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ABSTRACT

This manual presents a rational procedure for the design of
land treatment systems. Slow rate, rapid infiltration, and
overland flow processes for the treatment of municipal
wastewaters are discussed in detail, and the design concepts
and criteria are presented. A two-phased planning approach
to site investigation and selection is also presented.

The manual. includes examples of each process design.
Information on field investigations is presented along with
special considerations for small scale systems. Equations
and procedures are included to allow calculations of energy
requirements for land treatment systems. Potential health
and environmental effects and corresponding mitigation
measures are discussed.
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CHAPTER 1

INTRODUCTION AND PROCESS CAPABILITIES

l.1 Purpose

The purpose of this manual 1is to provide criteria and
supporting information for planning and process design of
land treatment systems. Recommended procedures for planning
and design are presented along with state-of-the-art
information on treatment performance, energy considerations,
and health and environmental effects.

Cost curves are not included in this manual, although some
cost information 1is included in Chapter 2. Costs for
planning may be obtained from cost curves in references [1,
2], or through the CAPDET computer system developed by the
Corps of Engineers for EPA. CAPDET computer terminals are
available in EPA regional offices.

This document is a revision of the Process Design Manual
for Land Treatment of Municipal Wastewater sponsored by the
U.S. Environmental Protection Agency, U.S. Army Corps of
Engineers, and U.S. Department of Agriculture, and published
in 1977. The revision 1is necessary because of the large
amount of research data, criteria, and operating experience
that has become available in recent years. As a result of
PL 92-500 and PL 95-217, the interest in and use of land
treatment concepts has increased significantly and 1is
expected to continue to increase.

1.2 Scope

Land treatment is defined as the controlled application of
wastewater onto the land surface to achieve a designed de-
gree of treatment through natural physical, chemical, and
biological processes within the plant-soil-water matrix.

The scope of this manual is limited to the three major 1land
treatment processes:

° Slow rate (SR)
° Rapid infiltration (RI)
) Overland flow (OF)

These processes are defined later in this chapter and dis-
cussed in detail in the design chapters. The titles were
adopted for the original 1977 manual to reflect the rate of
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wastewater application and the flow path within the
process. Prior to the 1977 manual, the term "irrigation"
was often used to describe the slow rate process. The pre-
sent term was chosen to focus attention on wastewater treat-
ment rather than on irrigation of crops.

Subsurface systems, wetlands, and aquaculture were discussed
briefly in the 1977 manual but are deleted here since they
are now covered in detail in other documents [3, 4]. Land
application of sludge, injection wells, evaporation ponds,
and other forms of treatment or disposal that involve the
soil matrix are also excluded.

Most of the information in this manual 1is applicable to
medium-to~-large systems. For small systems, up to
1,000 m3/d (250,000 gal/d), many of the design procedures
can be simplified. Special considerations for these small
systems and a number of typical examples are discussed in
Chapter 7. Case studies for larger systems are available in
other publications [5-9]. This manual addresses land
treatment of municipal wastewater, not industrial wastes,
Under controlled conditions, however, land treatment of many
types of industrial wastewaters and even hazardous materials
can be both technically and economically feasible.

Although the principal focus in the manual is on the three
basic processes (SR, RI, OF), the possibility of combining
two or more of the concepts in a continuous system should
not be overlooked. Overland flow could be a preapplication
step for either SR or RI, or different processes could be
used in cold and warm weather,

1.3 Treatment Processes

Typical design features for the three 1land treatment
processes are compared in Table 1-1. The major site charac-
teristics are compared for each process in Table 1-2., These
are desirable characteristics and not limits to be adhered
to rigorously, as discussed in Chapter 2.

The expected quality of treated water for biochemical oxygen
demand (BOD), suspended solids (SS), nitrogen, phosphorus,
and fecal coliforms is presented for each process 1in
Table 1-3. The average and expected upper range values are
valid for the travel distances and applied wastewater as
indicated. The fate of these materials (plus metals,
viruses, and trace organics) is discussed in the chapters
that follow.



TABLE 1-1
COMPARISON OF TYPICAL DESIGN FEATURES
FOR LAND TREATMENT PROCESSES

Feature Slow rate Rapid infiltration Overland flow
Application technigues Sprinkler Usually surface Sprinkler or
or surface? surface

Annual loading 0.5-6 6-125 3-20

rate, m

Field area 23~-280 3-23 6.5-~44

required, hab

Typical weekly 1.3-10 10-240 6-40°

loading rate, cm

Minimum preapplication Primary a Primary Grit removal and

treatment provided in sedimentation sedimentatione comminution®

the United States

Disposition of Evapotranspiration Mainly Surface runoff and

applied wastewater and percolation percolation evapotranspiration
with some
percolation

Need for vegetation Required Optional Required

a. Includes ridge-and-furrow and border strip,

Field area in hectares not including buffer area, roads, or ditches for
3,785 m3/d (1 Mgal/d) flow.

c. Range includes raw wastewater to secondary effluent, higher rates for higher
level of preapplication treatment.

d. With restricted public access; crops not for direct human consumption.

With restricted public access.

Note: See Appendix G for metric conversions.

TABLE 1-2
COMPARISON OF SITE CHARACTERISTICS
FOR LAND TREATMENT PROCESSES

Slow rate Rapid infiltration Overland flow
Grade Less than 20% on Not critical; excessive Finish slopes 2-832
cultivated land; grades require much
less than 40% on earthwork
noncultivated land
Soil Moderately slow to Rapid (sands, sandy loams) Slow (clays, silts,
permeability moderately rapid and soils with
impermeable barriers)
Depth to 0.6-1 m (minimum)® 1 m during flood cycleb; Not critical®
ground water 1.5-3 m during drying cycle
Climatic Storage often None (possibly modify Storage usually needed
restrictions needed for cold operation in cold weather) for cold weather

weather and during
heavy precipitation

a. Steevwer grades might be feasible at reduced hydraulic loadings.

Underdrains can be used to maintain this level at sites with high ground
water table.

c. Impact on ground water should be considered for more permeable soils.
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TABLE 1-3
EXPECTED QUALITY OF TREATED WATER
FROM LAND TREATMENT PROCESSES?
mg/L Unless Otherwise Noted

Slow rateP Rapid infiltration® Overland flow?
Upper Upper Upper
Constituent Average range Average range Average range
BOD <2 <5 5 <10 10 <15%
suspended solids <1 <5 2 <5 10 <20
Ammonia nitrogen as N <0.5 <2 0.5 <2 <4 <8
Total nitrogen as N 3e <ge 10 <20 st <10f
Total phosphorus as P <0.1 <0.3 1 <5 4 <6
Fecal coliforms, No./100 mL 0 <10 10 <200 200 <2,000

a. Quality expected with loading rates at the mid to low end of the range
shown in Table 1-1.

b. Percolation of primary or secondary effluent through 1.5 m (5 ft) of
unsaturated soil.

c. Percolation of primary or secondary effluent through 4.5 m (15 ft) gf
unsaturated soil; phosphorus and fecal coliform removals increase with
distance (see Tables 5-3 and 5-6).

d. Treating comminuted, screened wastewater using a slope length of 30-36 m
(100-120 f¢t).

Concentration depends on loading rate and crop.

Higher values expected when operating through a moderately cold winter or when
using secondary effluent at high rates.

1.4 Slow Rate Process

Slow rate land treatment is the application of wastewater to
a vegetated land surface with the applied wastewater being
treated as it flows through the plant-soil matrix. A
portion of the flow percolates to the ground water and some
is used by the vegetation. Offsite surface runoff of the
applied water is generally avoided in design. Schematic
views of the typical hydraulic pathways for SR treatment are
shown in Figure 1l-1(a)(b)(c). Surface application tech-
niques include ridge-and-furrow and border strip flooding.
Application by sprinklers can be from fixed risers or from
moving systems, such as center pivots.

1.4.1 Process Objectives

Slow rate processes can be operated to achieve a number of
objectives including:

1. Treatment of applied wastewater

2. Economic return from use of water and nutrients to
produce marketable crops (irrigation)
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3. Water conservation, by replacing potable water with
treated effluent, for irrigation

4, Preservation and enlargement of greenbelts and open
space

When requirements are very stringent for nitrogen,
phosphorus, BOD, SS, pathogens, metals, and trace organics,

they can be met usually with SR treatment. Nitrogen is
often the 1limiting factor for SR design because of EPA
drinking water 1limits on ground water Qquality. In arid

regions, however, maintaining chlorides and total dissolved
salts at acceptable levels for crop production may be
limiting. Management approaches to meet these objectives
within the SR process are discussed under the topics
(1) wastewater treatment, (2) agricultural systems, (3) turf
systems, and (4) forest systems.

1.4.1.1 Wastewater Treatment

When the primary objective of the SR process is treatment,
the hydraulic loading is usually limited either by the hy-
draulic capacity of the soil or the nitrogen removal
capacity of the soil-vegetation matrix. Underdrains are
sometimes needed for development of sites with high ground
water tables, or where perched water tables or impermeable
layers prevent deep percolation. Perennial grasses are
often chosen for the vegetation because of their high
nitrogen uptake, a longer wastewater application season, and
the avoidance of annual planting and cultivation. Corn and
other crops with higher market values are also grown on
systems where treatment is the major objective. Muskegon,
Michigan {10] is a noted example in the United States with
over 2,000 hectares (5,000 acres) of corn under cultivation.

1.4.1.2 Agricultural Systems

In the more arid western portions of the United States, the
water itself (not the nutrient content) is the most valuable
component of the wastewater. Crops are selected for their
maximum market potential and the least possible amount of
wastewater needed for irrigation. Application rates between
2 to 8 cm/wk (0.8 to 3.1 in./wk) are common. This is enough
water to satisfy crop needs, plus a leaching requirement to
maintain a desired salt balance in the root zone,

In the more humid east, the water component may be critical
at certain times of the year and during extended drought
periods, but the nutrients in the wastewater are the most
valuable component. Systems are designed to promote the
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nutrient uptake by the crop and increase yields,. At
Muskegon, Michigan, for example, corn yields in 1977 were
6.5 m3/ha (75 bushels per acre) compared to 5.2 m3/ha (60
bushels per acre) for the nonwastewater farming in the same
area [10]. Regardless of geographical location, wastewater
irrigation can Dbenefit crop production by providing
nutrients and moisture.

1.4.1.3 Turf Systems

Golf courses, parks, and other turfed areas are used in many
parts of the United States for SR systems, thus conserving
potable water supplies. These areas have considerable
public access and this requires strict control of pathogenic
organisms. This control can be achieved by disinfection or
by natural processes 1in biological treatment ponds or
storage ponds.

1.4.1.4 Forest Systems

Slow rate forest systems exist in many states including
Oregon, Washington, Michigan, Maryland, Florida, Georgia,
Vermont, and New Hampshire,. In addition, experimental
systems in a variety of 1locations are being studied
extensively to determine permissible loading rates,
responses of various tree species, and environmental effects
(see Chapter 4).

Forests offer several advantages that make them desirable
sites for land treatment:

1. Forest soils often exhibit higher infiltration
rates than agricultural soils.

2. Site acquisition costs for forestland are usually
lower than site acquisition costs for prime agri-
cultural land.

3. During cold weather, soil temperatures are often
higher in forestlands than in agricultural lands.

4, Systems can be developed on steeper grades in the
forest as compared to agricultural sites,

The principal limitations to the use of wastewater for
forested SR systems are:

1. Water needs and tolerances of some existing trees
may be low.
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2. Nitrogen removals are relatively low unless young,
developing forests are used or conditions conducive
to denitrification are present.

3. Fixed sprinklers, which are expensivé, are usually
necessary.

4, Forest soils may be rocky or very shallow.

1.4.2 Treatment Performance

The SR process is capable of producing the highest degree of
wastewater treatment of all the land treatment systems. The
quality values shown in Table 1-3 can be expected for most
well-designed and well-operated systems.

Organics are reduced substantially by SR land treatment
within the top 1 to 2 c¢m (0.4 to 0.8 1in.) of soil.
Filtration and adsorption are the 1initial steps 1in BOD
removal, but biological oxidation is the ultimate treatment
mechanism. Filtration is the major removal mechanism for
suspended solids. Residues remaining after oxidation and
the inert solids become part of the soil matrix.

Nitrogen is removed primarily by crop uptake, which varies
with the type of crop grown and the crop yield. To remove
the nitrogen effectively, the <crop must be harvested.
Denitrification can also be significant, even if the soil is
in an aerobic condition most of the time. Other nitrogen
removal mechanisms include ammonia wvolatilization and
storage in the soil.

Phosphorus is removed from solution by fixation processes in
the soil, such as adsorption and chemical precipitation.
Removal efficiencies are generally very high for SR systems
and are more dependent on the soil properties than on the
concentration of the phosphorus applied. Residual phos-
phorus concentrations in the percolate will generally be
less than 0.1 mg/L [11]. A small but significant portion of
the phosphorus applied is taken up and removed with the
crop.

1.5 Rapid Infiltration Process

In RI land treatment, most of the applied wastewater per-
colates through the soil, and the treated effluent drains
naturally to surface waters or joins the ground water. The
wastewater is applied to moderately and highly permeable
soils (such as sands and loamy sands), by spreading in
basins or by sprinkling, and 1is treated as it travels



through the soil matrix. Vegetation is not usually planned,
but there are some exceptions, and emergence of weeds and
grasses usually does not cause problems.

The schematic view in -Figure 1-2(a) shows the typical
hydraulic pathway for rapid infiltration. A much greater
portion of the applied wastewater percolates to the ground
water than with SR land treatment. There is little or no
consumptive use by plants. Evaporation ranges from about
0.6 m/yr (2 ft/yr) for cool regions to 2 m/yr (6 ft/yr) for
hot arid regions. This is usually a small percentage of the
hydraulic loading rates.

In many cases, recovery of renovated water is an integral
part of the system. This can be accomplished using under-
drains or wells, as shown in Figure 1-2(b). 1In some cases,
the water drains naturally to an adjacent surface water
(Figure 1-2(c)). Such systems can provide a higher level of
treatment than most mechanical systems discharging to the
same surface water.

1.5.1 Process Objectives

The objective of RI is wastewater treatment. Uses for the
treated water can include:

1. Ground water recharge

2. Recovery of renovated water by wells or underdrains
with subsequent reuse or discharge

3. Recharge of surface streams by interception of
ground water

4. Temporary storage of renovated water in the aquifer

If ground water quality 1is being degraded by saltwater
intrusion, ground water recharge by RI can help to create a
barrier and protect the existing fresh ground water. In
many cases, the major treatment goal 1is conversion of
ammonia nitrogen to nitrate nitrogen prior to discharge to
surface waters. The RI process offers a cost-effective
method for achieving this goal with recovery or recharge as
described in items 2 and 3 above. Return of the renovated
water to the surface by wells, underdrains, or ground water
interception may be necessary or advantageous when discharge
to a particular surface water body is controlled by water
rights, or when existing ground water quality is not compat-
ible with expected renovated water quality. At Phoenix,
Arizona, for example, renovated water is being withdrawn by
wells to allow reuse of the water for irrigation.
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1.5.2 Treatment Performance

Removals of wastewater constituents by the filtering and
straining action of the soil are excellent. Suspended
solids, BOD, and fecal coliforms are almost completely
removed.

Nitrification of the applied wastewater is essentially com-
plete when appropriate hydraulic loading cycles are used.
Thus, for communities that have ammonia standards in their
discharge requirements, RI can provide an effective way to
meet such standards.

Generally, nitrogen removal averages 50% unless specific
operating procedures are established to maximize denitrifi-
cation. These procedures include optimizing the application
cycle, recycling the portions of the renovated water that

contain high nitrate concentrations, reducing the
infiltration rate, and supplying an additional <carbon
source. Using these procedures in soil column studies,

average nitrogen removals of 80% have been achieved.
Nitrogen removal by denitrification can be significant if
the hydraulic loading rate is at the mid range or below the
values in Table 1-1 and the BOD to nitrogen ratio is 3 or
more.

Phosphorus removals can range from 70 to 99%, depending on
the physical and chemical characteristics of the soil. As
with SR systems, the primary removal mechanism is adsorption
with some chemical precipitation, so the long-term capacity
is limited by the mass and the characteristics of soil in
contact with the wastewater, Removals are related also to
the residence time of the wastewater in the soil, the travel
distance, and other climatic and operating conditions.

1.6 Overland Flow Process

In OF land treatment, wastewater is applied at the upper
reaches of grass covered slopes and allowed to flow over the
vegetated surface to runoff collection ditches. The OF
process 1is best suited to sites having relatively imper-
meable soils. However, the process has been used with
success on moderately permeable soils with relatively
impermeable subsoils. The wastewater 1is renovated by
physical, chemical, and biological means as it flows in a
thin film down the length of the slope. A schematic view of
OF treatment is shown in Figure 1-3(a), and a pictorial view
of a typical system is shown in Figure 1-3(b). As shown in
Figure 1-3(a), there 1is relatively 1little percolation
involved either because of an impermeable soil or a
subsurface barrier to percolation.
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Interest by municipalities and design engineers has spurred
research and demonstration projects in South Carolina, New
Hampshire, Mississippi, Oklahoma, Illinois, and
California. Cold-weather operation has been demonstrated
through several winters at Hanover, New Hampshire. Rational
design equations have been developed based on research at
Hanover and at Davis, California.

1.6.1 Process Objectives

The objectives of OF are wastewater treatment and, to a
minor extent, crop production. Treatment objectives may be
either:

1. To achieve secondary effluent quality when applying
screened raw wastewater, primary effluent, or
treatment pond effluent.

2. To achieve high 1levels of nitrogen, BOD, and SS
removals,

Treated water is collected at the toe of the OF slopes and
can be either reused or discharged to surface water. Over-
land flow <can also be wused for the preservation of
greenbelts.,

1.6.2 Treatment Performance

Biological oxidation, sedimentation, and filtration are the
primary removal mechanisms for organics and suspended
solids.

Nitrogen removals are a combination of plant uptake,
denitrification, and wvolatilization of ammonia nitrogen.
The dominant mechanism in a particular situation will depend
on the forms of nitrogen present in the wastewater, the
amount of carbon available, the temperature, and the rates
and schedules of wastewater application. Permanent nitrogen
removal by the plants is only possible if the crop is har-
vested and removed from the field. Ammonia volatilization
can be significant if the pH of the wastewater is above 7.
Nitrogen removals usually range from 75 to 90% with the form
of runoff nitrogen dependent on temperature and on
application rates and schedule, Less removal of nitrate and
ammonium may occur during cold weather as a result of
reduced biological activity and limited plant uptake.

Phosphorus is removed by adsorption and precipitation 1in
essentially the same manner as with the SR and RI methods.
Treatment efficiencies are somewhat limited because of the
limited contact between the wastewater and the adsorption
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sites within the soil. Phosphorus removals usually range
from 50 to 70% on a mass basis. Increased removals may be
obtained by adding alum or ferric chloride to the wastewater
just prior to application on the slope.

1.7 Combination Systems

In areas where effluent quality must be very good, .or where
a high degree of treatment reliability must be maintained,
combinations of land treatment processes may be desirable.
For example, either an SR, RI, or a wetlands treatment
system could follow an OF system and would result in better
overall treatment than the OF alone. In particular, these
combinations could be used to improve BOD, suspended solids,
nitrogen, and phosphorus removals.

Similarly, OF could be used prior to RI to reduce nitrogen
levels to acceptable levels, This combination was
demonstrated successfully in a pilot scale study at Ada,
Oklahoma, using screened raw wastewater for the OF portion
[12].

Rapid infiltration may also precede SR land treatment, In
this combination, renovated water quality following RI 1is
expected to be high enough that even the most restrictive
requirements regarding the use of renovated water on food
crops can be met. Also, the ground water aquifer can be
used to store renovated water to correspond with crop
irrigation schedules. Some of these combinations are shown
schematically in Figure 1-4,

1.8 Guide to Intended Use of the Manual

This manual 1is organized similarly to the original 1977
edition except that the design examples are included as
appendixes. Completely new features in this manual are
chapters on energy, and health and environmental effects.

Chapters 2 through 6 follow, in sequence, a logical pro-
cedure for planning and design of land treatment systems.
The procedure commences (Chapter 2) with screening of the
entire study area to identify potential land treatment
sites, The Phase 1 planning is based on existing infor-
mation and data on land use, water rights, topography,
soils, and geohydrology. If potentially suitable sites
exist, the Phase 2 planning then 1involves detailed site
investigations (Chapter 3) to determine process suitability
and preliminary design criteria (Chapters 4, 5, and 6).

Process selection for a particular situation is influenced
by health and environmental issues (Chapter 9) and by energy
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needs (Chapter 8). Thus, Phase 2 planning requires the use
of all the technical chapters in the manual.

Small communities (up to 3,500 population) do not usually
need the same level of planning and investigation that is
essential for large systems. Nor do they always need the
level of sophistication that is normally provided, in terms
of equipment and management procedures, for large systems.
Procedures and shortcuts that are unique to small 1land
treatment systems are described in Chapter 7. Typical
examples are included to 1illustrate the 1level of effort
needed in field work and design.

