularly serious on soils that are sloping, in
addition to having a restrictive layer.

Gray horizons that are saturated for long
periods of time are said to be gleyed. They are
catled Bg horizons. The limitations they present
are similar to those caused by restrictive horizons,
Gleyed soils can be used for land application of
sludge as long as the soil is dry enough to
support the weight of application vehicles and as
long as sludge liquids are prevented from
entering horizons of saturated soil.

Rapidly draining horizons have sandy
textures and are often gravelly or cobbly. They
have the potential to transmit sludge liquids into
groundwater aquifers before soil treatment is
complete. The risk is not very great with surface
applications, however. Most sludges, even liquid
sludges, do not carry enough water to wet the soil
above a rapidly draining layer enough to cause
rapid transmission of incompletely treated waste.
There is some potential, though, that heavy rain
or irrigation right after a sludge application could
leach the sludge and the soil, moving some liguid
directly into the rapidly draining layer.

Soil profile descriptions are an excellent
source of information about the kinds of horizons
that are present in a soil. By reading a profile
description, you can find out if abrupt textural
changes occur, if restrictive horizons, gleyed
horizons, or rapidly draining horizons are
present, and if they are, at what depth they occur.

Soil depth

The terms shallow, moderately deep, and
deep have very specific meanings in soil science.
They apply when the soil profile contains
bedrock (R horizon), weathered bedrock (Cr
horizon), or a cemented horizon (Bkgm or Bkm).

Shallow always means that one of these
horizons occurs at a depth between 0 and 20 inches.
Moderately deep means that one occurs at a depth
between 20 and 40 inches. Deep means that none
of them occur within a depth of 40 inches.

These terms do not apply to restrictive
layers, gleyed horizons, or rapidly draining
materials, Descriptions of soils that contain these
horizons usually indicate that the soil is deep,
even though the restrictive layer may occur ata
depth less than 20 inches.

Study the profile descriptions and map unit
descriptions in a soil survey report carefully to
determine if a particular soil has a restrictive
layer, and if so, the depth at which it occurs.

Inferred Properties

Several aspects of soil behavior are difficult
to measure directly in the field, but inferences can
be made about these properties on the basis of
primary morphological properties. Inferred
properties that are particularly important for land
application of sewage sludge include permeabil-
ity, infiltration, internal drainage class, available
water holding capacity, leaching potential,
shrink-swell potential, trafficability, pH, nutrient
availability, and heavy metal immobilization.

Permeability

Soil permeability is the rate that water
moves through the soil. Permeability depends on
the amount, size, shape, and arrangement of soil
pores, and on the degree of homogeneity of the
pore structure from horizon to horizon.

Water moves through soil pores in response
to two general kinds of forces. One is gravity,
which pulls on water all the time. The other is an
attraction between water molecules and the
surfaces of soil particles. Very thin films of
water are bound very tightly to soil particles. The
thicker the water film, the lower the attractive
force at the outer edge of the film. As a result,
water moves along an energy gradient from
moist soil, where the attractive forces are
relatively weak, toward dry soil, where the
attractive forces are relatively strong.

In saturated soils, water moves through large
pores because the gravitational attraction is much
greater than the water-soil attraction. Water
moving in this way is called gravitational water,
As long as the soil remains saturated, we refer to
this water movement as saturated flow.

If a saturated soil is allowed to drain under the
influence of gravity with no further additions of
water, then gravitational water is gone after a few
days. All the water remaining in the soil is held
against the force of gravity by the attractive force
between water and soil particles. We refer to the
water content at this point as field capacity.

Any further water movement occurs as
unsaturated flow. Water moves around the soil
particles from thick films toward thin films, i.e
from lower attractive forces toward higher forces,
or from moister soil toward drier soil. The rate of
unsaturated flow is variable, depending on the
pore structure and the moisture content of the

Soil profile
descriptions in
soil survey reports
are an excellent
source of
information about
soil horizons

Abrupt textural
changes

Gleyed horizons
Mottled horizons
Rapidly draining
horizons
Restrictive layers
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soil. The maximum rate occurs when the soil is at
field capacity. As plants remove water and the soil
dries, all of the moisture films become thinner,
and the rate of flow decreases substantially.

Because of the complexity of the soil pore
system, permeability in the field is difficult to
measure. A soil’s hydraulic conductivity is easier
to determine by measuring the rate of saturated
Sflow in a vertical direction through a sample of
soil in the laboratory. By relating the lab data to a
soil’s texture, structure, and horizons, then the soil
permeability can be estimated by observing soil
properties. The specific relationships between
soil morphology and the classes of hydraulic
conductivity are summarized in table 3.