The final design of a land treatment system needs only to
draw on the pertinent chapter (4, 5, or 6) for the intended
process. Some additional field investigation (Chapter 3)
may be necessary to optimize hydraulic loading rates and
ensure proper subsurface flow conditions. The design
chapters do not present complete detail on the hardware
(i.e., pumps, pipe materials, sprinkler rigs, etc.)
involved. Other sources will be needed for these design
details. The cost information in reference (1] or in the
CAPDET program is suitable for planning, comparison of
alternatives, and preliminary design only. The final
construction cost estimate should be derived 1in the
conventional way (by material take-off, etc.) from the final
plans.

Appendixes A, B, and C provide design examples of SR, RI,
and OF and are intended to demonstrate the design
procedure. Energy budgets and costs are provided along with
the process design. Appendix D contains a representative
list of currently operating municipal (also federal
government and selected industrial) land treatment systems
in the United States.

Appendix E provides information on designing irrigation
systems for SR facilities. The level of detail 1in this
appendix is sufficient to develop preliminary layouts and
sizing for distribution system components. Appendix F con-
tains a list of communities for which the EPA programs that
determine storage requirements based on climate
(Section 4.6.2) have been run. The final appendix, G,
provides a glossary of terms and conversion factors from
metric to U.S. customary units for all figures and tables.

The design approach for land treatment has been essentially
empirical, 1i.e., observation of successful performance
followed by derivation of <criteria and mathematical
expressions that describe overall performance. Essentially
the same approach was used to develop design criteria for
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activated sludge and other biological treatment processes.,
The physical, chemical, and biological reactions and
interactions occurring in all treatment processes are quite
complex and are difficult to define mathematically. Such
definition is still evolving for activated sludge as well as
land treatment. As a result, the design procedures
presented in this manual are still conservative and are
based on successful operating experience.

More rational design procedures however, are becoming
available (see Section 6.11). In addition, there are
mathematical models available that may be used to evaluate
the response to a ©particular —constituent (nitrogen,

phosphorus, etc.) or used in combination to describe the
entire system performance. A brief summary of models that
are currently available is 1included in reference [13]. A

more detailed discussion of specific models for 1land
treatment can be found in reference [14].
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CHAPTER 2

PLANNING AND TECHNICAL ASSESSMENT

2.1 Planning Procedure

Adequate planning must precede any wastewater treatment
system design to ensure selection of the most cost-effective
process that is feasible for the situation under consider-
ation. In many cases, guidelines or specifications for the
planning procedure are provided by the agency responsible
for the project. The purpose of this chapter is to present
those aspects of the planning procedure that are either
unigue or require special emphasis because of 1land
treatment.

Process selection for land treatment systems is more depen-
dent on site conditions than are mechanical treatment alter-
natives. This can mean that there is a need for extensive
and, in some cases, expensive site investigation and field
testing programs. To avoid unnecessary effort and expense,
a two-phase planning approach has been developed and adopted
by most agencies concerned. As shown in Figure 2-1, Phase 1
involves identification of potential sites via screening of
available information and experience. If potential sites
for any of the land treatment processes are identified, the
study moves into Phase 2. This phase includes field inves-
tigations and an evaluation of the alternatives.

2.2 Phase 1 Planning

Early during Phase 1, basic data that are common to all
wastewater treatment alternatives must be collected and
analyzed along with land treatment system requirements to
determine whether land treatment is a feasible concept. 1If
no limiting factors are identified that would eliminate land
treatment from further consideration, the next steps are to
identify potential land treatment sites and to evaluate the
feasibility of each site.

2.2.1 Preliminary Data

Service area definition, population forecasts, wastewater
quality and quantity projections, and water gquality require-
ments are wusually either specified or determined using
procedures established by the responsible authority. With
the exception of water quality requirements, the data are
generally the same for all forms of wastewater treatmeut. A
few aspects are specific to land treatment and are discussed
in this section.



WASTE
CHARACTERIZATION

4

LAND TREATMENT
SYSTEM SUITABILITY

ESTIMATION OF LAND
REQUIREMENTS

PHASE 1
LAND TREATMENT
NOT FEASIBLE BECAUSE
SITE IDENTIFICATION OF LIMITING FACTORS OR
PROJECT REQUIRENENTS
SITE  SCREENING
LAND APPLICATION
SELECTION OF NOT FEASIBLE IF
POTENTIAL SITES " THERE ARE NO
POTENTIAL SITES
FIELD INVESTIGATIONS
DEVELOPMENT OF
PRELININARY DES|GN
CRITERIA AND COSTS
PHASE 2

4

EVALUATION OF
ALTERNATIVES

LAND APPLICATION

PLAN SELECTION

NOT FEASIBLE FOR
———> OTHER REASONS OR OTHER

ALTERNATIVES MORE

INITEATION OF LAND
TREATMENT DESIGN

FIGURE 2-1

2-2

COST EFFECTIVE

TWO-PHASE PLANNING PROCESS



2.2.1.1 Wastewater Quality and Loadings

Major constituents in domestic wastewater are presented in
Table 2-1. Trace element concentration ranges are shown in
Table 2-2. The values in these tables may be used for plan-
ning purposes when a community's water gquality has not been
determined. Other important parameters in land treatment
design can include total dissolved solids, pH, potassium,
sodium, calcium, magnesium, boron, barium, selenium, fluor-
ide, and silver.

TABLE 2-1
IMPORTANT CONSTITUENTS IN TYPICAL
DOMESTIC WASTEWATER (1]

mg/L

Type of wastewater

Constituent Strong Medium Weak
BOD 400 220 110
Suspended solids 350 220 100
Nitrogen (total as Nj 85 40 20

Organic 35 15 8
Ammonia 50 25 12
Nitrate 0 0 1]
Phosphorus (total as P) 15 8 4
Organic S 3 1
Inorganic 10 5 3
Total organic carbon 290 160 80

For municipal 1land treatment systems, BOD and suspended
solids loadings seldom limit system capacity. Typical BOD
loading rates at municipal systems are shown in Table 2-3
and are much lower than rates used successfully in land
treatment of food processing wastewaters. Suspended solids
loadings at these industrial systems would be similar to the
BOD loadings shown in Table 2-3.

In contrast, if nitrogen removal is required, nitrogen load-
ing may 1limit the system capacity. Nitrogen removal
capacity depends on the crop grown, if any, and on system
management practices. The engineer should consult Sections
4.5 and 5.4.3.1 to determine whether nitrogen loading will
govern system capacity and, therefore, land area
requirements.



o TABLE 2-2
COMPARISON OF TRACE ELEMENTS IN
WATER AND WASTEWATERS

mg /L

Maximum recommended EPA recommended

Untreateda concentrations fgr drinking

Element wastewater irrigation water water standards®
Arsenic 0.003 0.1 0.05
Boron 0.3-1.8 0.5-2.0 No standard
Cadmium 0.004-0.14 0.01 0.01
Chromium 0.02-0.700 0.1 0.05
Copper 0.02-3.36 0.2 1.0
Iron 0.9-3.54 5.0 0.3
Lead 0.05-1.27 5.0 0.05
Manganese 0.11-0.14 0.2 0.05
Mercury 0.002-0.044 No standard 0.002
Nickel 0.002-0.105 0.2 No standard
Zinc 0.030-8.31 2.0 5.0

a. The concentrations presented encompass the range of values
reported in references [2-6].

Based on unlimited irrigation at 1.0 m/yr(3 ft/yr).

Reference [7].

TABLE 2-3
TYPICAL BOD LOADING RATES
kg/ha-yr

Slow rate Rapid infiltration Overland flow

Range for
municipal
wastewater 370~1,830 8,000-46,000 2,000-7,500

Note: See Appendix G for metric conversions.

In some cases, other wastewater constituents such as phos-
phorus or trace elements may control design. For example,
if wastewater trace element concentrations exceed the maxi-
mum recommended concentrations for irrigation water (Table
2-2), SR systems may be infeasible or may require special
precautions. This is rare, however, and most municipal
systems will be 1limited either by hydraulic capacity or
nitrogen loading. ' '

2.2.1.2 Water Quality Requirements

Land treatment systems have somewhat unique discharge
requirements because many of these systems do not have
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conventional point discharges to receiving surface waters.
In the past, the ability of the soil to treat wastewater was
not well recognized. As a result, discharge standards were
often imposed on a wastewater prior to its application on
land, thereby increasing treatment costs and enerqgy require-
ments without significantly improving overall treatment
performance. More recently, land has been recognized as an
important component in the treatment process. For this
reason, discharge requirements now apply to water guality
following land treatment.

For systems that discharge to receiving waters, such as OF
systems and some underdrained or naturally draining SR and
RI systems, renovated water quality must meet surface dis-~
charge requirements. For systems where the renovated water
remains underground, EPA has established quidance for three
categories of ground water discharge that meet the criteria
for best practicable waste treatment. These three
categories are as follows:

Case 1 - The ground water can potentially be used for
drinking water supply.

The chemical and pesticide 1levels in Table 2-4
should not be exceeded in the ground water. If the
existing concentration in the ground water of an
individual parameter exceeds the standards, there
should be no further increase in the concentration
of that parameter resulting from land application
of wastewater,

Case 2 - The ground water is used for drinking water supply.

The same criteria as Case 1 apply and the bacterio-
logical quality criterion from Table 2-4 also
applies in cases where the ground water is used
without disinfection.

Case 3 - Uses other than drinking water supply.

Ground water criteria should be established by the
Regional Administrator in conjunction with appro-
priate state agencies based on the present or
potential use of the ground water.

For each ground water category, discharge requirements must
be met at the boundary of the land treatment project.



( TABLE 2-4
NATIONAL INTERIM PRIMARY
DRINKING WATER STANDARDS, 1977 [7,8]

Constituent a Reason
or characteristic Value for standard
Physical
Turbidity, units ° 1b Aesthetic
Chemical, mg/L
Arsenic 0.05 Health
Barium 1.0 Health
Cadmium 0.01 Health
Chromium 0.05 c Health
Fluoride 1.4-2.4 Health
Lead 0.05 Health
Mercury 0.002 Health
Nitrates as N 10 Health
Selenium 0.01 Health
Silver 0.05 Cosmetic
Sodiumd -- Health
Bacteriological
Total coliforms,
MPN/100 mL 1 Disease
Pesticides, mg/L
Endrin 0.0002 Health
Lindane 0.004 Health
Methoxychlor 0.1 Health
Toxaphene 0.005 Health
2,4-D 0.1 Health
2,4,5-TP 0.01 Health

a. The latest revisions to the constituents
and concentrations should be used.

b. Five mg/L of suspended solids may be
substituted if it can be demonstrated
that it does not interfere with
disinfection.

c. Dependent on ambient air temperature;
higher limits for lower temperatures.

d. Ground water drinking supplies must be
monitored at least once every 3 years;
surface water supplies must be monitored
at least annually.

For SR systems, individual states often have additional,
crop-specific preapplication treatment requirements. These
requirements are usually based on the method of wastewater
application, the degree of public contact with the site, and
the disposition of the crop. For example, crops for human
consumption generally require higher 1levels of preappli-
cation treatment than forage crops.

Local and state water quality requirements may also apply to
site runoff. Generally, all wastewater runoff must be con-
tained onsite and reapplied or treated. Stormwater runoff
requirements will vary from site to site and will depend on
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the expected quality of the runoff and the quality of local
surface waters. State and local water quality agencies
should be contacted for more specific requirements.

2.2.1.3 Regional Characteristics

Critical regional parameters include climate, surface water
hydrology and quality, and ground water quality.

Climate

Local climate may affect (1) the water balance (and thus the
acceptable wastewater hydraulic loading rate), (2) the
length of the growing season, (3) the number of days per
year that a land treatment system cannot be operated,
(4) the storage capacity regquirement, (5) the loading cycle
of RI systems, and (6) the amount of stormwater runoff. For

this reason, local precipitation, evapotranspiration,
temperature, and wind values must be determined before
design criteria can be established. Whenever possible, at

least 10 years of data should be used to obtain these
values,

Three publications of The National Oceanic and Atmospheric
Administration (NOAA) provide sufficient data for most com-
munities, The Monthly Summary of Climatic Data provides
basic information, 1Including total precipitation, tem-
perature maxima and minima, and relative humidity, for each
day of the month and évery weather station in a given
area. Whenever available, evaporation data are included.
An annual summary of climatic data, entitled Local Climato-
logical Data, 1is published for a small number of major
weather stations. Included in this publication are the
normals, means, and extremes of all the data on record to
date for each station. The Climate Summary of the United
States provides 10 year summaries of the monthly climatic
data. Other data included are:

° Total precipitation for each month of the 10 year
period.

) Mean number of days that precipitation exceeded
0.25 and 1.3 cm (0.10 and 0.50 in.) during each
month

o Total snowfall for each month of the period
° Mean temperature for each month of the period

° Mean daily temperature maxima and minima for each
month
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(] Mean number of days per month that the temperature
was less than or equal to 0 °C (32 °F) or greater
than or equal to 32.5 °C (90 °F)

A fourth reference that can be helpful is EPA's Annual and

Seasonal Precipitation Probabilities [9]. This publication
includes precipitation probabilities for 93 stations
throughout the United States.

Data requirements for planning purposes are summarized in
Table 2-5. The amount of water lost by evapotranspiration
should also be estimated, either by using pan evaporation
data supplied by 'NOAA or by using theoretical methods
(Section 4.3.2.3). The length of the growing season for
perennial crops is usually assumed to be the number of con-
tinuous days per year that the maximum daily temperature is
above freezing. Specific information on growing seasons can
also be obtained from the local county agent.

TABLE 2-5
SUMMARY OF CLIMATIC ANALYSES

Factor Data required Analysis Use

Precipitation Annual average, Frequency Water balance
maximum, minimum

Rainfall storm Intensity, duration Frequency Runoff estimate

Temperature Days with average Frost free Storage, treatment efficiency,
below freezing period crop growing season

Wind velocity, direction -- Cessation of sprinkling

Evapotran- Annual, monthly Annual Water balance

spiration average distribution

Surface Water Hydrology

For SR systems (see Chapter 4 for details) best management
practices for control of stormwater should be used. Contour
planting’” (instead of straight-row planting) and incorpo-
rating plant residues into the soil to increase the soil
organic content will also minimize sediment and nutrient
losses. When designing drainage and runoff collection sys-
tems, a 10 year return event should be the minimum interval
considered.

Ground Water Hydrology

Information that should be obtained includes soil surveys,
geocologic and ground water resources surveys, well drilling
logs, ground water level measurements, and chemical analyses
of the ground water. Numerous federal, state, county, and
city agencies have this type of information as well as uni-
versities, professional and technical societies, and private



concerns with ground water related interests. Particularly
good sources are the U.S. Geological Survey (USGS), state
water resources departments, and county water conservation
and flood control districts. Much of the information col-
lected from these agencies and entities will also be useful
during the site identification step. (Figure 2-1).

2.2.2 Land Treatment System Suitability

Factors that should be considered in determining suitability
of a particular land treatment process are:

[ Process ability to meet treatment requirements
(refer to Chapter 1)

' Study area characteristics that may dictate or
eliminate certain land treatment processes

o Secondary project objectives, such as a desire for
increased water supplies for irrigation or recrea-
tion

Once a preliminary decision regarding process suitability
has been made, typical hydraulic and nutrient loading rates
can be used to estimate land area. Minimum preapplication
treatment, storage, and other requirements are then deter-
mined, and the feasibility of each type of land treatment.
process is evaluated.

2.2.2.1 Process Loading Rates

Slow Rate Process

The amount of wastewater that can be applied to a given SR
site per unit area and per unit time is the wastewater hy-
draulic loading rate, which can be estimated by using the
following water balance equation:

Precipitation + applied wastewater (2-1)
= evapotranspiration + percolation

Runoff is not included in the equation since SR design is
based on having no runoff of applied wastewater. The perco-
lation rate is the volume of water that must travel through
the soil, per unit application area and unit time, and is
established during system design, To ensure that there is
no runoff, the design percolation rate should never exceed
the saturated hydraulic conductivity, or permeability, of
the most restrictive layer in the soil profile (i.e., the
minimum soil permeability). Potential evapotranspiration
values have been calculated for various locations 1in the
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United States. These evapotranspiration values have been
used along with 1local precipitation records to plot the
difference between potential evapotranspiration and precipi-
tation as a function of location [10]. This plot, included
as Figure 2-2, can be used to determine rough estimates of
the difference between evapotranspiration and precipitation
at any site in the mainland United States.

Experience has shown that the maximum design percolation
rate should equal no more than a fraction of the minimum
soil permeability or hydraulic conductivity measured with
clear water and using typical field and laboratory proce-
dures (Sections 3.4 and 3.5). For planning purposes, the
fraction ranges from about 4 to 10% of the minimum hydraulic
conductivity depending on the uniformity of the soil and the
degree of conservativeness (Sections 4.5.1, 5.4.1). Based
on this relationship, the recommended maximum percolation
rate is plotted in Figure 2-3 as a function of minimum soil
permeability as measured with clear water. To use the plot
during Phase 1, soil permeability must be estimated from
soil survey information. Then, the range of recommended
maximum percolation rates 1is read from the graph. The
recommended range of annual wastewater hydraulic loading
rates is estimated using Equation 2-1, by adding the differ-
ence between evapotranspiration and precipitation (taken
from Figure 2-2) to the range of percolation rates identi-
fied in Figure 2-3. During Phase 2, hydraulic conductivity
‘measurements should be conducted at selected sites and used
to estimate maximum percolation rates.

The range of percolation rates that have been used in prac-
tice is broader than the maximum recommended range shown in
Figure 2-3. The range is greater because parameters other
than soil hydraulic capacity, such as nitrogen loading, crop
requirements, and climate, often limit the allowable perco-
lation rate of SR systems. For preliminary planning
purposes, loading rates and land requirements are estimated
by assuming that corn or sorghum or forage grasses will be
grown. Nitrogen requirements for these crops are discussed
in Section 4.3.

Rapid Infiltration Process

Wastewater hydraulic loading rates for RI systems are based
on the hydraulic capacity of the soil and on the underlying
soil geology. During Phase 1, hydraulic capacity 1is esti-
mated from soil survey data and other published sources.
Then, the range of percolation rates to use during prelim-
inary planning is read from Figure 2-3. This figure (2-3)
should not be used for design.
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During Phase 2, design percolation rates are determined by
measuring at least one of the following parameters:

° Infiltration rate using appropriate tests (Section
304)

[ Hydraulic conductivity (permeability) of the soil,
usually in vertical direction

As described in Section 5.4.1, the design percolation rate
will always be a fraction of the test results. Considera-
tions of nutrient removal and cold weather operation may
require adjustments in the design percolation rate.

Overland Flow Process

During Phase 1 and Phase 2 planning, the engineer can as-
sume a hydraulic loading rate of 6.3 to 20 cm/wk (2.5 to
8 in./wk) for screened raw wastewater and a rate of 10 to
25 cm/wk (4 to 10 1in./wk) for primary effluent (Section
6.4). Often, OF is used to polish wastewater effluent from
biological treatment processes. In such cases, assumed
wastewater loading rates may be as high as 20 to 40 cm/wk (8
to 16 in./wk).

2.2.2.2 Storage Needs

For SR and OF systems, adequate storage must be provided
when climatic conditions halt operations or require reduced
hydraulic loading rates. Most RI basins are operated year-
round, even in areas that experience cold winter weather
(Figure 2-4), Rapid infiltration systems may require cold
weather storage during periods when the temperature of the
wastewater to be applied is near freezing and the ambient
air temperature at the site is below freezing. Generally,
the problem occurs only when ponds are used for preapplica-
tion treatment. Land treatment systems also may need
storage for flow equalization, system backup and
reliability, and system management, including crop harvest-
ing (SR and OF) and spreading basin maintenance (RI).
Reserve application areas can be used instead of storage for
these system management requirements.

During the planning process, Figure 2-5 may be used to ob-
tain a preliminary estimate of storage needs for SR and OF
systems. This figure was developed from data collected and
analyzed by the National Climatic Center in Asheville, North
Carolina. The data were used to develop computer prodgrams
that estimate site specific wastewater storage requirements
based on climate ([11], which, in turn, were used to plot
Figure 2-5. The map is based on the number of freezing days
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per year corresponding to a 20 year return period. I1f
application rates are reduced during cold weather,
additional storage may be required. Should there be a need
for more detailed data, the engineer should contact:

Director

National Climatic Center

Federal Building

Asheville, North Carolina 28801
(704) 258-2850

Any communications should refer to computer programs EPA-1,
2, and 3 (Section 4.6.2 and Appendix F). Each of these
programs costs $225 for an initial computer run (January
1981).

FIGURE 2-4
WINTER OPERATION OF RAPID INFILTRATION
AT LAKE GEORGE, NEW YORK

Alternatively, for OF and SR systems, -4 °C (25 °F) can be
assumed as the minimum temperature at which a system will
successfully operate. Readily available temperature data
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may be used by assuming that systems do not operate below
-4 °C. Then, the required storage volume is estimated from
the average cold weather flow and the number of days in
which the mean temperature is less than -4 °C.

2.2.3 Land Area Requireménts

The amount of land required for a land treatment system
includes the area needed for buffer zones, preapplication
treatment, storage, access roads, pumping stations, and
maintenance and administration buildings, in addition to the
land actually required for treatment. Depending on growth
patterns in the study area, and on the accessibility of the
land treatment site, additional land may be required for
future expansion or for plant emergencies.