Several properties influence permeability.
Coarse-textured soils, for example, have larger
pores and more rapid permeability than fine-
textured soils. Coarse fragments can’t conduct
any water; their effect is to reduce the volume of
soil available for movement and retention of
water. Good soil structure enhances permeability

by providing stable aggregates that have small
pores within peds and large pores between them,
Organic matter enhances permeability through its
effect on forming and stabilizing soil structure.
Whenever the pore structure changes drastically
and abruptly from one horizon to another, there
is a major impact on permeability. But if the
texture and structure change gradually from one
horizon to the next, the rate of water movement
is relatively unaffected, and water continues to
move down through the profile.

Soil scientists use the permeability of the
least permeable horizon in a soil to characterize
the permeability of the whole soil. Because of
the effect of soil layering, however, each
horizon’s permeability should be evaluated
separately. This is the only way to determine if
restrictive layers or layers of coarse grained
materials are present, the depth at which they
occur, and whether there is enough soil above
these layers to provide adequate protection for
groundwater.

Table 3.—Relationships between hydraulic

soil morphology

conductivity, permeability class, and

Hydraulic
conductivity

(in./hr.)

Permeability
class

Morphological
characteristics

<0.06 Very slow

0.06-0.20 Slow

0.20-0.60 Moderately siow

0.60-2.0 Moderate

2.0-6.0 Moderately rapid

6.0-20.0 Rapid

>20.0 Very rapid

Massive, clayey (>35% clay) horizons with
few or no roots

Continuous strongly cemented horizons with
few or no roots

Clayey (>35%) horizons with either weak
structure, platy structure, or slickensides
Continuous moderate or weak cementation

Clayey (>35%) horizons with moderate
structure but no slickensides

Medium-textured soils (18-35% clay) with
weak structure

Sandy soiis that are cemented

Soils with very few medium or larger
continuous vertical pores

Medium-textured soils (18-35% clay) with
moderate structure

Fine sandy loams

Soils with a few medium or larger continuous
vertical pores

Medium-textured soils (18-35% clay) with
strong structure

Sandy loams and loamy fine sands

Soils with common medium or larger
continuous vertical pores

Coarse sandy loams and fine sands

Soils with many medium or larger continuous
vertical pores

Sands and coarse sands that contain more
than 15% cgarse fragments




Table 4.—Sample data included in soil survey reports

Moist Available ) .
Soil name bulk Water Soil Shrink-  Erosion Organic
and Depth Clay density Permeability Capacity reaction swell factors matter
map symbol (in.) (%)  (gm/cc) (in/hr) (in/in) {pH) potential K T (%)
52B,52D 0-11 27-40 1.20-1.40 0.6-20 0.16-0.18 5.6-6.5 Mod 032 2 2-4
Hazelair 11-15 35-50 1.05-1.20 0.2-06 0.13-0.19 5.1-6.5 High 0.28
156-36 60-70 1.00-1.20 <0.06 0.09-0.12 5.1-6.5 High 0.24
>36 — — - - —_ — —
53 0-5 3-10 1.20-1.40 6.0-20 0.05-0.07 5.6-65 Low 010 5 2-4
Heceta 5-60 3-15 1.30-1.60 6.0-20 0.05-0.07 5.6-6.5 Low 0.10
54D, 54G  0-12 18-27 0.90-1.00 0.6-20 0.18-0.21 4555 Low 032 3 4-8
Hembre 12-44 25-32 1.00-1.15 0.6-20 0.16-0.20 4.5-55 lLow 0.28

Tabular data in soil survey reports (see table 4)
give numbers for the permeability of each different
layer in the soil. For this purpose, horizons that
have similar properties are grouped together, and
only the major differences are shown. The numbers
given in these tables represent the value of the
laboratory test of hydraulic conductivity. Since
the sample is very small and measures only
vertical flow, this test does not reflect actual field
behavior because it does not consider
unsaturated flow. Nevertheless, the test provides
a form of soil characterization that allows
comparison of different soils.

In general, soils that have moderate or
moderately slow permeability (see table 3) are well
suited for application of all types of sludge. Soils
that have slow permeability throughout and do
not have a water table problem are suitable for
application of dewatered, dried, and composted
sludges. Liquid sludges also can be applied as
long as care is taken not to saturate the soil.
Slowly permeable soils that do have a water
table problem are usually somewhat poorly
drained or poorly drained (see page 17). As long
as the permeability is uniform throughout,
lowering the water table with tile drains may be
possible. Where this is done, sludge can be
applied safely.

Soils that have a slowly or very slowly
permeable restrictive layer at relatively shallow
depth (for example, 12 to 20 inches) have serious
limitations for applications of liquid sludge. Other
sludges, however, can still be applied as long as
the soil above the restrictive layer is not saturated.