During planning, the total amount of land required, exclud-
ing any buffer zones that may be required by state agencies,
can be roughly approximated from Figure 2-6. To use the
nomograph shown in this figure, the design wastewater flow
must be known. First, the wastewater hydraulic loading rate
is estimated (Section 2.2.2). Then, the wastewater flow and
hydraulic loading rate are located on the appropriate axes
and a line 1is drawn passing through them to the pivot
line, Next, the number of weeks per year that the system
will not operate, due to weather, crop harvesting, or other
reasons, 1s estimated. A second line is drawn from the
pivot point to the number of nonoperating weeks. The point
at which this second line crosses the axis labeled "total
area" corresponds to the estimated required area.

2.2.4 Site Identification

Potential land treatment sites are identified using existing
soils, topography, hydrogeology, and land use data, shown by
parameter on 1individual study area maps. Eventually, the
data are combined into composite study area maps that
indicate areas of high, moderate, and 1low land treatment
suitability.

Potential land treatment sites are identified using a deduc-
tive approach [l13]. First, any constraints that might limit
site suitability are identified. In most study areas, all
land within the area should be evaluated for each land
treatment process. The next step is to classify broad areas
of land near the area where wastewater 1is generated
according to their land treatment suitability. Factors that
should be considered include current and planned land use,
topography, and soils.
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2.2.4.1 Land Use

Land use in most communities is regulated by local, county,
and regional zoning laws. Land treatment systems must
comply with the appropriate 2zoning requlations. For this
reason, the planner should be fully aware of the actual land
uses and proposed land uses in the study area. The planner
should attempt to develop land treatment alternatives that
conform to local land use goals and objectives.

Land treatment systems can conform with the following land
use objectives:

° Protection of open space that is used for 1land
treatment

° Production of agricultural or forest products using
renovated water on the land treatment site

° Reclamation of land by using renovated water to
establish vegetation on scarred land

° Augmentation of parklands by irrigating such lands
with renovated water

° Management of flood plains by using flood plain
areas for 1land treatment, thus precluding land
development on such sites

° Formation of buffer areas around major public
facilities, such as airports

To evaluate present and planned land uses, city, county, and
regional land use plans should be consulted. Because such
plans often do not reflect actual current land use, site
visits are recommended to determine existing land use.
Aerial photographic maps may be obtained from the Soil Con-
servation Service (SCS) or the local assessor's office.
Other useful information may be available from the USGS and
the EPA, including true color, false color infrared, and
color infrared aerial photos of the study area.

Once the current and planned land uses have been determined,
they should be plotted on a study area map. Then, land use
suitability may be plotted using the factors shown in
Table 2-6.

Both land acquisition procedures and treatment system opera-
tion are simplified when few land parcels are involved and
contiguous parcels are used. Therefore, parcel size 1is an
important parameter. Usually, information on parcel size
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can be obtained from county assessor or county recorder
maps. Again, the information should be plotted on a map of
the study area.

TABLE 2-6
LAND USE SUITABILITY FACTORS FOR
IDENTIFYING LAND TREATMENT SITES [14]

Type of system

Agricultural Forest Overland Rapid .
Land use factor slow rate slow rate flow infiltration
Open or cropland High Moderate High High
Partially forested Moderate Moderately Moderate Moderate

high

Heavily forested Low High Low Low
Built upon Low Very low Very low Very low
(residential,
commercial, or
industrial)

2.2.4.2 Topography

Steep grades limit a site's potential because the amount of
runoff and erosion that will occur is increased, crop culti-
vation is made more difficult, if not impossible, and satur-
ation of steep slopes may lead to unstable soil
conditions, The maximum acceptable grade depends on soil
characteristics and the land treatment process used
(Table 1-2).

Grade and elevation information can be obtained from USGS
topographic maps, which usually have scales of 1:24,000
(7.5 minute series) or 1:62,500 (15 minute series). Grade
suitability may be plotted using the criteria listed in
Table 2-7.

TABLE 2-7
GRADE SUITABILITY FACTORS FOR IDENTIFYING
LAND TREATMENT SITES [14]

Slow rate systems . .
Overland Rapid

Grade factor Agricultural Forest flow infiltration
0 to 12% High High High High

12 to 20% Low High Moderate Low

>20% Very low Moderate Eliminate Eliminate

2-19



Relief is another important topographical consideration and
is the difference in elevation between one part of a 1land
treatment system and another. The primary impact of relief
is its effect on the cost of conveying wastewater to the
land application site. Often, the economics of pumping
wastewater to a nearby site must be compared with the cost
of constructing gravity conveyance to more distant sites,

A site's susceptibility to flooding also can affect its
desirability. The flooding hazard of each potential site
should be evaluated in terms of both the possible severity
and frequency of flooding as well as the areal extent of

flooding. In some areas, it may be preferable to allow
flooding of the application site provided offsite storage is
available. Further, crops can be grown in flood plains if

flooding is infrequent enough to make farming economical.

Overland flow sites can be located in flood plains provided
they are protected from direct flooding which could erode
the slopes. Backwater from flooding, if it does not last
more than a few days, should not be a problem. Flood plain
sites for RI basins should be protected from flooding by the
use of levees,

Summaries of notable floods and descriptions of severe
floods are published each year as the USGS Water Supply
Papers. Maps of certain areas inundated in past floods are
published as Hydrologic Investigation Atlases by the USGS.
The USGS also has produced more recent maps of flood prone
areas for many regions of the county as part of the Uniform
National Program for Managing Flood Losses. These maps are
based on standard 7.5 minute (1:24,000) topographic sheets
and 1identify areas that 1lie within the 100 year flood
plain. Additional information on flooding susceptibility is
available from local offices of the U.S. Army Corps of Engi-
neers and local flood control districts.

2.2.4.3 Soils

Common soil-texture terms and their relationship to the SCS
textural class names are listed in Table 2-8.

Fine-textured soils do not drain well and retain water for
long periods of time. Thus, infiltration is slower and crop
management is more difficult than for freely drained soils
such as loamy soils. Fine-textured soils are best suited
for the OF process. Loamy or medium-textured soils are
desirable for the SR process, although sandy soils may be
used with certain crops that grow well in rapidly draining
soils. Soil structure and soil texture are important char-
acteristics that relate to permeability and acceptability
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for land treatment. Structure refers to the degree of soil
particle aggregation. A well structured soil is generally
more permeable than unstructured material of the same
type. The RI process is suited for sandy or loamy soils.,

. TABLE 2-8
SOIL TEXTURAL CLASSES AND GENERAL TERMINOLOGY
USED IN SOIL DESCRIPTIONS

General terms
Basic soil textural

Common name Texture class names

Sandy soils Coarse Sand
Loamy sand

Moderately coarse Sandy loam
Fine sandy loam

Loamy soils Medium Very fine sandy loam
Loam
Silt loam
Silt
Moderately fine Clay loam

Sandy clay loam
Silty clay loam

Clayey soils Fine Sandy clay
Silty clay
Clay

Soil surveys are usually available from the SCS. Soil sur-
veys normally contain maps showing soil series boundaries
and textures to a depth of about 1.5 m (5 ft). The scale of
these maps ranges from 1:31,680 to 1:15,840 and even 1:7,920
in some locations. In a survey, limited information on
chemical properties, grades, drainage, erosion potential,
general suitability for locally grown crops, and interpre-
tive and management information is provided. In some areas,
published surveys are not available or exist only as
detailed reports with maps ranging in scale from 1:100,000
to 1:250,000. Additional information on soil character-
istics and on soil survey availability can be obtained from
the SCS, through the local county agent.

Although soil depth, permeability, and chemical character-
istics significantly affect site suitability, data on these
parameters are often not available before the site investi-
gation phase. If these data are available, they should be
plotted on a study area map along with soil texture. In
identifying potential sites, the planner should keep in mind
that adequate soil depth is needed for root development and
for thorough wastewater treatment. Further, permeability
requirements vary among the land treatment processes.
Desirable permeability ranges are shown by process in Table
2-9 together with desired soil texture. The SCS permeabil-
ity class definitions are presented in Figure 2-~3.
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Certain geological formations are of interest during
Phase 1. Discontinuities and fractures in bedrock may cause
shortcircuiting or other unexpected ground water flow
patterns, Impermeable or semipermeable layers of rock,
clay, or hardpan can result in perched ground water
tables. The USGS and many state geological surveys have
maps indicating the presence and effects of geological
formations. These maps and other USGS studies may be used
to plot locations within the study area where geological
formations may limit the suitability for land treatment.

. ' TABLE 2-9
TYPICAL SOIL PERMEABILITIES AND TEXTURAL
CLASSES FOR LAND TREATMENT PROCESSES

Principal processes

Rapid Overland

Slow rate infiltration flow
Soil permeability >0.15 >5.0 <0.5
range, cm/h
Permeability Moderately slow to Rapid Slow
class range moderately rapid
Textural Clay loams to Sand and Clays and
class range sandy loams sandy loams clay loams
Unified Soil GM-d, SM-d, ML, GW, GP, SW, GM-u, GC,
Classification oL, MH, PT SP SM-u, SC,

CL, OL, CH, OH

Once each of the parameters discussed in the preceding para-
graphs have been mapped, the maps are merged into a
composite map that indicates areas with high, moderate, and
low suitability. Map overlays may be useful during this
process.,

2.2.5 Site Screening

During the latter half of Phase 1, each part of the study
area that appears to be suitable for land treatment must be
evaluated and rated in terms of technical suitability and
feasibility. Rating is often accomplished by weighting each
of the site selection factors and using a numerical
system, The resulting ratings are used to identify sites
that have high overall suitability and that should be inves-
tigated more thoroughly. If suitable sites are not
available, no further consideration is given to land
treatment.
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Site selection factors and weightings should vary to suit
the needs and characteristics of the community. Several
factors that should be considered are listed in Table 2-10.
A sample rating system is shown in Table 2-11. This system
may be varied by the planner to reflect available
information.

TABLE 2-10
SITE SELECTION GUIDELINES

Characteristic

Process

Remarks

S0il permeability

Potential ground
water pollution

Ground water storage
and recovery

Existing land uses

Future land use

Size of site

Flooding hazard

Slope

Water rights

Overland flow

Rapid infiltration
and slow rate

Rapid infiltration
and slow rate

Rapid infiltration

All processes

All processes

All processes

All processes

All processes

Rapid infiltration

Overland flow

All processes

High permeability soils are more suitable
to other processes.

Hydraulic loading rates increase with
permeability.

Affected by the (1) proximity of the site to
a potential potable aquifer, (2) presence of
an agquiclude, (3) direction of ground water
flow, and (4) degree of ground water recovery
by wells or underdrains.

Capability for storing percolated water and
recovery by wells or underdrains is based

on aquifer depth, permeability, aquiclude
continuity, effective treatment depth, and
ability to contain the recharge mound within
the defined area.

Involves the occurrence and nature of con-
flicting land use.

Future urban develooment may affect the ability
to expand the system.

If there are a number of small parcels, it is
often difficult to purchase or lease the
needed area.

May exclude or limit site use.

Steep grades may (1) increase capital expen-
ditures for earthwork, and (2) increase the
erosion hazard during wet weather.

Steep grades often affect ground water
flow pattern.

Steep grades reduce the travel time over the
treatment area and treatment efficiency. Flat
land requires extensive earthwork to create
grades.

May require disposal of renovated water in a
particular watershed within a particular
stretch of surface water.
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TABLE 2~11

RATING FACTORS FOR SITE SELECTION [14,

15]-

Characteristic

Slow rate systems

Agricultural

Forest

Overland
flow

Rapid
infiltration

Soil depth, md

0.3-0.6

0.6-1.5

1.5-3.0
>3.0

Minimum depth to
ground water, m

<1l.2
1.2-3.0
>3.0

Permeability, cm/h€

<0.15
0.15-0..5
0.5-1.5%
1.5-5.0
>5.0
Grade, %
0-5
5-10
10-15
15-20
20-30
30-35
>35

Existing or planned land use

Industrial

High density residential/urban
Low density residential/urban
Forested

Agricultural or open space

Qverall suitability ratingd

Low
Moderate
High

O woowm

DHOO&nm 0 O W W

LR o = =)

<15
15-25
25-35

= 0 ] wowowm

ONBLONDD [ -- RV, RVEY ]

wéar~0o0O

<15
15-25
25-35

o BN —~—eo

mEmmmone Mr-o®o

Ll o =]

<16
16-25
25-35

oo m coamm

mEmmm e & o oCormm

>~ -0 0

<16
16-25
25-35

Note: The higher the maximum number in each characteristic, the more important
the characteristic; the higher the ranking, the greater the suitability.

a. Depth of the profile to bedrock.

Excluded; rated as poor.

c. Permeability of most restrictive layer in soil profile.

d. Sum of values.

2-24



EXAMPLE 2-1: USE OF RATING FACTORS TO DETERMINE
SITE SUITABILITY

An example of the use of rating factors is presented in the following two
figures and tables. Example soil types are shown in Figure 2-7 as presented
in a portion of a county SCS soil survey. Characteristics of the three soil
types and existing land uses are presented in Table 2-12. The characteristics
are then compared to the rating factors in Table 2-11 to obtain the numerical
values in Table 2-13. For example, the Bibb silt loam in Table 2-12 has a
depth of soil above bedrock of 1.5 to 3 m (5 to 10 ft). From Table 2-11,

this would correspond to values of 8 for SR, 7 for OF, and 4 for RI. These
values are entered into Table 2-13.

When all factors are evaluated, the numerical values are added together to
obtain a total and to determine the suitability rating. The high suitability
areas are presented in the soils map in Figure 2-8. By applying this procedure
to all soils within a given 'radius of the community, the most suitable sites
(generally 3 to 5) are identified for further field investigation and cost-
effectiveness evaluation.

SaB

EoB

Bm

SaB

FIGURE 2-1
EXAMPLE AREA OF SOIL MAP TO BE EVALUATED

TABLE 2-12 .
CHARACTERISTICS OF SOIL SERIES MAPPED IN FIGURE 2-7

Sassafras fine Evesboro

Bibb silt loam sandy loam loamy sand
Map symbol Bm SaB EoB
Soil depth, m 1.5-3.0 0.6-1.5 >3.0
Depth to ground water, m <1.2 1.2-3.0 1.2-3
Permeability, cm/h <0.15 1.5-5.0 >5.0
Grade, % 0-5 0-5 0-5
Land use Agricultural Forested Industrial
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TABLE 2-13

EXAMPLE USE OF RATING FACTORS FOR SITE SELECTION

System Ground Perme- Land
S@il type type Depth water ability Grade use Total Suitability
Bibb SR 8 0 1 8 4 21 Moderate
silt loam OF 7 2 10 8 4 31 High
(Bm) RI 4 E E 8 4 --2 Eliminate
Sassafras SR 2 4 8 8 1 24 Moderate
fine sandy OF 4 4 1 8 1 18 Moderate
loam (SaB) RI E 2 6 8 1 --48 Eliminate
Evesboro SR 9 4 8 8 0 29 High
loamy sand OF 7 4 E 8 0 --28 Eliminate
(EoB) RI 8 2 9 8 0 27 High

a. Total not determined because site was clearly eliminated

type of land treatment based on one or more site factors.

EXAMPLE SUITABILITY MAP FOR SOILS IN FIGURE 2-7

o
b

/l
O

SR or RI HIGH SUITABILITY
OF HIGH SUITABILITY

SR MODERATE SUITABILITY
SR or OF MODERATE SUITABILITY

FI1GURE 2-8
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2.3 Phase 2 Planning

Phase 2, the site investigation phase, occurs only if sites
with potential have been identified in Phase 1. During
Phase 2, field investigations are conducted at the selected
sites to determine whether 1land treatment is technically
feasible. When sufficient data have been collected, prelim-
inary design criteria are calculated for each potential
site, Using these criteria, capital and operation and main-
tenance costs are estimated. These cost estimates and other
nonmonetary factors are used to evaluate the sites selected
during Phase 1 for cost effectiveness. On the basis of this
evaluation, a land treatment alternative 1is selected for

design.
2.3.1 Field Investigations

Field investigations that should be performed during Phase 2
include:

) Characterization of the soil profile to an approxi-
mate depth of 1.5 m (5 ft) for SR, 3 m (10 ft) for
RI, and 1 m (3 ft) for OF

) Measurements of ground water depth, flow, and
quality

° Infiltration rate and soil hydraulic conductivity
measurements

[ Determination of soil chemical properties
Methods for these analyses are detailed in Chapter 3.
2.3.2 Selection of Preliminary Design Criteria

From information collected during the field investigations,
the engineer can confirm the suitability of the sites for
the identified land treatment process(es). Using the load-
ing rates described previously (Figure 2-3, Section 2.2.2),
the engineer should then select the appropriate hydraulic
loading rate for each land treatment process that is suit-
able for each site under consideration. Based on the
loading rate estimates, land area, preapplication treatment,
storage, and other system requirements can be estimated.
Reuse/recovery options should also be outlined at this time,
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2.3.2.1 Preapplication Treatment

Some degree of wastewater treatment prior to land applica-
tion is usually necessary, for one or more of the following
reasons:

° To avoid unnecessary wear on the distribution
system, and in particular, pumps in the system

® To allow wastewater storage prior to land treatment
without creating nuisance conditions

) To minimize potential public health risks
° To reduce soil clogging in RI land treatment

o To obtain a higher overall level of wastewater
treatment

Industrial pretreatment should be considered when industrial
waste contains materials that (1) could hinder the treatment
processes; (2) could accumulate in quantities that would be
detrimental to the soil-plant system; or (3) could pass
through a land treatment system and restrict the beneficial
uses of the renovated water or the native ground water.
Industrial contaminants of concern include trace organics
and trace elements. General guidelines and time schedules
for implementation of industrial waste pretreatment programs
can be obtained from the EPA regional offices.

2.3.2.2 Recovery of Renovated Water

The collection of renovated wastewater following land treat-
ment may be either necessary or desirable. If the renovated
wastewater can be reclaimed for beneficial uses, recovery
may even be profitable. In many locations, water rights may
necessitate recovery of renovated water for disposal at a
specific location in a given watershed. 1In some locations,
underdrainage may be needed to control ground water eleva-
tions and allow site development.

Methods used to recover renovated wastewater include under-
drains, recovery wells, surface runoff collection, and tail-
water return. Wastewater can also be recovered through
springs and seeps that result from land treatment or by
subsurface flow from the land treatment site to the surface
water, These methods and their applicability to each of the
three major types of land treatment are summarized 1in
Table 2-14. Design of recovery systems is discussed in more
detail in Chapters 4, 5, and 6.

2-28



TABLE 2-14
APPLICABILITY OF RECOVERY SYSTEMS FOR RENOVATED WATER

Recovery system Slow rate Rapid infiltration oOverland flow
Springs, seeps, or Often used to Often used to ) NA
natural drainage maintain water maintain water rights
rights
Underdrains Ground water control Ground water control NA
and effluent reuse and effluent reuse
Recovery wells Usually NA Ground water control NA

and effluent reuse
Surface runoff
Effluent NA NA Collect, dischargea
Stormwater Sediment control NA Collect, dischargea
Talilwater
Sprinkler application NA NA NA

Surface application 25-50% of applied NA NA
flow

NA - not applicable.

a. Disinfect if required before discharge; provide for shortfterm recycling qf waste-
water after extended periods of shutdown if effluent requirements are stringent,

2.3.3 Evaluation of Alternatives

Land treatment alternatives should be evaluated on the basis
of capital costs, operation and maintenance costs (including
enerdgy consumption), and other nonmonetary factors, such as
public acceptability, ease of implementation, environmental

impact, water rights, and treatment consistency and relia-
bility.

2.3.3.1 Costs

For cost analyses, the EPA cost-effectiveness analysis pro-
cedures described in 40CFR 35, Appendix A, must be used in
selecting any municipal wastewater management system that
will be funded under PL 92-500 [161]. For nongrant funded
projects, the EPA analysis may be modified to fit a
community's specific objectives. The most cost-effective
alternative is defined as follows [16]:

The most cost-effective alternative shall be the waste
treatment management system which the analysis deter-
mines to have the lowest present worth or equivalent
annual value unless nonmonetary costs are overriding.
The most cost-effective alternative must also meet the
minimum requirements of applicable effluent
limitations, groundwater protection, or other
applicable standards established under the Act.
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Curves for estimating capital and operation and maintenance
costs may be found in reference [17], or the CAPDET system
can be used for a preliminary estimate.

Cost comparisons should include the cost of preapplication
treatment and sludge handling as well as 1land treatment
process components, including transmission, storage, field
preparation, renovated water recovery, and land. The costs
of resolving any water rights problems also must be
included. The EPA cost-effectiveness gquidelines require
that grant-funded projects use the following general service
lives: :

° Land Permanent

° Structures 30 to 50 years
° Process equipment 15 to 30 years
°® Auxiliary equipment 10 to 15 years

Capital costs for land will vary from site to site, Land
treatment systems must have adequate land for preapplication
treatment facilities, storage reservoirs, wastewater appli-
cation, buffer zones, administrative and laboratory build-
ings, transmission pipe easement, and other facilities.
Costs of relocating residences and other buildings depend on
the location but also should be included in capital cost
estimates. The local offices of the U.S. Army Corps of
Engineers, U.S. Bureau of Reclamation, and state highway
departments can provide information on relocation cost
estimates.

Several options are available for acquisition or control of
the land used for wastewater application, including:

°® Outright purchase (fee-simple acquisition)
o Long-term lease or easement
) Purchase and leaseback of land (usually to farmer

for irrigation) with no direct municipal involve-
ment in land management.
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For larger projects, fee-simple land acquisition is favored
by most federal agencies, states, and communities. Further,
outright purchase provides the highest degree of control
over the land application site and ensures uninterrupted
land availability. Estimates indicate that land leasing has
been cost effective for several hundred projects
nationwide. Generally, these projects are in arid or semi-
arid areas where renovated water has a high value and land a
relatively low value. Leasing or easement arrangements also
can be very attractive for smaller communities.

Capital costs of land for both land treatment processes and
storage prior to land application are eligible for federal
Construction Grants Program funding as specified in EPA
guidance {18]. During the cost effectiveness analyses, the
engineer must keep in mind that, unlike many other treatment
components, land has a salvage value, In addition, current
EPA guidance allows the land value to appreciate 3% per
year. Thus, the salvage value after 20 years is:

(1 + 0.03)20 X present price = (1.806)(present price)

The present worth of this salvage value is calculated using
the prevailing interest rate, not the 3% appreciation
rate. Long-term easements or leases of land for land appli-
cation processes also are eligible for Construction Grants
Program funding, provided that the conditions summarized in
Table 2-15 are met.

TABLE 2-15
LEASE/EASEMENT REQUIREMENTS FOR CONSTRUCTION
GRANTS PROGRAM FUNDING (18]

e Limit the purpose of the lease or easement to land application and activities
incident to land application.

Describe explicitly the property use desired.

Waive the landowner's right to restoration of the property at the termination
of the lease/easement.

® Recognizing the serious risk of premature lease termination, provide for full
recovery of damages by the grantee in such an event. The grantee must insure
the capability to operate and meet permit requirements for the useful life of
the project.

® Provide for payment of the lease/easement in a lump sum for the full value of
the entire term.

® Provide for.leases/easements for the useful life of the treatment plant,
with an option of renewal for additional terms, as deemed appropriate.

Operation and maintenance costs include labor, materials,
and supplies (including chemicals), and power costs. For
cost comparison purposes, they are assumed to be constant
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during the planning period. However, if average wastewater
flows are expected to increase significantly during the
planning period, operation and maintenance costs should be
developed for each year of the planning process. Operation
and maintenance cost curves may be found 1in references
(17, 19].

To estimate labor costs, staffing requirements for both
preapplication treatment and land treatment must be deter-
mined. Staffing requirements for preapplication treatment
can be found in reference [19]. Staffing requirements at
municipally owned and operated land treatment systems have
been plotted as a function of flow in Figure 2-9. Land
treatment systems that are owned and/or operated by farmers
will have lower municipal staffing requirements.

Annual costs should include the cost of leasing land for
wastewater application, when appropriate. Annual cost esti-
mates also should take into consideration revenues from crop
sales, sale of renovated water, sale of effluent for land
application, or leaseback of purchased land for farming or
other purposes., Because of the uncertainty in estimating
these revenues, they should be used to offset only a portion
of the operating costs in the cost-effectiveness analysis.

Prevailing market values for crops usually can be obtained
from state university cooperative extension services. Pre-
liminary yield estimates should be based on the proposed
application conditions and on typical yields in the local
area.

Another source of revenue may be the sale of recovered ren-
ovated water, particularly runoff from OF systems or
renovated water from RI system recovery wells. Markets for
renovated water must be investigated on a community by com-
munity basis. Methods of assessing the relative value of
renovated wastewater for various uses and potential reuse
categories are discussed in reference [20].

2.3.3.2 Energy

Basic energy requirements for unit processes and operations
have been described and quantified in reference [21]. The
data in the report were used to compare land treatment
energy requirements with mechanical system requirements and
to develop equations for calculating the energy requirements
of each unit process [22}]. Equations in Chapter 8 can be
used to generate accurate power cost estimates for the cost-
effectiveness analysis.
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2.3.3.3 Nonmonetary Considerations

According to the EPA guidelines, a cost-effectiveness
analysis must also consider nonmonetary factors such as
environmental impacts {23, 24], ease of implementation
(magnitude of potential water rights conflicts, public
acceptability), and treatment consistency and reliability.
Potential water rights conflicts are discussed briefly in
Section 2.4. Public acceptability will be greatly aided by
an effective public participation program, particularly if
there is any chance that local farmers will be involved in
an SR system. Public participation regulations in the
federal Construction Grants Program are given in 40 CFR
Part 35. These regulations implement the public participa-
tion requirements of 40 CFR Part 25.

Changing discharge requirements, wastewater characteristics,
growth rates, and land uses for areas surrounding and con-
tributing to the treatment system require treatment flex-
ibility. The ability of each alternative to adapt to
changes should be evaluated.

2.3.4 Plan Selection

To select an alternative, each of the factors considered
during the evaluation process should be compared on an
equivalent basis. Monetary factors should be expressed in
terms of total present worth or equivalent annual cost.
Nonmonetary factors should be weighted according to their
local importance, and reasons cited for abandoning any
alternative for nonmonetary reasons. If there are no over-
riding nonmonetary factors, the alternative selected should
be the plan with the lowest total present worth or equiv-
alent annual cost.

Actual alternative selection should involve the wastewater
management agency, the planner/engineer, advisory groups,
citizen and special interest groups, and other interested
governmental agencies. Once an alternative is tentatively
selected, and before design begins, mitigation measures for
minimizing any identified adverse impacts should Dbe
outlined.

2.4 Water Rights and Potential Water Rights Conflicts

Land application of wastewaters may cause several changes in
drainage and flow patterns [25]:

l. Site drainage may be affected by land preparation,
soil characteristics, 'slope, method of wastewater
application, cover crops, climate, buffer zones,
and spacing of irrigation equipment.
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2. Land application may alter the pattern of flow in
the body of water that would have received the
wastewater discharge, Although this may diminish
the flow in the body of water, it also may increase
the quality. The change may be continuous or
seasonal.

3. Land application may cause surface water diversion,
because wastewaters that previously would have been
carried away by surface waters are now applied to
land and often diverted to a different watershed.

Two basic types of water rights laws exist in the United
States: riparian 1laws, which emphasize the right of
riparian landowners along a watercourse to use of the water,
and appropriative laws, which emphasize the right of prior
users of the water [25]. Most riparian or land ownership
rights are in effect east of the Mississippi River, whereas
most appropriative rights are in effect west of the
Mississippi River. Specific areas where these two doctrines
dominate are shown in Figure 2-10.

Most states divide their water laws into three categories:
(1) waters in well-defined channels or basins (natural
watercourses), (2) superficial waters not in channels or
basins (surface waters), and (3) underground waters not in
well-defined channels or basins (percolating waters or
ground waters). Potential water rights problems involving
each type of water and each of the three primary types of
land treatment are summarized in Table 2-16. This table is
intended to aid during planning and preliminary screening of
alternatives, but is not to be used as the basis for elim-
inating any alternatives.

2.4.1 Natural Watercourses

Most legal problems regarding natural watercourses involve
the diversion of a discharge with the subsequent reduction
in flow through the watercourse. 1In riparian states, diver-
sion of discharges that were not originally part of a stream
should not be cause for 1legal action. In appropriative
states, if the diversion would threaten the quantity or
quality of a downstream appropriation, the downstream user
has cause for legal action. Legal action may be either
injunctive, preventing the diverter from affecting the
diversion, or monetary, requiring the diverter to compensate
for the damages. If the area is not water-short and if the
watercourse is not already overappropriated, damages would
be difficult if not impossible to prove.
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TABLE 2-16
POTENTIAL WATER RIGHTS PROBLEMS FOR LAND
TREATMENT ALTERNATIVES?2

Land treatment process

vater definition and Rapid
water rights theory Slow rate infiltration Overland flow

Natural watercourses
Riparian Unlikely Unlikely Unlikely

Appropriative Likelyb Likelyb Depends on location of
discharge from collection ditch

Combination Likelyb LikelyP bepends on location of
discharge from collection ditch

Surface waters

Riparian Unlikely Unlikely Likelyc
Appropriative Unlikely Unlikely Likely®
Combination Unlikely  Unlikely Likely®

Percolating or
ground waters

Riparian Unlikely Possible Unlikely
Appropriative Likely Likely Unlikely
Combination Likely Likely Unlikely

a. For existing conditions and alternative formulation stage of the planning
process onlv. It is also assumed that the appropriative situations are
water-short or overappropriated.

If effluent was formerly discharged to stream.

If collection/discharge ditch crosses other properties to the
natural watercourse.

2.4.2 Surface Waters

For surface waters, riparian and appropriative rights are
very similar. If renovated water from a land treatment
system crosses private property, a drainage or utility ease-
ment will be necessary.

2.4.3 Percolating Waters (Ground Waters)

Water rights conflicts may be caused either by a rise in the
ground water table that damages lands adjoining a land
treatment system or by the appearance of trace contaminants
in nearby wells. In riparian states, the landowner must
prove that his ground water is continuous with and down-
gradient from ground water underlying the land treatment
site. If the alleged damages are not the result of negli-
gent treatment site operation, cause for legal action will
be difficult to show. 1In appropriative states, increases in
ground water table elevations would not usually threaten
anyone's appropriative right. Thus, there would be no cause
for legal action.
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2.4.4 Sources of Information

For larger systems and in problem areas, the state or local
water master or water rights engineer should be consulted.
Other references to consider are the publications, A
Summary-Digest of State Water Laws, available from the

National Water Commission [25], and Land Application of
Wastewater and State Water Law, Volumes I and II [26, 27].
If problems develop or are likely with any of the feasible
alternatives, a water rights attorney should be consulted.
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Chapter 3

FIELD INVESTIGATIONS

3.1 Introduction

In contrast to conventional technologies, the analysis and
design of land treatment systems requires specific informa-
tion on the properties of the proposed site or sites. Too
little field data may lead to erroneous conclusions while
too much will result in unnecessarily high costs with little
refinement in the design concept. Experience indicates that
where uncertainty exists, it is prudent to adopt a
conservative posture relative to data gathering
requirements.

Figure 3-1 is a flow chart which presents a logical sequence
of field testing for a land treatment project. At several
points, available data are wused for calculations or
decisions that may then necessitate additional field
tests. These additional tests are usually directed toward
estimation of new parameters, required for extending the
analysis. However, in some cases, additional field tests
may also be required simply to refine preliminary estimates.

Guidance on testing for wastewater constituents and soil
properties 1is provided for each land treatment process in
Table 3-1. Normally, relatively modest programs of field
testing and data analysis will be satisfactory. 1In certain
instances, however, more complex investigations and analyses
are required with higher levels of expertise in soil testing
and evaluation procedures. Firms specializing in these
areas are available for assistance if expertise does not
exist within the firm having general design responsibility.

3.2 Physical Properties

Preliminary screening, as described in Chapter 2, of a
potential site (or sites) will ordinarily be based on exist-
ing field data available from a SCS county soil survey and
other sources. The next step involves some physical
exploration on the site. This preliminary exploration is of
critical importance to subsequent phases of the project.
Its two purposes are: (1) verification of existing data and
(2) identification of probable, or possible, site limita-
tions; and it should be performed with reasonable care. For
example, the presence of wet areas, water-loving plant
species, or surficial salt crusts should alert the designer
to the need for detailed field studies directed toward the
problem of drainage. The presence of rock outcroppings
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would signify the need for more detailed subsurface
investigations than might normally be required. If a stream
were located near the site, there would need to be

additional study of the surface and near-surface hydrology;
wells would create a concern about details of the ground
water flow, and so on. These points may seem obvious.
However, there are examples of systems that have failed
because of just such obvious conditions: limitations that
were not recognized until after design and construction were

complete.

TABLE 3-1

SUMMARY OF FIELD TESTS FOR

LAND TREATMENT PROCESSES

Properties

Processes

Slow rate (SR)

Rapid
infiltration (RI)

Overland flow (OF)

Wastewater
constituents

Soil physical
properties

Soil hydraulic
properties

Soil chemical
properties

Nitrogen, phosphorus,
SARa, EC2, boron

Depth of profile
Texture and structure
Infiltration rate

Subsurface
permeability

PH, CEC, exchangeable
cations (% of CEC),

BOD, SS, nitrogen,
phosphorus

Depth of profile
Texture and structure
Infiltration rate

Subsurface
permeability

pH, CEC, phosphorus
adsorption

BOD, SS, nitrogen,
phosphorus

Depth of profile
Texture and structure

Infiltration rate
(optional)

pPH, CEC, exchangeable
cations (% of CEC)

EC3, metalsP, phos-
phorus adsorption
(optional)

a. May be more significant for arid and semiarid areas.

b. Background levels of metals such as cadmium, copper, or zinc in the soil should
be determined if food chain crops are planned.

3.2.1 Shallow Profile Evaluation

Following the initial field reconnaissance, some subsurface
exploration will be needed. In the preliminary stages, this
consists of digging pits, usually with a backhoe, at several
carefully selected locations. Besides exposing the soil
profile for inspection and sampling, the purpose 1is to
identify subsurface features that could develop into site
limitations, or that point to potential adverse features.,
Conditions such as fractured, near-surface rock, hardpan
layers, evidence of mottling in the profile, lenses of open-
work gravel and other anomalies should be carefully noted.
For OF site evaluations, the depth of soil profile
evaluation can be the top 1 m (3 ft) or so. The evaluation
should extend to 1.5 m (5 ft) for SR and 3 m (10 ft) or more
for RI systems.



3.2.2 Profile Evaluation to Greater Depths

In some site evaluations, the 2.5 to 3.7 m (about 8 to
12 ft) deep pits that can be excavated by a backhoe will not
yield sufficient information on the profile to allow all the

desired analyses to be made. For example, it may be
necessary to locate both the ground water table and the
depth to the <closest impermeable layer. These depths

together with horizontal conductivity values and certain
other data are required to make mounding analyses, design
drainage facilities, and for contaminant mass balance
calculations,

Auger holes or bore holes are frequently used to explore
soil deposits below the 1limits of pit excavation. Augers
are useful to relatively shallow depths compared to other
boring techniques. Depth limitation for augering varies
with soil type and conditions, as well as hole diameter. 1In
unconsolidated materials above water tables, 12.7 cm (5 in.)
diameter holes have been augered beyond 35 m (115 ft).
Cuttings that are continuously brought to the surface during
augering are not suitable for logging the soil materials.
Withdrawal of the auger flights for removal of the cuttings
near the tip represents an improvement as a logging
technique. The best method is to withdraw the flights and
obtain a sample with a Shelby tube or split-spoon sampler.

Boring methods, which can be used to probe deeper than
augering, include churn drilling, jetting, and rotary
drilling. When using any of these methods it is preferable
to clean out the hole and secure a sample from the bottom of
the hole with a Shelby tube or split-spoon sampler.

3.3 Hydraulic Properties

The planning and design work relative to land treatment
systems cannot be accomplished without estimates of several
hydraulic properties of the site. The capacity of the soil
to accept and transmit water is crucial to the design of RI
systems and may be limiting in the design of some SR systems
as well. 1In addition, tracking the movement and impacts of
the wastewater and its constituents after application will
always be an important part of design.

For purposes of this manual, hydraulic properties of soil
are considered to be those properties whose measurement
involves the flow or retention of water within the soil
profile.



3.3.1 Saturated Hydraulic Conductivity

A material is considered permeable if it contains intercon-
nected pores, cracks, or other passageways through which
water or gas can flow. Hydraulic conductivity (synonymous
with the term permeability in this manual) is a measure of
the ease with which 1liquids and gases pass through soil.
The term is more easily understood if a few basic concepts
of water flow in soils are introduced first.

In general, water moves through soils or porous media in
accordance with Darcy's equation:

=9 _ ydH (3-1)
1-x T
where g = flux of water, the flow, Q per unit cross

sectional area, A, cm/h (in./h)

K = hydraulic conductivity (permeability), cm/h
(in./h)
dH/dl = hydraulic gradient, m/m (ft/ft)

The total head (H) can be assumed to be the sum of the soil-
water pressure head (h), and the head due to gravity (Z), or
H = h + Z. The hydraulic gradient is the change in total
head (dH) over the path length (dl).

The hydraulic conductivity is defined as the proportionality
constant, K. The conductivity (K) is not a true constant
but a rapidly changing function of water content, Even
under conditions of constant water content, such as satura-
tion, K may vary over time due to increased swelling of clay
particles, change in pore size distribution due to
classification of particles, and change 1in the chemical
nature of soil-water. However, for most purposes, saturated
conductivity (K) can be considered constant for a given
soil. The K value for flow in the vertical direction will
not necessarlly be equal to K In the horizontal direction.
This condition 1s known as anisotropic. It 1s especially
apparent in layered soils and those with large structural
units.

The conductivity of soils at saturation is an important
parameter because it is used in Darcy's equation to estimate
ground water flow patterns (see Section 3.6.2) and is useful
in estimating soil infiltration rates. Conductivity 1is
frequently estimated from other physical properties but much
experience 1is required and results are not sufficiently

3-5



accurate for design purposes [1-5]. For example, hydraulic
conductivity is largely controlled by soil texture: coarser
materials having higher conductivities. However, in some
cases the soil structure may be equally important: well
structured fine soils having higher conductivities than
coarser unstructured soils.

In addition, hydraulic conductivity for a specific soil may
be affected by variables other than those relating to grain
size, structure, and pore distribution. Temperature, ionic
composition of the water, and the presence of entrapped air
can alter conductivity values [1].

3.3.2 Infiltration Capacity

The infiltration rate of a soil is defined as the rate at
which water enters the soil from the surface. When the soil
profile 1is saturated with negligible ponding above the
surface, the infiltration rate 1is equal to the effective
saturated conductivity of the soil profile.

When the soil profile is relatively dry, the infiltration
rate is higher because water 1is entering large pores and
cracks. With time, these 1large pores fill and clay
particles swell reducing the infiltration rate rather
rapidly until a near steady-state value is approached. This
change in infiltration rate with time is shown in Figure 3-2
for several different soils. The effect of both texture and
structure on infiltration rate is illustrated by the curves
in Figure 3-2, The Aiken clay loam has good structural
stability and actually has a higher final infiltration rate
than the sandy loam soil. The Houston black clay, however,
has very poor structure and infiltration drops to near zero.

For a given soil, initial infiltration rates may vary
considerably, depending on the initial soil moisture
level. Dry soil has a higher initial rate than wet soil
because there is more empty pore space for water to enter.
The short term decrease in infiltration rate is primarily
due to the change in soil structure and the filling of large
pores as clay particles absorb water and swell. Thus,
adequate time must be allowed when running field tests to
achieve a steady intake rate.

Infiltration rates are affected by the ionic composition of
the soil-water, the type of vegetation, and tillage of the
soil surface. Factors that have a tendency to reduce
infiltration rates include clogging by suspended solids in
wastewater, classification of fine soil particles, clogging
due to biological growths, gases produced by soil microbes,
swelling of soil colloids, and air entrapped during a



wetting event [6, 7). These influences are all likely to be
experienced when a site is developed into a land treatment
system. The net result 1is to restrict the hydraulic
loadings of land treatment systems to values substantially
less than those predicted from the steady state intake rates
(see Figure 3-2), requiring reliance on field-developed
correlations between clean water infiltration rates and
satisfactory operating rates for full-scale systems. 1t
should be recognized that good soil management practices can
maintain or even increase operating rates, whereas poor
practices can lead to substantial decreases.
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FIGURE 3-2
INFILTRATION RATE AS A FUNGTION
OF TIME FOR SEVERAL SOILS [3]

Although the measured infiltration rate on the particular
site may decrease in time due to surface clogging phenomena,
the subsurface vertical permeability at saturation will
generally remain constant. That is, clogging in depth does
not generally occur. Thus, the short-term measurement of
infiltration serves reasonably well as an estimate of the
long~-term saturated vertical permeability if infiltration is
measured over a large area. Once the infiltration surface
begins to clog, however, the flow beneath the clogged layers
tends to be unsaturated and at unit hydraulic gradient.
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The short-term change in infiltration rate as a function of
time is of interest in the design and operation of SR
systems. A knowledge of how cumulative water intake varies
with time is necessary to determine the time of application
necessary to infiltrate the design hydraulic load. The
design application rate of sprinkler systems should be
selected on the basis of the infiltration rate expected at
the end of the application period.

3.3.3 Specific vield

The term specific yield is most often used in connection
with unconfined aquifers and has also been called the
storage coefficient and drainable voids. It is wusually
understood to be the volume of water released from a unit
volume of unsaturated aquifer material drained by a falling
water table. Although the term fillable porosity has occa-
sionally been used as a synonym for the above three terms,
it is actually a somewhat smaller quantity because of the
effect of entrapped air. The primary use of specific yield
values 1is in computing aquifer properties, for example, to
perform ground water mound height analyses. For relatively
coarse-grained soils and deep water tables, it is usually
satisfactory to consider the specific yield a constant
value. As computations are not extremely sensitive to small
changes in the value of specific yield, it is usually satis-
factory to estimate it from knowledge of other soil
properties, either physical as in Figure 3-3 (8], or
hydraulic as in Figure 3-4 (9]. To clarify Figure 3-3,
specific retention 1is equal to the porosity minus the
specific yield.