Soils that are very slowly permeable
throughout are poorly suited for land application
of liquid sludge. The rate of water movement is
too slow to provide both adequate treatment and
sufficient oxygen supplies. Correction of this
limitation is very difficult and costly without any
guarantee of complete success. Even very slowly

permeable soils, however, may be used for dried
or composted sludge during seasons when the
soil is dry enough to support heavy equipment.

Soils with moderately rapid or rapid
permeability are useable for sludge application,
but leaching of nitrates and other chemicals in
solution could be a problem in areas where a lot
of water is added to the soil. The risk can be
reduced by applying only dried or composted
sludges and avoiding times of high rainfall or
excessive irrigation.

Infiltration

Infiltration is the rate that water enters the
soil. Infiltration depends primarily on the pore
geometry at the soil surface, and pore geometry
depends on the texture and structure of the
surface soil. The relationship between texture
and infiltration is illustrated by the data shown in
table 5. Clearly, coarse-textured soils have much
faster infiltration rates than fine-textured soils.
Note that even small increases in clay content, as
in the change from sand to loamy sand, can have
marked effects on infiltration.

Table 5.—Typical infiitration rates of soll
texture classes

Soil texture Infiltration rate
inches per hour

Sand 20-5.0
Loamy sand 1.0-15
Loam 05-0.75
Silt loam 02-0.3
Clay loam 0.15-0.3
Silty clay loam 0.1-0.2
Clay 0.05-0.15

Soils that have a
slowly or very
slowly permeable
restrictive layer at
shallow depth
have serious
limitations for
application of
liquid sludge.

Soil Properties that
Affect Infiltration

Texture
Aggregate
stability
Organic matter
Antecedent
moisture
Subsoil
permeability
Plant cover
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Techniques for
Maintaining
Optimum
Infiltration Rates

Don’t drive on
wet soll

Keep organic
matter levels high
Grow sod crops
wherever possible

Classes of
Internal Drainage

Excessively
drained
Somewhat
excessively
drained

Well drained
Moderately well
drained
Somewhat poorly
drained

Poorly drained
Very poorly
drained
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Aggregate stability is the most important
effect of soil structure on infiltration. Strong, stable
peds at the soil surface create and maintain
relatively large pores. Organic matter is particu-
larly important in this regard. Soils that are well
supplied with organic matter are more likely to
have moderate infiltration rates than soils that are
deficient in organic matter. If the organic matter
content is low, and soil peds are not very stable,
then the impact of falling water drops breaks the
peds apart. Soil grains wash into the larger pores,
clogging them and sealing the soil with a crust of
very low porosity. This process of ped break-
down is calted slaking, and the formation of a
crust that seals the soil is called puddiing.

Infiltration also depends on the moisture
content and the permeability of the soil beneath
the surface. The higher the moisture content, the
slower the infiltration rate. This means that soils
that are nearly saturated are not going to accept
sludge liquids readily. These soils are too wet to
drive on, so the only situation in which a
problem might occur is with application of liquid
sludges through irrigation cannons.

Permeability affects infiltration because water
has to move away from the surface before
additional water can enter the soil. Obviously if
water 1s applied continuously at rates greater than
soil permeability, then saturated conditions form
and additional water can’t enter the soil. A likely
consequence is surface runoff accompanied by
surface water contamination,

Infiltration is important for land application
of sewage sludge because of its relationships to
water quality. By itself, rapid infiltration is a
desirable trait, but if coupled with rapid
permeability throughout the soil, then there is a
greater risk of groundwater contamination either
by applications of dilute liquid sludge, or
applications of dewatered or dried sludge
followed by heavy doses of rain or irrigation water.

Slow infiltration is a more common problem.
This increases the potential for surface runoff
and subsequent contamination of surface waters.
The problem is exacerbated by the tendency for
soil structure to deteriorate in the surface soil,
further lowering the infiltration rate.

Since infiltration is tied to water quality,
maintaining optimum infiltration rates is an
important objective of soil management for studge
application. These rates can be maintained by:

1. Not driving on wet soil to avoid compac-

tion and structural breakdown;

2. Keeping organic matter levels high by
incorporating sludge and other organic
residues into the soil;

3. Using sod crops in the rotation as much
as possible.

Internal drainage class

Internal drainage refers to the ability of free
water to escape from a soil. Internal drainage is
not the same thing as permeability because
permeability indicates only the rate that water
moves if it has some place to go. Classes of
internal drainage are based on the height that a
water table rises in the soil and the length of time
that the soil remains saturated.