A note of caution, however. For fine-textured soils, espe-
cially as the water table moves higher in the profile, the
specific yield may not have a constant value because of
capillarity. Discussion of this complication may be found
in references [10, 11]. The effect of decreasing specific
yield with increasing water table height can lead to serious
difficulties with mound height analysis (Section 5.7.2).

3.3.4 Unsaturated Hydraulic Conductivity

The conductivity of soil varies dramatically as water
content is reduced below saturation. As an air phase is now
present, the flow channel 1is changed radically and now
consists of an irregular solid boundary and the air-water
interface,. The flow path becomes more and more tortuous
with decreasing water content as the larger pores empty and
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flow becomes confined to the smaller pores, Compounding the
effect of decreasing cross-sectional area for flow is the
effect of added friction as the flow takes place closer and
closer to solid particle surfaces. The conductivity of
sandy soils, although much higher at saturation than loamy
soils, decreases more rapidly as the soil becomes less
saturated. In most cases, the conductivities of sandy soils
eventually become lower than finer soils. This relationship
explains why a wetting front moves more slowly in sandy
soils than medium or fine soils after irrigation has stopped
and why there is little horizontal spreading of moisture in
sandy soils after irrigation.

Estimating water movement under unsaturated conditions using
Darcy's equation and unsaturated K values 1is complex. A
discussion of such calculations is outside the scope of this
manual. The user is referred to references [1, 10, 12, 13]
for further details and solution of special cases.

3.3.5 Profile Drainage

For SR systems that are operated at application rates
considerably in excess of crop irrigation requirements, it
is often desirable to know how rapidly the soil profile will
drain and/or dry after application has stopped. This know-
ledge, together with knowledge of the limiting infiltration
rate of the soil and the ground water movement and buildup,
allows the designer to make a reasonable estimate of the
maximum volume of water that can be applied to a site and
still produce adequate crops. A typical moisture profile
and its change with time following an irrigation is illus-
trated in Figure 3-5 for an 1initially saturated profile,.
Moisture profile changes may be determined in the field with
tensiometers [4].

3.4 Infiltration Rate Measurements

The value that is required in land treatment design is the
long-term acceptance rate of the entire soil surface on the
proposed site for the actual wastewater effluent to be
applied. The value that can be measured is only a short-
term equilibrium acceptance rate for a number of particular
areas within the overall site,

There are many potential techniques for measuring infiltra-
tion including flooding basin, c¢ylinder infiltrometers,

sprinkler infiltrometers and air-entry permeameters. A
comparison of these four techniques 1is presented in
Table 3-2. In general, the test area and the volume of

water used should be as large as practical. The two main
categories of measurement techniques are those involving
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flooding (ponding over the soil surface) and rainfall
simulators (sprinkling infiltrometer). The flooding type of
infiltrometer supplies water to the soil without impact,
whereas the sprinkler infiltrometer provides an impact
similar to that of natural rain. Flooding infiltrometers
are easier to operate than sprinkling infiltrometers, but
they almost always give higher equilibrium infiltration
rates. In some cases, the difference is very significant,
as shown 1in Table 3-3,. Nevertheless, the flooding
measurement techniques are dgenerally preferred because of
their simplicity. Relationships between infiltration rates
as obtained by various flooding techniques and the loading
rates of RI systems are discussed in Section 5.4.1. The air
entry permeameter is described in Section 3.5.2.

0 —-WATER CONTENT SATURATION

\\\ \ L
FIGURE 3-5

TYPICAL PATTERN OF THE
CHANGING MOISTURE PROFILE DURING DRYING AND DRAINAGE

<——— ©

SOIL OEPTH

If a sprinkler or flood application is planned, the test
should be conducted in surficial materials. If RI is
planned, pits must be excavated to expose lower horizons
that will constitute the bottoms of the basins. If a more
restrictive layer is present below the intended plane of
infiltration and this layer is close enough to the intended
plane to interfere, the test should be conducted at this
layer to ensure a conservative estimate.
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TABLE 3-2
COMPARISON OF INFILTRATION
MEASUREMENT TECHNIQUES

Water Time

Measurement use per per test, Equipment -

technique test, L h needed Comments

Flooding 2,000-10,000 4-12 Backhoe Tensiometers

basin or blade may be used

Cylinder 400-700 1-6 Cylinder Should use large diameter

infiltrometer or earthen cylinders (1 m diameter)
berm

Sprinkler 1,000-1,200 1.5-3 Pump, pres- For sprinkler applications,

infiltrometer sure tank, soil should be at field
sprinkler, capacity before test
cans

Air entry 10 0.5-1 AEP Measures vertical hydraulic

permeameter apparatus, conductivity. If used to

(AEP) standpipe measure rates of several

with resevoir different soil layers, rate
is harmonic mean of conducti-
vities from all soil layers.

Note: See Appendix G for metric conversions.

TABLE 3-3
SAMPLE COMPARISON OF INFILTRATION MEASUREMENT
USING FLOODING AND SPRINKLING TECHNIQUES (14]

Equilibrium infiltration
rate, cm/h

Measurement Overgrazed Pasture, grazed but
technique pasture having good cover

Double-cylinder
infiltrometer (flooding) 2.82 5.97

Type F rainfall
simulator (sprinkling) 2.90 2.87

Infiltration test results are typically plotted as shown in
Figures 3-2 and B-3. The derivation of design values from
these test results is presented in Appendix B.

Before discussing the infiltration measurement techniques,
it should be pointed out that the U.S. Public Health Service
(USPHS) percolation test used for establishing the size of
septic tank drain fields [15] is definitely not recommended
as a method for estimating infiltration.
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3.4.1 Flooding Basin Techniques

Pilot-scale infiltration basins represent an excellent tech-
nique for determining vertical infiltration rates. The
larger the test area is, the less the relative error due to
lateral moisture movement will be and the better the
estimate. Where such basins have be used, Ehe plots have
generally ranged from about 0.9 m (lO ft to 0.1 ha
(0.25 acre). In some cases, pilot basins of large scale (2
to 3.2 ha or 5 to 8 acres) have been used to determine
infiltration rates and demonstrate feasibility with the
thought of incorporating the test basins into a subsequent
full-scale system [16]. Figure 3-6 is a photograph of a
pilot basin.

FIGURE 3-6
FLOODING BASIN USED FOR MEASURING INFILTRATION

The Corps of Engineers has used flooding basin tests to
determine infiltration rates on three existing 1land
treatment sites [17]. Basins of 6.1 m (20 ft) and 3 m
(10 ft) diameter were used and it was concluded that the 3 m
(10 ft) diameter basin was large enough to provide reliable
infiltration data. About 4 man-hours were required for
completing an installation and less than 1,000 L (265 gal)
of water would probably be adequate to complete a test. As
this testing procedure will undoubtedly become more widely
adopted, Figures 3-7 and. 3-8 are 1included to show the
details of installation [18].
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An important assumption in any flooding type infiltration
test is a saturated (or nearly so) condition in the upper
soil profile. Thus, an essential part of this method is the
installation of a number of tensiometers within the test
area at various depths to verify saturation by their
approach to a 2zero value of the matric potential, before
obtaining any head drop (water level) measurements. 1In the
Corps of Engineers studies, six tensiometers were installed
inalm (3.3 ft) diameter circle concentric with the center
of the 3 m (10 ft) diameter test basin as shown in
Figure 3-8. Table 3-4 gives their suggested depths of
placement in a soil of well-developed horizons; however, any
reasonable spacing above strata of lower conductivity, if
such exist, should be adequate. In soils lacking well-
developed horizons, a uniform spacing down to about 60 cm
(24 in.) should suffice. A seventh tensiometer installed at
a depth of about 150 cm (60 in.) is also suggested, but is
not critical.

TABLE 3-4
SUGGESTED VERTICAL PLACEMENT OF
TENSIOMETERS IN BASIN INFILTROMETER TESTS [18]

Soil

No. horizon Placement
1 A Midpoint of A
2 B 1/5 distance between A/B and B/C interfaces
3 B 2/5 distance between A/B and B/C interfaces
4 B 3/5 distance between A/B and B/C interfaces
S B 4/5 distance between A/B and B/C interfaces
6 c 15 cm below B/C interface

Following installation and calibration of the tensiometers,
a few preliminary flooding events are executed to achieve
saturation, Evidence of saturation 1is the reduction of
tensiometer readings to near zero through the upper soil
profile. Then a final flooding event is monitored to derive
a cumulative intake versus time curve, A best fit to the
data plotted on 1log-log paper allows calculation of the
infiltration parameters, as shown in Figure 3-9. Subsequent
observation of tensiometers can then provide data on profile
drainage.
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3.4.2 Cylinder Infiltrometers [

The equipment and basic methodology for this popular mea-
surement technique are described in references [9, 19, 20].
The equipment setup for a test is shown in Figure 3-10.

To run a test, a metal cylinder 1is carefully driven or
pushed into the soil to a depth of about 10 to 15 cm (4 to
6 in.). Measurement cylinders of from 15 to 35 cm (6 to
14 in.) diameter have generally been used in practice, with
lengths of about 25 to 30.5 cm (10 to 12 in.). Divergent
flow, partially obstructed by the portion of the cylinder
beneath the soil surface, is further minimized by means of a
"buffer zone" surrounding the central ring. The buffer zone
is commonly provided by another cylinder 40 to 70 cm (16 to
30 in.,) diameter, driven to a depth of 5 to 10 cm (2 to
4 in.) and kept partially full of water during the time of
infiltration. This particular mode of making measurements
has come to be known as the double-cylinder or double-ring
infiltrometer method. Care must be taken to maintain the
water levels in the inner and outer cylinders at the same
level during the measurements. Alternately, buffer 2zones
are provided by diking the area around the intake cylinder
with low (7.5 to 10 cm or 3 to 4 in.) earthen dikes.

If the cylinder is installed properly and the test carefully
performed, the technique should produce data that at least
approximate the vertical component of flow. In most soils,
as the wetting front advances downward through the profile,
the infiltration rate will decrease with time and approach a
steady-state value asymptotically. This may require as
little as 20 to 30 minutes in some soils and many hours in
others. Certainly, one could not terminate a test until the
steady-state condition was attained or the results would be
totally meaningless (see Figure 3-2).

Anyone contemplating the use of this measurement technique
because of its apparent simplicity should also be aware of
its limitations. Discussions dealing specifically with the
problem of separating the desired vertical component from
the total moisture flux, which may include a large lateral
component, can be found in references [21, 22].

A more promising direction is suggested in reference [19] 1in
which the main conclusion is applicable: to minimize errors
in the use of the cylinder infiltrometer technique; use only
large-diameter cylinders  and careful installation
techniques. The specific recommendation as to cylinder
diameter 1s a minimum of 1 m (3.3 ft).
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Installation should disturb the soil as little as possible.
This generally requires thin-walled cylinders with a
beveled edge and very careful driving techniques. 1In soft
soils, cylinders may be pushed or jacked in, In harder
soils, they must be driven in. The cylinders must be kept
straight during this process, especially avoiding a
"rocking" or tilting motion to advance them downward. In
cohesionless coarse sands and gravels, a poor bond between
the soil and the metal cylinder often results, allowing
seepage around the edge of the cylinder. Such conditions
may call for special methods to be devised. One such method
is to construct the test area by forming low dikes and
covering the inside walls with plastic sheet to prevent
lateral seepage [19]. This begins to approach the basin
flooding method described in Section 3.4.1.

Measurements of infiltration capacity of soils often show
wide variations within a relatively small area. Hundred-
fold differences are common on some sites. Assessing
hydraulic capacity for a project site 1is especially
difficult because test plots may have adequate capacity when
tested as 1isolated portions, but may prove to have
inadequate capacity after water is applied to the total area
for prolonged periods. Problem areas can be anticipated
more readily by field study following spring thaws or
extended periods of heavy rainfall and recharge [23].
Runoff, ponding, and near saturation conditions may be
observed for brief periods at sites where drainage problems
are likely to occur after extensive application begins.

Although far too few extensive tests have been made to
gather meaningful statistical data on the cylinder infiltro-
meter technigue, one very comprehensive study is available
from which tentative conclusions can be drawn.

Test results from three plots (357 individual tests) located
on the same homogeneous field were compared. In addition,
test results from single-cylinder infiltrometers with no:
buffer zone were compared with those from double-cylinder
infiltrometers. The inside cylinders had a 15 cm (6 in.)
diameter; the outside cylinders, where used, had a 30 c¢m
(12 in.) diameter. For this particular soil, the presence
of a buffer 2zone did not have a significant effect on the
measured rates. These data, although very carefully taken,
overestimate the field average by about 40%, indicating that
small diameter cylinders will consistently overestimate the
true vertical infiltration rate [14].

3-19



3.4.3 Sprinkler Infiltrometers

Sprinkler infiltrometers are used primarily to determine the
limiting application rate for systems using sprinklers. To
measure the soil intake rate for sprinkler application, the
method presented in reference [24] can be used. The equip-
ment needed includes a trailer-mounted water recirculating
unit, a sprinkler head operating inside a circular shield
with a small side opening, and approximately 50 rain gages.

A schematic diagram of a typical sprinkler infiltrometer is
presented in Figure 3-11. A 1,814 kg (2 ton) capacity
trailer houses a 1,135 L (300 gal) water supply tank and 2
self-priming centrifugal pumps. The sprinkler pump should
have sufficient capacity _to deliver _at least 6.3 L/s
(100 gal/min) at 34.5 N/cm? (50 1lb/in.2) to the sprinkler
nozzle, and the return flow pump should be capable of
recycling all excess water from the shield to the supply
tank. The circular sprinkler shield is designed to permit a
revolving head sprinkler to operate normally inside the
shield. The opening in the side of the shield restricts the

wetted area to about one-eighth of a circle, Prior to
testing, the soil in the wetted area is brought up to field
capacity. Rain gages are then set out in rows of three

spaced at 1.5 m (5 ft) intervals outward from the sprinkler
in the center of the area to be wetted. The sprinkler is
operated for about 1 hour. The intake of water in the soil
at various places between gages 1is observed to determine
whether the application rate is less than, greater than, or
equal to the infiltration rate.

The area selected for measurement of the application rate is
where the applied water just disappears from the soil
surface as the sprinkler jet returns to the spot. At the
end of the test (after 1 hour), the amount of water caught
in the gages is measured and the intake rate is calcu-
lated. The calculated rate of infiltration is equal to the
limiting application rate that the soil system can accept
without runoff.

Disadvantages of the technique are the time and expense
involved in determining intake rates using a sprinkler
infiltrometer. There is, in fact, little reason to try to
measure maximum intake rates on soils that are going to be
loaded far below these maximum rates, as is the case for
most SR system designs. However, where economics dictate
the use of application rates far in excess of ‘the
consumptive use (CU) of the proposed crop on soils of known
or suspected hydraulic limitation, a test such as described
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above should be given careful consideration., Local SCS
field personnel or irrigation specialists should be
consulted for opinions on the advisability of making such
tests.

3.5 Measurement of Vertical Hydraulic Conductivity

The rate at which water percolates through the soil profile
during application depends on the "average" saturated
conductivity (K_.) of the profile. If the soil is uniform, K
is assumed to Be constant with depth. Any differences in
measured values of K are then due to normal variations in
the measurement technique. Thus, average K may be computed
as the arithmetic mean of n samples:

K, + K, + K, + ... + K_ (3-2)

Kam = 71 2 3 n
n

where K ., = arithmetic mean vertical conductivity

Many soil profiles approximate a layered series of uniform
soils with distinctly different K values, generally de-
creasing with depth., For such cases, it can be shown that
average K 1is represented by the harmonic mean of the K
values from each layer [25]:

“rm ~ I+ d, s 3 (3-3)
ki % Xn
where D = soil profile depth
d, = depth of nth layer
Khm = harmonic mean conductivity

If a bias or preference for a certain K value 1is not
indicated by statistical analysis of ' field test results, a
random distribution of K for a certain layer or soil region
must be assumed. In such cases, it has been shown that the
geometric mean provides the best estimate of the true K [25,
26, 27]:

= . . . . 1/n -

where Kgm = geometric mean conductivity
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The relationships between vertical hydraulic conductivity
and the 1loading rates for RI systems are discussed in
Section 5.4.1.

There are many in situ methods available to measure vertical
saturated conductivity. For convenience, these may be
divided into methods in the presence of and in the absence
of a water table. 1In addition, there are several laboratory
techniques which are used to estimate saturated conductivity
in soil samples taken from pits or bore holes. Either
constant-head or falling-head permeameters can be used for
these estimates. Detailed test procedures may be found in
any good soil mechanics text, The main criticisms of the
use of laboratory techniques are the disturbance of the
sample during collection by pushing or driving a sampler
into it and the small size of sample tested. These
criticisms are entirely valid. Nonetheless, when estimates
of conductivity are needed from deep 1lying strata that
physically cannot be examined in situ, then sampling and
laboratory measurement may be the only feasible technique.

The only important test used below a water table is the pipe
cavity, or piezometer tube method (28], described in
practical terms in reference [29]. This test is especially
helpful when the soils below the water table are layered,
with substantially different vertical conductivities in each

strata. In such cases, a separate test should be run in
each of the layers of interest in order to apply
Equation 3-3, The most important application occurs when

there is evidence of vertical gradients that could transport
percolate downward to lower lying aquifers.

Methods available to measure vertical saturated conductivity
in a soil region above, or in the absence of a water table,
include the ring permeameter [9, 30], the gradient-intake
[1, 31], the double-tube [1, 30] and the air-entry
permeameter [1, 32, 33]. With the development of the newer
techniques, the ring permeameter method, which requires an
elaborate setup and uses a lot of water per test, 1is no
longer in widespread use. The gradient-intake technique is
primarily used as a site screening method, for ranking the
relative conductivities of different soils. Conductivity
values obtained by this method are considered conservative
as they often prove to be lower than those produced by other
methods.

In practice, the double-tube and air-entry permeameters have
found favor and are used more frequently than the other
techniques. Therefore, only these two methods will be
discussed. Enough information will be given here to enable
the user to understand the basic measurement concepts.
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Procedural details are covered more completely in the refer-
ences supplied.

3.5.1 Double-Tube Method

The test is run in a hole augered to the depth of the soil
layer whose vertical conductivity is desired. Certainly
that of the most restrictive layer is needed as a minimum.
Additional layers in the profile should be investigated to
ensure proper characterization. The value of K which is
conmputed from double-tube 1includes a small horizontal
component but primarily reflects vertical flow. The appara-
tus (commercially available*) is shown in Figure 3-12. To
perform a test, it is first necessary to create a saturated
zone of soil beneath the embedded tubes. This 1is
accomplished by applying water through both tubes for
several hours. Then two sets of measurements are required:

1. Water level versus time readings for the inner tube
with the supply to this tube stopped while
maintaining the supply to the outer tube.

2. Water level versus time readings for the inner tube
with the supply to this tube and to the outer tube
stopped. The level in this outer tube is held
(closely) the same as that in the inner tube during
this second set of readings by manipulating a valve
(C in Figure 3-12).

The curves of water level decreases versusS time are then
plotted to the same scale and K is calculated. Details of
the calculation and curves needed to obtain a dimensionless
factor for the calculation are to be found in references [1,
30] and are supplied by the manufacturer of the equipment.

3.5.2 Air-Entry Permeameter

The air-entry permeameter was devised to investigate the
significance of flows in the capillary zone [32]. Using the
device as shown in Figure 3-13, the soil-water pressure at
which air entered the saturated voids was approximated.

*8oiltest, Inc., Evanston, Illinois 60202. Mention of prop-
rietary equipment does not constitute endorsement by the
U.S. Government,
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Assuming a relationship between this value and the pressure
just above the advancing front of a wetted zone, the
conductivity of a mass of soil absorbing water to the point
of saturation can be calculated. Because of the
availability of research data to indicate that this conduc-
tivity wvalue 1is closely equal to one-half the saturated
hydraulic conductivity, a new method of determining vertical
hydraulic conductivity at saturation became available.

Although the method may appear to have the limitation of
requiring several assumptions, it compares favorably with
other accepted methods and has some distinct advantages.
The equipment is relatively simple; the test does not take
much time; and, perhaps most important, not much water is
required. A few liters of water will generally suffice for
a single test,

In operation, water is added through the supply valve with
the air valve open until the embedded cylinder becomes full
(the function of the disk is to act as a splash plate). On
filling the cylinder, the air valve is closed and water is
allowed to infiltrate downward, the reservoir being kept
full.

When the wet front, Lf, has reached the desired depth,
dependent on soil texture and structure (see subsequent
remarks), no more water is added to the reservoir. The drop
in water level with time is measured in order to calculate
an intake rate. Now the supply valve 1is closed and the
pressure on the vacuum gage is noted periodically. At some
point it will reach a maximum (minimum pressure) and then
begin to decrease again. This minimum pressure corresponds
closely to the air-entry pressure, P_,, of the wetted zone
when corrected for gage height, G, and depth of wetted
zone, Lf .

When the air-entry permeameter 1is employed at the soil
surface, it 1is essentially an infiltrometer and as such
could readily be listed with the method of Section 3.4.2.
Several investigators [32, 33] have used the method to
develop vertical «conductivity profiles. It has been
suggested that digging a trench with an inclined bottom,
then moving the air-entry permeameter to selected points
along the trench bottom is a good method of accomplishing
this.,

A criticism of the original technique [32] was based on the
suggested methods of defining the depth of the wetted zone
beneath the cylinder. These called for digging around the
bottom of the cylinder after completion of the measurements
to locate the wet front or using a metal rod to probe the
soil, attempting to detect the depth at which penetration
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resistance increases. However, the air-entry permeameter
was modified by adding a fine tensiometer probe through the
lid of the device. By setting the probe to correspond to
the desired depth of wetted zone, L¢ (about 15 cm or 6 1in.
in sand and 5 cm or 2 in. in massive clay), it was possible
to detect the arrival of the wetted front during, rather
than after operation of the permeameter. This modification
also allows the method to be used in somewhat wetter soils
than those previously required.

Referring to Figure 3-13, the vertical hydraulic
conductivity of the “rewet" 2zone, 1i.e., the 2zone being
saturated, is calculated from Equation 3-5.

A (Hr + Lf + Hl)
where: Q = volumetric intake rate through area, A, of
the permeameter
Hy = the matric potential of the soil just below

the wetting zone, assumed to be 0.5 P . It
is less than atmospheric pressure and there-
fore a negative quantity in Equation 3-5

P, = air-entry value, calculated as Pnin * Lf
+ G; also a negative pressure
Ppin = minimum pressure (maximum vacuum) read from
, the vacuum gage after stopping the water
supply
G = height of the vacuum gage above the soil
surface
L = depth of the wetted zone
H. = height of the water level in the reservoir

above the soil surface

Then, as stated previously, the vertical hydraulic conduc-
tivity at saturation iIs assumed to be two times the value of
K as calculated from Equation 3-5.

3.6 Ground Water
In most land treatment systems, and especially for the

higher rate systems, interaction with the ground water is
important and must be considered <carefully in the
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preliminary - analysis phase. Problems with mounding,
drainage, offsite travel and ultimate fate of contaminants
in the percolate will have to be addressed during both the
analysis and design phases. Early recognition of potential
problems and analysis of mitigating measures are necessary
for successful operation of the system. This cannot be
accomplished without competent field investigation. Some
key questions to be answered are:

1. How deep beneath the surface is the (undisturbed)
water table?

2. How does the natural water table depth fluctuate
seasonally?
3. How will the ground water table respond to the

proposed wastewater loadings?

4, In what direction and how fast will the mixture of
percolate and ground water move from beneath the
area of application? 1Is there any possibility of
transport of contaminants to deeper potable
aquifers?

5. What will be the quality of this mixture as it
flows away from the site boundaries?

6. If any of the conditions measured or predicted
above are found to be unacceptable, what steps can
be taken to correct the situation?

3.6.1 Depth/Hydrostatic Head

A ground water table is defined as the contact zone between
the free ground water and the capillary zone. It is the
level assumed by the water in a hole extended a short
distance below the capillary zone. Ground water conditions
are regular when there is only one ground water surface and
when the hydrostatic pressure increases linearly with
depth. Under this condition, the piezometric pressure level
is the same as the free ground water level regardless of the
depth below the ground water table at which it is
measured. Referring to Figure 3-14, the water level in the
"piezometer" would stand at the same level as the "well” in
this condition. '

In contrast to a well, a piezometer is a small diameter open
pipe driven into the soil such that (theoretically) there
can be no leakage around the pipe. As the piezometer is not
slotted or ©perforated, it can respond only to the
hydrostatic head at the point where its lower open end 1is
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located. The basic difference between water level measure-
ment with a well and hydrostatic head measurement with a
piezometer is shown in Figure 3-14.
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FIGURE 3-14
WELL AND PIEZOMETER INSTALLATIONS

Occasionally there may be one or more isolated bodies of
water "perched" above the main water table because of lenses
of impervious strata that inhibit or even prevent seepage
past them to the main body of ground water below. Other
"irregular" conditions are described by Figure 3-15.

Reliable determination of either ground water levels or
pressures requires that the hydrostatic pressures in the
bore hole and the surrounding soil be equalized. Attainment
of stable levels may require considerable time in
impermeable materials. This is called hydrostatic time-lag
and may be froro7 hours to days in materials of practical
interest (K > 10’ cm/s).

Two or more piezometers located together, but terminating at
different depths, can indicate the presence, direction and
magnitude (gradient) of components of vertical flow if such
exists. Their use is indicated whenever there 1is concern
" about- movement of contaminants downward to lower 1lying
aquifers. Figure 3-15, taken from reference {34], shows
several observable patterns with explanations. Descriptions
of the proper methods of installation of both observation
wells and piezometers may be found in references [9, 34].
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3.6.2 Flow

Exact mathematical description of flows in the saturated
zones beneath and adjacent to (usually downgradient) land
treatment systems is a practical impossibility. However,
for the majority of cases the possession of sufficient field
data will allow an application of Darcy's equation
(Equation 3-1). Answers can thus be obtained which are
satisfactory for making design decisions. In particular,
there are questions which recur for each proposed project,
and which may be approached in the manner suggested.

1. What volume of native ground water flows beneath
the proposed site for dilution of percolate? This
is a direct application of Equation 3-1. The width
of the site measured normal to the ground water
flow lines times the aquifer thickness equals the
cross-sectional -area used to compute the total
flow,

2. What is the mean travel time between points of
entry of percolate into the ground water and poten-
tial points of discharge or withdrawal? Again,
Equation 3-1 1is used to compute the flux, q.
Dividing the flux by the aquifer porosity
(Figure 3-3) gives an average ground water
velocity. Travel time is computed as the distance
between the two points of interest (they must both
lie on the same flow line) divided by the average
velocity.
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3. What changes in hydraulic gradient (mound
configuration) will be required to convey the
proposed quantity of percolate away from beneath
the area of application? Methods of answering this
question are presented in Section 5.7.2. '

The field data and hydrogeologic estimates required to
answer these questions include:

1. Geometry of the flow system, including but not
limited to

a. Depth to ground water

b. Depth to impermeable barrier; generally taken
to be any layer which has a hydraulic
conductivity less than 10% of that of the
overlying deposits [35].

c. Geometry of the recharge (application) area.

2. Hydraulic gradient - computed from water levels in
several observation wells (assuming only horizontal
flow), knowing distances between wells.

3. Specific yield (see Section 3.3.3). In some areas
of the United States, the SCS has investigated the
soil profiles sufficiently to provide an estimate
of specific yield for a particular site [5].

4. Hydraulic conductivity in the horizontal
direction. Field measurement of this parameter by
the auger-hole method is covered in the following
section.

3.6.2.1 Horizontal Hydraulic Conductivity

Horizontal conductivity cannot be assumed from a knowledge
of vertical conductivity (Section 3.5). In field soils,
isotropic conditions are rarely encountered, although they
are frequently assumed for the sake of convenience,.

"Apparent" anisotropic conductivity often occurs in
unconsolidated media because of interbedding of fine-grained
and coarse-grained materials within the profile. Such

interbedding restricts vertical flow much more than it does
lateral flow [25]. Although the interbedding represents
nonhomogeneity, rather than anisotropy, its effects on the
conductivity of a large sample of aquifer material may be
approximated by treating the "aquifer" as homogeneous but
anisotropic. A considerable amount of data is available on
the calculated or measured relationships between vertical
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and horizontal permeability for specific sites, The
possible spread of ratios is indicated in Table 3-5, which
is based on field measurements in glacial outwash deposits
(Sites 1-5) [36] and in a river bed (Site 6) [37]. Both
authors claim, with justification, that the reported values
would not likely be observed in any laboratory tests with
small quantities of disturbed aquifer material.

TABLE 3-5
MEASURED RATIOS OF HORIZONTAL TO
VERTICAL CONDUCTIVITY ({36, 37]

Effective
horizontal
permeability,
Site Ky, m/d Kp/Ky Remarks
1 42 2.0 Silty
2 75 2.0 -
3 56 4.4 -
4 100 7.0 Gravelly
5 72 20.0 Near terminal moraine
6 72 10.0 Irregular succession of
sand and gravel layers
(from K measurements in
field)
6 86 16.0 (From analysis of

recharge flow system)

It is apparent that if accurate information regarding hori-
zontal conductivity 1is required for an analysis, field
measurements will be necessary. Of the many field measure-
ment techniques available, the most useful is the auger hole
technique [38]. Details of the test technique may also be
found in [1, 9, 30, 34]. Although auger hole measurements
are certainly influenced by the vertical component of flow,
studies have demonstrated that the technique primarily
measures the horizontal component [39]. A definition sketch
of the measurement system is shown in Figure 3-16 and the
experimental setup is shown in Figure 3-17. The technique
is based on the fact that if the hole extends below the
water table and water is quickly removed from the hole (by
bailing or pumping), the hole will refill at a rate
determined by the conductivity of the soil, the dimensions
of the hole, and the height of water in the hole. With the
aid of either formulas or graphs, the conductivity is calcu-
lated from measured rates of rise in the hole. The total
inflow into the hole should be sufficiently small during the
period of measurement to permit calculation of the conduc-
tivity based on an "“average" hydraulic head. This 1is
usually the case.
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In the formulas and graphs that have been derived, the soil
is assumed to be homogeneous and isotropic. However, ‘a
modification of the basic technique {39] allows
determination of the horizontal and vertical components (K
and K, in anisotropic soils by combining auger hole measure-
ments with piezometer measurements at the same depth. If
the auger hole terminates at (or in) an impermeable layer,
the following equation applies (refer to Figure 3-16 for
symbols):

10910(Y0/Y1)

K, = 523,000a2 iE (3-6)

where a = auger hole radius, m

At = time for water to rise y, s

Kh horizontal conductivity, m/d

depths defined in Figure 3-16, any units,

YorY1
usually cm

If an impermeable layer 1is encountered at a great depth
below the bottom of the auger hole, the equation becomes:

. -(1:045,000 da? \ 10910(Y0/Y1) (3-7)
h (2d + a)
where d = depth of auger hole, m

Charts for both cases are available in references (29,
34]. An alternative formula, claimed to be slightly more
accurate, has been developed [40]. This equation employs a
table of coefficients to account for depth of impermeable or
of very permeable material below the bottom of the hole.

There are several other techniques for evaluating horizontal
conductivity in the presence of a water table. Slug tests,
such as described in reference [41] can be used to calculate
Ky, from the Thiem equation after observing the rate of rise
og water in a well following an instantaneous removal of a
volume of water to create a hydraulic gradient. Pumping
tests, which are already familiar to many engineers, would
certainly provide a meaningful estimate. A comprehensive
discussion of pumping tests, as well as other ground water
problems is presented in reference [42]; example problems
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and tables of the mathematical functions needed to evaluate
conductivity from drawdown measurements are also presented.

There are some limitations to full-scale pumping tests. The
first is the expense involved in drilling and installation.
Thus, if a well is not already located on the site, the
pumping test technique would probably not be considered. If
an existing production well fulfills the conditions needed
for the technique to be valid, it should probably be used to
obtain an estimate. However, this estimate may still
require modification through the use of supplementary
"point" determinations, especially if the site is very large
or if the soils are quite heterogeneous.

Measurement of horizontal conductivity may occasionally be

necessary in the absence of a water table. A typical case
might involve the presence of a caliche layer or other
hardpan formation near the surface. If the layer was

restrictive enough to vertical flow, a perched water table
would result upon application of wastewater. 1In such cases,
the mound height analysis described in Section 5.7.2 should
be used to determine whether perching would be a problem.
Although mounding calculations are presented in Chapter 5
(dealing with RI), it is quite possible that mounding may
occur beneath SR systems as well. The user of this manual
should be aware of this possibility. The analysis requires
an estimate of the horizontal conductivity. Either a
modified version of the double~tube technique described in
Section 3.5.1 [3l1] or the shallow well pump-in test [1l, 9,
30) can be used to estimate K. The latter of these two
testing methods is, in principle, the reverse of the auger-
hole test.

3.6.2.2 Percolate/Ground Water Mixing

An analysis of the mixing of percolate with native ground
water 1is needed for SR or RI systems that discharge to
ground water if the quality of this mixture as it flows away
from the site boundaries 1is to be determined. The
concentration of any constituent in this mixture can be
calculated as follows:

Cnix = 2% * Cqwlquw (3-8)
+
% * Ogw
where Cpiyx = concentration of constituent in mixture
C, = concentration of constituent in percolate
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Qp = flow of percolate
ng = concentration of constituent in ground water
Qgw = flow of ground water

The flow of ground water can be calculated from Darcy's Law
(Equation 3-1) if the gradient and horizontal hydraulic
conductivity are known. This is not the entire ground water
flow, but only the flow within the mixing depth.
Relationships of the percolate flow and concentrations of
constituents are discussed in Chapters 4 and 5. Equation 3-8
is valid if there is complete mixing between the percolate
and the native ground water. This 1is wusually not the
case. Mixing in the vertical direction may be substantially
less than mixing in the horizontal direction.

An alternative approach to estimating the initial dilution
is to relate the diameter of the mound developed by the
percolate to the diameter of the application area. This
ratio has been estimated to be 2.5 to 3.0 [43, 44]. This
ratio indicates the relative spread of the percolate and can
be used to relate the mixing of percolate with ground
water. Thus, an upper limit of 3 for the dilution ratio can
be used when ground water flow 1is substantially (5 to 10
times) more than the percolate flow. If the ground water
flow is less than 3 times the percolate flow, the actual
ground water flow should be used in Equation 3-8.

3.6.3 Ground Water Quality

It is recommended that where a water table is known to exist
that could possibly be impacted by the project, that
baseline ground water quality data be collected. The
details of number, location, depth, etc. of sampling wells
are best left until after a preliminary hydrogeologic study
of the site has been completed. Then following reasonably
well established guidelines [23, 45, 46, 47], sampling wells
may be designed in something approaching an optimum manner,

The parameters that should be measured in samples taken from
the ground water are those specified under the "National
Interim Primary Drinking Water Regulations" [48]. An
exception is made for nondrinking water aquifers or where
more stringent state regulations apply.

3.7 Soil Chemical Properties

The chemical composition of the soil is the major factor
affecting plant growth and a significant determining factor
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in the capacity of the soil to renovate wastewater. There
are 16 elements known to be essential for crop growth.
Three of these--nitrogen, phosphorus, and potassium--are
deficient in many soils. Secondary and micronutrient
deficiencies are found 1less often with sulfur, 2zinc, and
boron being the most common. Soil pH and salinity can limit
crop growth and sodium can reduce soil permeability.
Chemical properties should be determined prior to design to
evaluate the capacity of the soil to support plant growth
and to renovate wastewater, Soils should be monitored
during operation to avoid detrimental changes in soil
chemistry.

3.7.1 Interpretation of Soil Chemical Tests

Several chemical properties, having nothing directly to do
with nutrient status, are nonetheless important. Soil pH
has a significant influence on the solubility of various
compounds, the activities of various microorganisms, and the
bonding of ions to exchange sites. Relative to this last

phenomenon, soil clays and organic matter {(known
collectively as the soil colloids), are ‘negatively
charged. Thus, they are able to adsorb cations from the
soil solution. Cations adsorbed in this way are called

exchangeable cations., They can be replaced by other cations
from the soil solution without appreciably altering the
structure of the soil <colloids. The quantity of
exchangeable cations that a particular soil can adsorb is
known as cation exchange capacity (CEC) and is measured in
terms of milliequivalents per 100 grams (meq/100 g) of
soil. The percentage of the CEC that is occupied by a
particular cation is called the percent saturation for that
cation, The sum of the exchangeable Na, K, Ca and Mg
expressed as a percentage of the CEC is called percent base
saturation.

There are optimum ranges for percent base saturation for
various crop and soil type combinations. Also, for a given
percent base saturation, it is desirable that Ca and Mg be
the dominant cations rather than K and (especially) Na.
High percentages of the alkali metals, in particular Na,
will create severe problems in many fine-texture soils. The
exchangeable sodium percentage (ESP) should be kept below
15% (Section 4.9.1.4). It is 1important to realize that
regardless of the cation distribution in a natural soil, it
can be altered readily as a result of agricultural
practices. Both the quality of the irrigation water and the
use of soil amendments, such as lime or gypsum, can change
the distribution of exchangeable cations.
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Another chemical property affecting plant growth is
salinity, the concentration of soluble ionic substances. It
is salinity in the soil solution in the root zone that is of
primary 1interest. Unfortunately, there 1is no simple
relation between this quantity and the salinity of the irri-
gation water, the salt balance being complicated by moisture
transfers through evapotranspiration and deep percolation.
The diagnostic tool usually employed is a check on the elec-
trical conductivity (EC) of the irrigation water and the
soil solution. Guidelines exist for various types of crops
according to their salt tolerance. Procedures for computing
the deep percolation (leaching requirement) needed to
control root zone salinity are given in references [9, 29].

Because of the variable nature of the soil, few standard
procedures for chemical analysis of soil have been
developed. Several references that describe analytical
methods are available [49, 50, 51]. A complete discussion
of analytical methods and interpretation of results for the
purpose of evaluating the soil nutrient status is presented
in reference [52]. The significance of the major chemical
properties is. summarized in Table 3-6.

3.7.2 Phosphorus Adsorption Test

Adsorption isotherms for phosphorus can be developed to
predict the removal of phosphorus by the soil. Samples of
soil are taken into the Jlaboratory and are added to
solutions containing Kknown concentrations of phosphorus.
Concentrations normally range from 1 to 30 mg/L. After the
soil is mixed into the solutions and allowed to come into
equilibrium for a period of time (up to several days), the
solution is filtered and the filtrate 1is tested for
phosphorus. The difference between the initial and final
solution concentrations is the amount adsorbed for a given
time. Details of the test are available in reference [53].

A procedure for using adsorption isotherm data to estimate
phosphorus retention by soils 1is suggested in reference
(47]1. An important <consideration discussed 1is the
possibility of slow reactions between phosphorus and cations
present in the soil which may "free up" previously used
adsorption sites for additional phosphorus retention. Cal-
culations involving adsorption isotherm data, which ignore
these reactions, greatly underestimate phosphorus retention.
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TABLE 3-6

INTERPRETATION OF SOIL CHEMICAL TESTS

Test result

Interpretation

pH of saturated soil paste

<4.2
5.2-5.5
5.5-8.4
>8.4

CEC, meqg/100 g

1-10

12-20

>20
Exchangeable cations,
2 of CEC

Sodium

Calcium

Potassium

ESP, % of CEC
<5
>10
>20

EC, mmhos/cm at 25°
of saturation extract

Too acid for most crops to do well
Suitable for acid-tolerant crops
Suitable for most crops

Too alkaline for most crops, indicates a
possible sodium problem

Sandy soils (limited adsorption)
Silt loam (moderate adsorption)
Clay and organic soils (high adsorption)

Desirable range
<

is

60-70

5-10

Satisfactory
Reduced permeability in fine-textured soils
Reduced permeability in coarse-textured soils

<2 No salinity problems
2-4 Restricts growth of very salt-sensitive crops
4-8 Restricts growth of many crops
8-16 Restricts growth of all but salt-tolerant crops
>16 Only a few very salt-tolerant crops make
satisfactory yields
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CHAPTER 4

SLOW RATE PROCESS DESIGN

4.1 Introduction

The key elements in the design of slow rate (SR) systems are
indicated in Figure 4-1. Important features are: (1) the
iterative nature of the procedure, and (2) the input
information that must be obtained for detailed design.

Determining the design hydraulic loading rate is the most
important step in process design because this parameter is
used to determine the 1land area required for the SR
system. The design hydraulic loading rate is controlled by
either soil permeability or nitrogen 1limits for typical
municipal wastewater. Crop selection 1s usually the first
design step because preapplication treatment, hydraulic and
nitrogen loading rates, and storage depend to some extent on
the crop. Preapplication treatment selection usually
precedes determination of hydraulic loading rate 'because it
can affect the wastewater nitrogen concentration and,
therefore, the nitrogen loading.

4.2 Process Performance

The mechanisms responsible for treatment and removal of
wastewater constituents such as BOD, suspended solids (SS),
nitrogen, phosphorus, trace elements, microorganisms, and
trace organics are discussed briefly. Levels of removal
achieved at various SR sites are included to show how
removals are affected by loading rates, crop, and soil
characteristics. Chapter 9 contains discussion on the
health and environmental effects of these constituents.