Rapidly permeable soils that are never
saturated are called excessively drained. Soils
that are rarely saturated above 3 or 4 feet are
catled well drained. Soils that are periodically
saturated in the lower part of the soil profile are
called either moderately well drained or
somewhat poorly drained, depending on the
depth to the water table and the duration of
saturated conditions. Soils that are thoroughly
saturated for long periods of time are called
poorly drained, or even very poorly drained.

Internal drainage is important because it
affects both the oxygen supply and the tempera-
ture of the environment in which plant roots and
soil microorganisms live. Ideally, about half the
pores in the soil should contain water. The other
half should be filled with air. Well drained soils
can provide this condition, but poorly drained
soils cannot,

Drainage affects temperature because wet
soils are cold soils. Biological processes,
especially those that decompose organic residues
and release nitrogen for plant use, do not operate
as fast in cold soils. As a consequence, if sludge
is applied to a cool season grass or pasture crop,
nitrogen may not be released until later in the year,
after the soil has warmed up and after the crop’s
peak demand for nitrogen has passed. The excess
nitrogen that is released later in the year may be
lost either into the groundwater by leaching or
into the atmosphere by denitrification.

When oxygen is limiting, denitrification oc-
curs in wet soils because some of the inorganic
nitrogen is converted to nitrogen gas and escapes
to the atmosphere. Denitrification losses usually
are not large, but if you do not account for them in
planning your application rate to meet crop needs,
the crop may suffer from nitrogen deficiency.

Internal drainage is also important because it
indicates the volume of soil available for plant
root development and uptake of soil nitrogen.
Because these processes occur mainly in aerobic
environments, only the soil above a water table is
available for sludge utilization. The more poorly
drained the soil, the more restrictive it is for both
crop growth and beneficial utilization of sludge.
Soils of any drainage class, however, can be used
for land application of sludge, provided that
shallow water tables are neither present when the
sludge is applied nor for a period of time thereafter.



The extent to which drainage is limiting
depends on the solids content of the sludge, the
permeability of the soil, and the climate. Poorly
and somewhat poorly drained soils are most
restrictive for application of liquid sludges. If
they have uniformly slow or moderately slow
permeability, however, they may be artificially
drained, provided suitable outlets are available.
These soils are less limiting than soils that have
very slow permeability or shallow restrictive
layers that preclude effective drainage.

Climate dictates the amount and frequency
of rainfall, hence the frequency with which water
tables are high. In humid continental climates,
where summer storms occur periodically, there
may be only a few weeks when water tables in
somewhat poorly and poorly drained soils are
low enough to apply sludge safely. In arid
regions and in marine climates, water tables may
be low enough during dry periods to aliow land
application of sludge for several months.

Water table fluctuations in soils are rarely
observed directly. Most of the time soils are
studied in the field during dry seasons, and the
internal drainage class is determined by inference
from the evidence in the soil’s morphology.
Color, mottling, permeability, restrictive
horizons, pH, and landscape position are the
most important indicators of soil drainage class.

Unfortunately, soil variability across the
U.S. precludes the use of a single, standard
definition of soil drainage classes. Interactions
between rainfall, temperature, organic matter,
biological activity, and parent materials are so
complex that interpretations of internal drainage
must be tailored to regional conditions.

In general, a soil that is sandy or gravelly
and has rapid or very rapid permeability is
excessively drained. A soil that is brownish or
reddish, has moderate to slow permeability, and is
notmottled in the upper meter or o, iswell drained.
The lower part of the soil occasionally may be
saturated for a day or so, but neither the
frequency nor the duration of water tables is enough
to adversely impact a sludge utilization program.

A moderately well drained soil is brown or
red in the upper part and has a few gray or
yellowish brown mottles in the lower part. Water
tables periodically rise into the lower part of the
soil, saturating it for short periods of time. When
the water table retreats, the large pores drain
easily, but small pores within soil peds stay wet
long enough for some iron to be reduced. The effect
is not large but it is enough to create either some
small gray mottles within peds or some small
yellowish brown mottles on the surfaces of peds.

A somewhat poorly drained soil is mottled
higher in the profile, although the surface
horizon is usually not mottled, and there may be
a second horizon of well-oxidized, unmottled

soil beneath the surface soil. Water tables rise
higher and persist longer than in moderately well
drained soils.

Somewhat poorly drained soils often have
slow or very slow permeability. If the duration of
saturated conditions is relatively short, mottles
may appear as spots of bright color in a matrix that
still has a brown color. As the duration increases,
however, the soil gradually becomes grayer and
grayer, untii the horizon is characterized by a
dark gray matrix containing many prominent
yellowish brown or reddish brown mottles.

Another manifestation of somewhat poor
drainage is high pH and h