4,2.1 BOD and Suspended Solids Removal

BOD and SS are removed by filtration and bacterial action as
the applied wastewater percolates through the soil. BOD and
SS are normally reduced to concentrations of less than 2
mg/L and less than 1 mg/L, respectively, following 1.5 n
(5 ft) of percolation. Typical loading rates of BOD and SS
for municipal wastewater SR systems, regardless of the
degree of preapplication treatment, are far below the
loading rates at which performance 1is affected (see
Section 2.2.1.1). Thus, loading rates for BOD and SS are
normally not a concern 1in the design of SR systems,
Removals of BOD achieved at five selected sites are
presented in Table 4-1.
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TABLE 4-1
BOD REMOVAL DATA
FOR SELECTED SR SYSTEMS [1-5]

Annual BOD
waste-~
water Concentration Concentration
loading in applied in treated Sampling
rate, Surface wastewater, water, Removal, depth,
Location cm/yr soil mg/L mg/L 3 Cm
Dickinson, 140 Sandy loams 42 <1 >98 <5
North Dakota and loamy
sands
Hanover,
New Hampshire 130-780 Sandy loam 40-92 0.9-1.7 96-98 1.5
and silt
loam
Muskegon, 130-260 Sands and 24 1.3 94 4
Michigan loamy sands
Roswell, 80 Silty clay 42 <1 >98 <30
New Mexico loams
San Angelo, 290 Clay and 89 0.7 99 2.1
Texas clay loam

Note: See Appendix G for metric conversions.

4,2.,2 Nitrogen '

For SR systems located above potable aquifers, nitrogen
concentration in percolate must be low enough that ground
water quality at the project boundary can meet drinking
water nitrate standards. Nitrogen removal mechanisms at SR
systems include crop uptake, nitrification-denitrification,
ammonia volatilization, and storage in the soil. Percolate
nitrogen concentrations less than 10 mg/L can be achieved
with SR systems if the nitrogen loading rate is maintained
within the combined removal rates of these mechanisms. The
nitrogen removal rates and loading rate are, therefore,
important design parameters. Percolate nitrogen levels
achieved at selected SR sites are given in Table 4-2.

Crop wuptake 1is normally the primary nitrogen removal
mechanism operating in SR systems. The amount of nitrogen
removed by crop harvest depends on the nitrogen content of
the crop and the crop yield. Annual nitrogen uptake rates
for specific crops are given in Section 4.3.2.1. Maximum
nitrogen removal can be achieved by selecting crops or crop
combinations with the highest nitrogen uptake potential,



TABLE 4-2
NITROGEN REMOVAL DATA FOR SELECTED
SR SYSTEMS (1, 3-8]

Total nitrogen

Total nitrogen concentration Total nitrogen
concentration in percolate concentration
in applied or affected Sampling in background
wastewater, ground water, Removal, depth, ground water,
Location mg/L as N mg/L as N ) m mg/L as N
Dickinson, 11.8 3.9 67 11 1.9
North Dakota
Hanover, 27-28 7.3 72 1.5 -—
New Hampshire
Helen, 18.0 3.5 80 1.2 0.17
Georgia?
Roswell, 66.2 10.7 84 30 2.2
New Mexico
San Angelo, 35.4 6.1 83 10 -

Texas

a. Forest system. All others are agricultural systems.

Nitrogen 1loss by denitrification depends on several
environmental factors including the oxygen 1level 1in the
soil., Assuming that most of the applied nitrogen is in the
organic or ammonium form, increased nitrogen removal due to
denitrification can be expected wunder the following
conditions:

) High levels of organic matter in the soil and/or
wastewater, such as the concentrations found in
primary effluent

o High soil cation exchange capacity--a character-
istic of fine-textured and organic soils.

° Neutral to slightly alkaline soil pH

® Alternating saturated and unsaturated soil moisture
conditions

® Warm temperatures

Denitrification losses typically are in the range of 15 to
25% of the applied nitrogen, although measured losses have
ranged from 3 to 70% [4, 9]. The range of 15 to 25% should
be used for conservative design. When conditions are
favorable, the maximum rate may be used. Lower values
should be used when conditions are less favorable.

Ammonia volatilization losses can be significant (about 10%)
if the soil pH is above 7.8 and the cation exchange capacity
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is low (sandy, low organic soils). For design,

volatilization losses may be considered included in the 15

to 25% used for denitrification.

Storage of nitrogen in the soil through plant uptake and
subsequent conversion of roots and unharvested residues into
soil humus can account for nitrogen retention rates up
to 225 kg/ha-yr (200 lb/acre-yr) in soils of arid regions

initially 1low in organic matter (less than 2%). In
contrast, nitrogen storage will be near zero for soils rich
in organic matter. In either case, if' nitrogen 1input

remains constant, the rate of nitrogen storage will decrease
with time because the rate of decay and release of nitrogen
increases with the concentration of soil organic nitrogen.
Eventually, an equilibrium level of organic nitrogen may be
obtained and net storage then ceases. Therefore, for design
purposes, the most conservative approach 1is to assume net
storage will be zero.

4.2.3 Phosphorus

Phosphorus is removed primarily by adsorption and pre-
cipitation (together referred to as sorption) reactions in
the soil. Crop uptake can account for phosphorus removals
in the range of 20 to 60 kg/ha-yr (18 to 53 lb/acre-yr),
depending on the crop and yield (Section 4.3.2.1).
Percolate phosphorus concentrations at several SR sites are
presented in Table 4-3.

The phosphorus sorption capacity of a soil profile depends
on the amounts of clay, aluminum, iron, and calcium
compounds present and the soil PpH. In general, fine
textured mineral soils have the highest phosphorus sorption
capacities and coarse textured acidic or organic soils have
the lowest.

For systems with coarse textured soils and limits on the
concentration of percolate phosphorus, a phosphorus
adsorption test should be conducted using soil from the

selected site. This test, described 1in Section 3.7.2,
determines the amount of phosphorus that the soil can remove
during short application periods. Actual phosphorus

retention at an operating system will be at least 2 to 5
times the value obtained during a 5 day adsorption
test [13].
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TABLE 4-3
PHOSPHORUS REMOVAL DATA FOR TYPICAL
SR SYSTEMs (i,2,4,5,7,8,10-12]

Annual
waste- POy Soluble PO, Soluble PO,
water concentration concentration Distance concentration
loading in applied in affected Sampling from in background
rate, Surface wastewater, ground water, Removal, depth, application ground water,
Location cm/yr soil mg/L as P my/L as P [} m site, m mg/L as P
Agricultural
systems
Camarillo, 160 Clay loams 11.82 2.8a 762 1 0 3.02
california and sandy 11.82 0.22 982 3 0 --
loams
Dickinson, 140 Sandy loams 6.92 0.05a 99a <S 30-150 0.048
North Dakota and loamy .
sands
Hanover, 130-78 Sandy loam 7.3-7.62 0.03-0.07b 99.70- 1.5 0 -
New and silt 99.5
Hampshire loam
Mesa, 400-860 Loamy sands 9.qb 5.0b a4b 0.5 0 1.0P
Arizona and sandy 9.0P 4.2b 53b 1 0 3.6P
loams
Muskegon, 130-260 Sands and 1.0-1.32 0.03-0.052 95-9g2 1.5 ] 0.03%
Michigan loamy sands
Roswell, 80 Silty clay 7.958 0.1392 952 <6 0 0.552
New Mexico loams
Tallahassee, Sand
Florida
Winter 520 10.59 0.12 »992 1.2 0 0.022
Summer 1,040 10.52 0.02 »994 10.7 0 0.022
Forest
systems
Helen, 380 sandy loam 13.1° 0.222 982 1.2 0 0.212
Georgia )
State 260 Sandy loams 7.7P 0.08b 9gb 1.2 0 0.03P
College, and clay
Pennsylvania loams
(Penn State
University)
a. Total phosphate concentration.

b.

Orthophosphate concentration.



For purposes of design and operation, the soil profile can
be considered to have a finite phosphorus sorption capacity
associated with each layer. Eventually, the sorption
capacity of the entire soil profile may reach saturation and
soluble phosphorus will appear in the percolate, In cases
where effluent quality requirements limit the concentration
of phosphorus in the percolate, the useful life of the SR
system may be limited by the phosphorus sorption capacity of
the soil profile. An empirical model to predict the useful
life of an SR system has been developed (9].

4.2.4 Trace Elements

Trace element removal 1in the soil 1is a complex process
involving the mechanisms of adsorption, precipitation, ion
exchange, and complexation. Because adsorption of most
trace elements occurs on the surfaces of clay minerals,
metal oxides, and organic matter, fine textured and organic
soils have a greater adsorption capacity for trace elements
than sandy soils.

Removal of trace elements from solution is nearly complete
in soils suitable for SR systems. Consequently, trace
element removal is not a concern 1in the deslgn procedure.
Performance data from selected SR systems are presented 1in
Table 4-4.

Although some trace elements can be toxic to plants and
consumers of plants, no universally accepted toxic threshold
values for trace element concentrations in the soil or for
mass additions to the soil have been established. Maximum
loadings over the 1life of a system for several trace
elements have been suggested for soils having low trace
element retention capacities and are presented in Table 4-5.

Toxicity hazards can be minimized by maintaining the soil pH
above 6.5. Most trace elements are retained as unavailable
insoluble compounds above pH 6.5. Methods for adjusting
soil pH are discussed in Section 4.9.1.3.

4.2.5 " Microorganisms

Removal of microorganisms, including bacteria, viruses, and
parasitic protozoa and helminths (worms), is accomplished by
filtration, adsorption, desiccation, radiation, predation,
and exposure to other adverse conditions. Because of their
large size, protozoa and helminths are removed primarily by
filtration at the soil surface. Bacteria also are removed
by filtration at the soil surface, although adsorption may
be important. Viruses are removed almost entirely by
adsorption,
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TABLE 4-4
TRACE ELEMENT BEHAVIOR DURING
SR LAND TREATMENT ([14]

Muskegon, Michiyan?® San Angelo, Texas P Melbourne, Australia®
Raw municipal
EPA drinking wastewater Percolate Percolate Percolate
water standard, ooncentration, concentration, Removal, concentration, Removal, concentration, Removal,
Element my/L mg/L my/L % mg/L LY my/L Y
Cadmium 0.01 0.004-0G.14 €0.002 90 <0.004 _.d 0.002 80
Chromium 0.05 0.02-0.7 0.004 90 <(.005 >98 0.03 90
Copper 1.0 0.02-3.4 0.002 90 0.014 85 0.02 T 95
Lead 0.05 0.05-1.3 <0.050 >40 <0.050 -4 0.01 95
Manganese 0.05 0.11-0.14 (.26 15 -~ - -- --
Mercury 0.002 0.002-0.05 <0.002 - -- - 0.0004 85
Zinc 5.0 ().03-83 0.033 95 0.102 25 .04 95

a. Data represent average annual concentrations (197%) found in underdrains placed at a depth of 1.5 m below the
irrigation site. )

b. Data represcent averaqge annual concentrations (November 19795 - November 1976) found in two seepage creeks adjacent
to the irrigated area.

¢. Data represent average annual concentrations (1977) found in underdrains (laced at depths of 1.2 to 1.8 m below
the irrigation site.

d. Percent removal was not calculated since influcnt and poercolate values arc bhelow lower detection limit.



TABLE 4-5
SUGGESTED MAXIMUM APPLICATIONS OF
TRACE ELEMENTS TO SOILS WITHOUT
FURTHER INVESTIGATION?

Mass application Typical b
Element to soil, kg/ha concentration, mg/L
Aluminum 4,570 10
Arsenic 92 0.2
Berylium 92 0.2
Boron 680 1.4
Cadmi um 9 0.02
Chromium 92 0.2
Cobalt 46 0.1
Copper 184 Q.4
Fluoride 920 1.8
Iron 4,570 10
Lead 4,570 10
Lithium -- 2.5d
Manganese 184 0.4
Molybdenum 9 0.02
Nickel 184 0.4
Selenium 18 0.04
Zinc 1,840 4

a. Values were based on the tolerances of
sensitive crops, mostly fruits and vegetables,
grown on soils with low capacities for
retaining elements in unavailable forms
(15, 16).

b. Based on reaching maximum mass application in
20 years at an annual application rate of
2.4 m/yr (8 ft/yr).

c. Boron exhibits toxicity to sensitive plants at
values of 0.75 to 1.0 mg/L.

d. Lithium toxicity limit is suggested at 2.5 mg/L
concentration for all crops, except citrus which
uses a 0.075 mg/L limit. Soil retention is
extremely limited.

As noted in Table 1-3, fecal coliforms are normally absent
after wastewater percolates through 1.5 m (5 ft) of soil.
Coliform removals at several operating SR systems are shown
in Table 4-6. Coliform removal in the soil profile is
approximately the same when primary or secondary
preapplication treatment is provided [4]. Virus removals

are not as well documented. State agencies may require
secondary treatment if edible crops are grown or if public
contact 1is unlimited. Microorganism removal 1is not a

limiting factor in the SR design procedure.




TABLE 4-6
COLIFORM DATA FOR SEVERAL
SR SYSTEMS [1,4,5,8,12]

Concentration Concentration Distance Concentration
in applied in percolate of in background
Preapplication wastewater, or ground water, travel, ground water,
Location treatment Coliforms MPN/100 mL MPN/100 mL m MPN/100 mL
camarillo, Activated Total 57 x 10° 7 0.5 4
California sludge and 29 1.0 27
disinfection
Fecal 220 <2 0.5 <2
<2 1.0 4
Dickinson, Aerated ponds Total TNTC? 12 30-150 1
North Dakota and disin- Fecal TNTC 0 30-150 0
fection
Hanover, Primary Fecal 1.2 x 104- 0-1 1.5 --
New Hampshire 3.1 x 103
Mesa, Trickling Total 3.09 x 106 <2 0.5 20
Arizona filters 9 1.0 60
Fecal 1.05 x 10° <2 0.5 <2
9 1.0 25
Roswell, Trickling Total TNTC? N7 <6 -
New Mexico filters and Fecal TNTC2 52 <6 --
disinfection ’

a. At least one sample toO numerous to count.

4.2.6 Trace Organics

Trace organics are removed by several mechanisms, including
sorption, degradation, and volatilization. One study at
Muskegon, Michigan, evaluated the effectiveness of trace
organics removal during preapplication treatment (aerated
ponds) and SR treatment. Although 59 organic pollutants
were identified in the raw wastewater, renovated water from
drainage tiles underlying the irrigation site contained only
low levels of 10 organic compounds, including two from non-
wastewater sources. Benzene, chloroform, and trichloro-

ethylene were monitored for several days; results are shown
in Table 4-7.

Results from pilot SR studies at Hanover, New Hampshire,
indicate that significant levels of volatile trace organics
are removed during sprinkler application [4]. Measurements
of chloroform, toluene, methylene chloride, 1,1 dichloro-
ethane, bromodichloromethane, and tetrachloroethylene showed
that an average of 65% of these six compounds were
volatilized during the sprinkling process, with individual
removals ranging from 57% for toluene to 70% for methylene
chloride.
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TABLE 4-7
BENZENE, CHLOROFORM, AND TRICHLOROETHYLENE
IN MUSKEGON WASTEWATER TREATMENT SYSTEM [17]

Concentration, ug/L®

Sampling

Pollutant pointb 8/10/76 8/11/76 8/12/76 9/7/76 9/8/76
Benzene 1 6 53 6 41 32
2 7 2 <1l 8 5
3 <1l <1 <1 3 2
4 <1 <1 <1l <1 8
Chloroform 1 425 440 480 360 2,645
2 105 61 81 365 610
3 12 9 4 100 75
4 3 3 1 13 10
Trichloroethylene 1 13 6 10 110 120
2 16 3 5 35 33
3 7 4 1 11 6
4 6 3 2 10 8

a. Average for duplicate samples.

Sampling Point 1 - influent

Sampling Point 2 - aerated lagoon effluent

Sampling Point 3 - storage lagoon effluent

Sampling Point 4 - renovated water from drainage tiles

Based on these results, it appears that a typical SR system
is quite effective in removing trace organics. However, if
a community's wastewater contains large concentrations of
trace organics from industrial contributions, industrial
pretreatment should be considered. If hazardous chlorinated
trace organics result from wastewater chlorination, the
engineer must decide in consultation with regulatory
authorities whether it is more important to remove pathogens
or to reduce trace organic levels. This decision should
take into consideration the type of crop and the method of
distribution.

4.3 Crop Selection

The crop 1is a critical component in the SR process. It
removes nutrients, reduces erosion, maintains or increases
infiltration rates, and can produce revenue where markets
exist.

4.3.1  Guidelines for Crop Selection

Important characteristics or properties of crops that should
be considered when selecting a <crop for SR systems
include: (1) nutrient uptake capacity, (2) tolerance to
high soil moisture conditions, (3) consumptive use of water
and irrigation requirements, and (4) revenue potential. A
relative comparison of these characteristics for several
types of crops is presented in Table 4-8 as a general guide
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to selection. Characteristics of secondary importance
include (1) effect on soil infiltration rate, (2) crop
water quality requirements and toxicity concerns, and
(3) management requirements.

Most SR systems are designed to minimize land area by using
maximum hydraulic loading rates. Crops that are compatible
with high hydraulic loading rates are those having high
nitrogen uptake capacity, high consumptive water use, and
high tolerance to moist soil conditions. Other desirable
crop characteristics for this situation are low sensitivity
to wastewater constituents, and minimum management
requirements. Crops grown for revenue must have a ready
local market and be compatible with wastewater treatment
objectives.

4.3.1.1 Agricultural Crops

Agricultural crops most compatible with the objective of
maximum hydraulic loading are the forage and turf grasses.
Forage crops that have been used successfully include: Reed
canarygrass, tall fescue, perennial ryegrass, Italian
ryegrass, orchardgrass, and bermudagrass. If forage
utilization and wvalue are not a consideration, Reed
canarygrass 1s often a first choice in its area of
adaptation Dbecause of high nitrogen wuptake rate, winter
hardiness, and persistence. However, Reed canarygrass 1is
slow to establish and should be planted initially with a
companion dgrass (ryegrass, orchardgrass, or tall fescue) to
provide good initial cover,

Of the perennial grasses grown for forage utilization and
revenue under high wastewater loading rates, orchardgrass is
generally considered to be more acceptable as animal feed
than tall fescue or Reed canarygrass. However, orchardgrass
is prone to leaf diseases 1in the southern and eastern
states. Tall fescue is generally preferred as a feed over
Reed canarygrass but is not suitable for use in the northern
tier of states due to lack of winter-hardiness. Again,
other crops may be more suitable for local conditions and
advice of local farm advisers or extension specialists will
be helpful in making the crop selection.

Corn will grow satisfactorily where the water table depth is
about 1.5 to 2 m, (5 to 7 ft) but alfalfa requires naturally
well-drained soils and water table depths of at least 3 m
(10 ft) for persistence. The alfalfa cultivar selected
should be high yielding with resistance to root rot and
bacterial wilt in the growing region, especially when high
hydraulic loading rates (>7.5 cm/wk or 3 in./wk) are used.
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TABLE 4-8
RELATIVE COMPARISON OF CROP
CHARACTERISTICS [Adapted from 18]

Potential Potential Potential ]
as revenue as watgr as nitrogen Moisture

producer? user user® tolerance
Field crops
Barley Marg Mod Marg Low
Corn, grain Exc Mod Good Mod
Corn, silage Exc Mod Exc Mod
Cotton (lint) Good Mod Marg Low
Grain, sorghum Good Low Marg Mod
Oats Marg Mod Poor Low
Rice Exc High Poor High
Safflower Exc Mod Exc Mod
Soybeans Good Mod Good-exc® Mod
Wheat Good Mod Good Low
Forage crops
Kentucky bluegrass Good High Exc Mod
Reed canarygrass Poor High Exc High
Alfalfa Exc High Good-exc® Low
Bromegrass Poor High Good High )
Clover Exc High Good-exc® Mod-high
Orchardgrass Good High Good-exc®  Mod
Sorghum-sudan Good High Exc Mod
Timothy Marg High Good High
Vetch Marg High EXc High
Tall fescue Good High Good-exc High
Turf crops
Bentgrass Exc High Exc High
Bermudagrass Good High Exc High
Forest crops
Hardwoods Exc High Good-excf High9
Pine Exc High Good Mod-low9
Douglas-fir Exc High Goodf Mod

a. Potential as revenue producers is a judgmental estimate based on
nationwide demand. Local market differences may be substantial
enough to change a marginal revenue producer to a good or
excellent revenue producer and vice versa. Some of the forages
are extremely difficult to market due to their coarse nature
and poor feed values.

b. Water user definitions expressed as a fraction of alfalfa
consumptive-use.

High 0.8-1.0
Moderate (Mod) 0.6-0.79
Low -<0.6

¢. Nitrogen user ratings (kg/ha):
Excellent (Exc) >200

Good T150-200
Marginal (Margqg) 100-150
Poor <100
d. Moisture tolerance ratings:
High - withstands prolonged soil saturation >3 days.
Moderate - withstands soil saturation 2-3 days.
Low - withstands no soil saturation.

e. Legumes will also take nitrogen from the atmosphere.
f. Higher nitrogen uptake during juvenile growth stage after crowning.
g. Species dependent, check with the State Extension Forester.
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A mixture of alfalfa and a persistent forage grass, such as
orchardgrass, can be used on soils that -are not naturally

well drained. At high hydraulic loading rates, the alfalfa
may not persist over 2 years, but the forage grass will fill
in the areas in the thinned alfalfa stand.

The most common agricultural crops grown for revenue using
wastewater are corn (silage), alfalfa (silage, hay, or
pasture), forage grass (silage, hay, or pasture), grain
sorghum, cotton, and grains [18]. However, any crop,
including food crops, may be grown with reclaimed wastewater
after suitable preapplication treatment.

In areas with a long growing season, such as California,
selection of a double <crop 1is an excellent means of
increasing the revenue potential as well as the annual
consumptive water use and nitrogen uptake of the crop
system. Double crop combinations that are commonly used
include (1) short season varieties of soybeans, silage corn,
or sorghum as a summer crop; and (2) barley, oats, wheat,
vetch, or annual forage grass as a winter crop.

A growing practice in the East and Midwest is to provide a
continuous vegetative cover with grass and corn. This "no-
till" corn management consists of planting grass in the fall
and then applying a herbicide in the spring before planting
the corn. When the corn completes its growth cycle, grass
is reseeded. Thus, cultivation is reduced; water use 1is
maximized; nutrient uptake is enhanced; and revenue
potential is increased. '

4.3.1.2 Forest Crops

The most common forest crops used in SR systems have been
mixed hardwoods and pines. A summary of representative
operational systems and types of forest crops used is
presented in Table 4-9.

The growth responses of a number of tree species to a range
of wastewater loadings are identified in Table 4-10. The
high growth response column is most suitable for wastewater
application because of nitrogen uptake and productivity.
The growth response will vary in accordance with a number of
factors; one of the most important is the adaptability of
the selected species to the local climate. Local foresters
should be consulted for specific judgments on the 1likely
response of selected species.
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TABLE 4-9
SUMMARY OF OPERATIONAL FOREST LAND TREATMENT
SYSTEMS IN THE UNITED STATES RECEIVING
MUNICIPAL WASTEWATER

Hydraulic
Flow, Date loading,

Location m3/d Forest type started cm/wk Other conditions
Clayton County, 73,800 Loblolly pine 1981 6.3 Ground water to be
Georgia plantation and recycled as drinking

natural hardwood water
Helen, Georgia 76 Mixed hardwood 1973 7.6 ~—
and pine
Kings Bay 1,250 sSlash pine 1981 1.3 Site drainage with
Submarine Support plantation open ditches
Base, St. Marys,
Georgia
Mackinaw City, 760 Aspen, white 1976 11.3 Frost free, seasonal
Michigan pine birch application
Mt. Sunapee State 26 Mixed hardwood 1971 5.0 Water stored and
Park, Newbury, applied in June and
New Hampshire July only
State College, 11,350 Mixed hardwood; 1963 2.0- Ground water to be
Pennsylvania red pine plantation; 7.5 recycled as drinking
(Penn State spruce, old field water
University)
West Dover, 2,080 Northern hardwoods: 1976 26.3 Operates at air
Vermont balsam, hemlock, temperatures above
spruce in understory -18 °C
TABLE 4-10
HEIGHT GROWTH RESPONSE OF SELECTED
TREE SPECIES [Adapted from 19]
Height growth response class
Low Intermediate High
Slash pine Tulip poplar Cottonwood
Cherry-laurel Bald cypress Sycamore
Arizona cypress Saw-tooth oak Green ash
Live oak Red cedar Black cherry
Holly Laurel oak Sweetgum
Hawthorne Magnolia Black locust
Northern white cedar Nuttall oak Red bud
Red pine Cherry bark oak Catalpa
Loblolly pine Chinese elm
shortleaf pine White pine
virginia pine
Douglas-fir
4.3.2 Crop Characteristics

Reference data and information on the crop characteristics
of (1) nutrient uptake, water quality requirements, and
toxicity concerns; (2) water tolerance; (3) consumptive
water use; and (4) effect on soil hydraulic properties are
presented in this section for both agricultural crops and
forest crops.
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4.3.2.1 Nutrient Uptake

Agricultural Crops

In general, the largest nutrient removals can be achieved
with perennial grasses and legumes that are cut frequently
at early stages of growth. It should be recognized that
legumes can fix nitrogen from the air, but they are active
scavengers for nitrate if it is present. The potential for
harvesting nutrients with annual crops is generally less
than with perennials because annuals use only part of the
available growing season for growth and active uptake.
Typical annual uptake rates of the major plant nutrients--~
nitrogen, phosphorus, and potassium--are listed in
Table 4-11 for several commonly selected crops.

The nutrient removal capacity of a crop is not a fixed
characteristic but depends on the crop vyield and the
nutrient content of the plant at the time of harvest.
Design estimates of harvest removals should be based on
yield goals and nutrient compositions that local experience
indicates can be achieved with good management on similar
soils,

TABLE 4-11
NUTRIENT UPTAKE RATES FOR
SELECTED CROPS
kg/ha-yr

Nitrogen Phosphorus Potassium

Forage crops
Alfalfa® 225-540 22-35 175-225

Bromegrass 130-225 40-55 245
Coastal bermudagrass 400-675 35-45 225
Kentucky bluegrass 200-270 45 200
Quackgrass 235-280 30~-45 275
Reed canarygrass 335-450 40-45 315
Ryegrass 200-280 60~-85 270-325
Sweet clovera 175 20 100
Tall fescue 150-325 30 300
Orchardgrass 250-350 20-50 225-315

Field crops

Barley 125 15 20
Corn 175-200 20-30 110
Cotton 75-110 15 40
Grain sorghum 135 15 70
Potatoes 230 20 245-325
Soybeans?@ 250 10-20 30~55
Wheat 160 15 20-45

a. Legumes will also take nitrogen from the atmosphere.
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The rate of nitrogen uptake by crops changes during the
growing season and is a function of the rate of dry matter
accumulation and the nitrogen content of the plant.
Consequently, the pattern of nitrogen uptake is subject to
many environmental and management variables and is crop
specific. Examples of measured nitrogen uptake rates versus
time are shown in Figure 4-2 for annual crops and perennial
forage grasses receiving wastewater.

The amounts of phosphorus in applied wastewaters are usually

much higher than plant requirements. Fortunately, most
soils have a high sorption capacity for phosphorus and very
little of the excess passes through the soil (see

Section 4.2.3).

Potassium is wused 1in large amounts by many crops, but
typical wastewater 1s relatively deficient in this ele-
ment., In most cases, fertilizer potasslium may be needed to
provide for optimal plant growth, depending on the soil and
crop grown (see Section 4.9.1.2). Other macronutrients
taken up by crops include magnesium, calcium and sulfur;
deficiencies of these nutrients are possible in some areas.
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NITROGEN UPTAKE VERSUS GROWING DAYS
FOR ANNUAL AND PERENNIAL CROPS ([20,21]
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The micronutrients important to plant growth (in descending
order) are: iron, manganese, zinc, boron, copper, molyb-
denum, and, occasionally, sodium, silicon, chloride, and
cobalt. Most wastewaters contain an ample supply of these
elements; in some cases, phytotoxicity may be a
consideration.

Forest Crops

Vegetative uptake and storage of nutrients depend on the
species and forest stand density, structure, age, length of
season, and temperature. In addition to the trees, there is
also nutrient uptake and storage by the understory tree and
herbaceous vegetation. The role of the understory
vegetation is particularly important in the early stages of
tree establishment.

Forests take up and store nutrients and return a portion of
those nutrients back to the soil in the form of leaf fall
and other debris such as dead trees. Upon decomposition,
the nutrients are released and the trees take them back
up. During the initial stages of growth (1 to 2 years),
tree seedlings are establishing a root system; biomass
production and nutrient uptake are relatively slow. To
prevent leaching of nitrogen to ground water during this
period, nitrogen loading must be limited or understory
vegetation must be established that will take up and store
applied nitrogen that is in excess of the tree crop needs.
Management of understory vegetation 1is discussed 1in
Section 4.9.

Following the initial growth stage, the rates of growth and
nutrient uptake increase and remain relatively constant
until maturity is approached and the rates decrease. When
growth rates and nutrient uptake rates begin to decrease,
the stand should be harvested or the nutrient loading
decreased. Maturity may be reached at 20 to 25 years for
southern pines, 50 to 60 years for hardwoods, and 60 to 80
years for some of the western conifers such as Douglas-
fir, Of course, harvesting may be practiced well in advance
of maturity as with short-term rotation management (see
Section 4.9.2.5).

Estimates of the net annual nitrogen storage for a number of
fully stocked forest ecosystems are presented in
Table 4-12. These estimates are maximum rates of net
nitrogen wuptake considering both the understory and
overstory vegetation during the period of active tree
growth,
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TABLE 4-12
ESTIMATED NET ANNUAL NITROGEN UPTAKE IN THE
OVERSTORY AND UNDERSTORY VEGETATION OF FULLY
STOCKED AND VIGOROUSLY GROWING FOREST
ECOSYSTEMS IN SELECTED REGIONS OF THE UNITED STATES [22]

Average annual

Tree nitrogen uptake,

age, yr kg/ha-yr
Eastern forests
Mixed hardwoods 40-60 220
Red pine 25 110
01d field with white 15 280
spruce plantation 5-15 280
Pioneer succession
Southern forests
Mixed hardwoods 40-60 340
Southern pine with 20 2208
no understory
Southern pine 20 320
with understory
Lake states forests
Mixed hardwoods 50 110
Hybrid poplarb 5 155
Western forests
Hybrid poplarb 4~5 300-400
Douglas-fir 15-25 150-250

plantation

a. Principal southern pine included in these
estimates is loblolly pine.

b. Short-term rotation with harvesting at 4-5 yr;
represents first growth cycle from planted
seedlings (see Section 4.9.2.4).

Because nitrogen stored within the biomass of trees is not
uniformly distributed among the tree components, the amount
of nitrogen that can actually be removed with a forest crop
system will be substantially less than the storage estimates
given in Table 4-12 unless 100% of the aboveground biomass
is harvested (whole~tree harvesting). If only the
merchantable stems are removed from the system, the net
amount of nitrogen removed by the system will be less than
308 of the amount stored in the biomass. The distributions
of biomass and nitrogen for naturally growing hardwood and
conifer (pines, Douglas-fir, fir, larch, etc.) stands in
temperate regions are shown in Table 4-13. For deciduous
species, whole-tree harvesting must take place in the summer
when the leaves are on the trees if maximum nitrogen removal
is to be achieved.
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TABLE 4-13
BIOMASS AND NITROGEN DISTRIBUTIONS BY TREE
COMPONENT FOR STANDS IN TEMPERATE REGIONS [23])
Percent

Conifers Hardwoods

Tree component Biomass Nitrogen Biomass Nitrogen

Roots 10 17 12 18
Stems 80 50 65 32
Branches 8 12 22 42
Leaves 2 20 1 8

The assimilative capacity for both phosphorus and trace
metals is controlled more by soil properties than plant
uptake. The relatively low pH (4.2 to 5.5) of most forest
soils 1is favorable to the retention of phosphorus but not
trace metals. However, the high level of organic matter in
forest soil improves the metal removal capacity. The amount
of phosphorus in trees is small, usually less than 30 kg/ha
(27 1lb/acre); therefore, the amount of annual phosphorus
accumulation is quite small.

4,3.,2.2 Moisture Tolerance

Crops that can be exposed to prolonged periods of high soil
moisture without suffering damage or yield reduction are
said to have a high moisture or water tolerance. This
characteristic is desirable in situations (1) where-
hydraulic loading rates must be maximized, (2) where the
root zone contains a slowly permeable soil, or (3) in humid
areas where sufficient moisture already exists for plant
growth,. Refer to Table 4-8 for a comparison of crop
moisture tolerances. Alfalfa and red pine, for example,
have low moisture tolerances,

4.3.2.3 Consumptive Water Use

Consumptive water use by plants is also  termed
evapotranspiration (ET). Consumptive water use varies with
the physical characteristics and the growth stage of the
crop, the soil moisture level, and the local climate,. In
some states, estimates of maximum monthly consumptive water
use for many crops can be obtained from local agricultural
extension offices or research stations or the SCS. . Where
this information is not available, it will be necessary to
make estimates of evapotranspiration using temperature and
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other climatic data. Several methods of estimating
evapotranspiration are available and are detailed in
publications by the American Society of Civil Engineers
(ASCE) [24], the Food and Agriculture Organization (FAO) of
the United Nations [25], and the SCS [26].

Agricultural Crops

In humid regions estimates of potential evapotranspiration
(PET) are wusually sufficlent for perennial, full-cover
Ccrops. Examples ot estimated PET for humid and subhumid
climates are shown in Table 4-14. Examples of monthly
consumptive use in arid regions are shown in Table 4-15 for
several California crops. These table values are specific
for the 1location given and are intended to 1illustrate
variation in ET due to crop and climate. The designer
should obtain or estimate ET values that are specific to the
site under design.

TABLE 4-14
EXAMPLES OF ESTIMATED MONTHLY POTENTIAL
EVAPOTRANSPIRATION FOR HUMID AND SUBHUMID CLIMATES

cm

Paris, Central Brevard, Jonesboro, Hanover, Seabrook,
Month Texas Missouri North Carolina Georgia New Hampshire New Jersey
Jan 1.5 0.7 0.2 1.3 0.0 0.2
Feb 1.5 1.3 0.3 1.3 0.0 0.3
Mar 3.6 3.0 2.1 3.0 0.1 2.0
Apr 6.8 6.6 4.6 5.8 2.9 4.0
May 9.9 10.8 7.6 10.9 8.2 7.4
Jun 14.7 14.5 10.2 14.7 12.9 11.4
Jul 16.0 16.9 11.4 15.7 13.7 13.9
Aug 16.2 15.2 10.4 15.0 11.9 13.6
Sep 9.7 10.3 7.4 10.9 7.4 9.9
Ooct 6.4 6.3 4.6 5.8 4.0 4.9
Nov 2.7 2.6 1.6 2.5 0.3 2.1
Dec 1.4 1.1 0.3 1.3 0.0 0.3
Annual 90.4 89.3 60.7 88.2 61.4 70.0

In arid or semiarid regions, water in excess of consumptive
use must be applied to (1) ensure proper soil moisture
conditions for seed germination, plant emergence, and root
development; (2) flush salts from the root zone; and
(3) account for nonuniformity of water application by the
distribution system (see Section 4.7). This requirement is
the irrigation requirement and examples are shown in
Table 4-15. Local irrigation specialists should Dbe
consulted for specific values.
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TABLE 4-15
CONSUMPTIVE WATER USE AND IRRIGATION REQUIREMENTS FOR
SELECTED CROPS AT SAN JOAQUIN VALLEY, CALIFORNIA® [27, 28]
Depth of Water in cm

Double crop

pPastures or alfalfab barley and grain sorghum® Cotton @

Sugar beets €

Consumptive . Irrigation Consumptive Irrigation Consumptive Irrigation Consumptive Irrigation

Month use requirements use requirements uge requirements use requirements
Jan 2.3 3.0 2.5 -- - - - -
Feb N 6.9 5.1 -- - 0.1t -- -
Mar 9.7 13.0 9.7 15.2 - - -- 12.7
Apr 13.2 17.8 13.2 15.2 1.5 - 2.5 22.9
May 17.8 23.9 6.6 - 3.0 - 6.4 12.7
Jun 21.8 29.2 - 25.49 9.1 12.7 12.7 22.9
Jul 23.9 32.0 11.4 17.8 18.3 30.% 17.8 19.1
Aug 22.1 29.7 20.3 30.1 21.3 30.5 20.3 11.4
Sep 14.7 19.8 15.2 22.9 15.2 - - -
Oct 10.9 14.7 7.6 —— 6.4 -- - -
Nov 5.1 6.9 -- -- - - - 15.29
Dec 2.5 .3 _2.5 25.4 - - - -=
Total 149.1 200.2 94.1 152.0 74.8 111.8 59.7 116.9

Other crops having similar growing seasons and ground cover will have similar consumptive use.

b. Estimated maximum consumptive use (evapotranspiration) of water by mature crops with nearly complete ground
cover throughout the year.

c. Barley planted in November~-December, harvested in June. Grain sorghum planted June 20-July 10, harvested
in November-December.

d. Rooting depth of mature cotton: 1.8 m. Planting dates: March 15 to April 20. Harvest: October, November,
and December.

e. Rooting depth: 1.5 to 1.8 m. Planting date: January. Harvest: July 15 to September 10.
f. Preirrigation should wet soil to 1.5 to 1.8 m depth prior to planting.

g, Preirrigation is used to ensure germination and emergence. First crop irrigations are heavy in order to
provide deep moisture.

Forest Crops

The consumptive water use of forest crops under high soil
moisture conditions may exceed that of forage crops in the
same area by as much as 30%. For design purposes, however,
the potential ET is used because there is little information
on water use of different forest species. The seasonal
pattern of water use for conifers is more uniform than for
deciduous trees,

4.3.2.4 Effect on Soil Hydraulic Properties

In general, plants tend to increase both the infiltration
rate of the soil surface and the effective hydraulic
conductivity of the soil in the root zone as a result of
root penetration and addition of organic matter. The
magnitude of this effect varies among different crops.
Thus, the crop selected can affect the design application
rate of sprinkler distribution systems, which is based on
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the steady state infiltration rate of the soil surface.
Steady state infiltration rate is equivalent to the
saturated permeability of surface soil. Design sprinkler
application rates <can be increased by 50% over the
permeability value for most full-cover crops and by 100% for
mature (>4 years old), well-managed permanent pastures (see
Appendix E). The design application rate (cm/h or in./h)
should not be confused with hydraulic loading rate (cm/wk or
cm/mo) which 1is based on the permeability of the most
restrictive layer in the soil profile. This layer, in many
cases, is below the root zone and is unaffected by the crop.

Forest surface soils are generally characterized by high
infiltration capacities and high porosities due to the
presence of high levels of organic matter. The infiltration
rates of most forest surface soils exceed all but the most
extreme rainfall intensities. Therefore, surface
infiltration rate 1is not wusually a limiting factor in
establishing the design application rate for sprinkler
distribution in forest systems.

In addition, the permeability of subsurface forest soil
horizons is generally improved over that found under other
vegetation systems because there 1is: (1) no tillage,
(2) minimum compaction from vehicular traffic, (3) decompo-
sition of deep pentrating roots, and (4) a well-developed
structure due to the increased organic matter content and
microbial activity. Where subfreezing temperatures are
encountered, the forest floor serves to insulate the soil so
that soil freezing, if it does occur, occurs slowly and does
not penetrate deeply. Consequently, wastewater application
can often continue through the winter at forest systems.

4.3.2.,5 Crop Water Quality Requirements and
Toxicity Concerns

Wastewaters may have constituents that: (1) are harmful to
plants (phytotoxic), (2) reduce the quality of the crop for
marketing, or (3) can be taken up by plants and result in a
toxic concern in the food chain. Thus, the effect of
wastewater constituents on the crop itself and the potential
for toxicity to plant consumers must be considered during
the crop selection process. Agricultural crops are of
primary concern.,

A summary of common wastewater constituents that can
adversely affect certain crops either through a direct toxic
effect or through degradation of crop quality is given in
Table 4-16. Also indicated in the table are the constituent
concentrations at which problems occur. These effect are
discussed in further detail in Chapter 9.
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TABLE 4-16
SUMMARY OF WASTEWATER CONSTITUENTS
HAVING POTENTIAL ADVERSE EFFECTS
ON CROPS [29]

Constituent level

Problem and No Increasing Severe
related constituent problem problems problems Crops affected
Salinity (Bcg), <0.75 0.75-3.0 >3.0 Crops in arid climates only
mmho/cm (see Table 9-4)

Specific ion toxicity
from root absorption
Boron, mg/L <0.5 0.5-2 2.0-10.0 Fruit and citrus trees -
0.5-1.0 mg/L; field crops -
1.0-2.0 mg/L; grasses -
2.0-10.0 mg/L

sodium, adj-SAR2 <3 3.0-9.0 >9.0 Tree crops
Chloride, mg/L <142 142-355 >355 Tree crops

Specific ion toxicity
from foliar absorption

Sodium, mg/L <69 >69 -- Field and vegetable
crops under sprinkler
Chloride, mg/L <106 >106 -- application
Miscellaneous
NH4-N + NO3-N, mg/L <5 5-30 30 Sugarbeets, potatoes,
cotton, grains
HCO3, mg/L <90 90-520 >520 Fruit
pPH, units 6.5-8.4 4.2-5.5 <4.2 and Most crops
>8.5

a. Adjusted sodium adsorption ratio.

Trace elements, particularly zinc, copper, and nickel are of
concern for phytotoxicity. However, the concentration of
these elements in wastewaters is well below the toxic level
of all crops and phytotoxicity could only occur as a result
of long-term accumulation of these elements in the soil.

4.4 Preapplication Treatment
Preapplication treatment is provided for three reasons:
1. Protection of public health as it relates to human

consumption of crops or crop byproducts or to
direct exposure to applied wastewater '

2. Prevention of nuisance conditions during storage
3. Prevention of operating problems in distribution
systems :

Preapplication treatment is not necessary for the SR process
to achieve maximum treatment, except in the case of harmful
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or toxic constituents from industrial sources (see
Section 4.4.3). The SR process is capable of removing high
levels of most constituents present in municipal
wastewaters, and maximum use should be made of this
renovative capacity in a complete treatment system.
Therefore, the 1level of preapplication treatment provided
should be the minimum necessary to achieve the three stated
objectives. In general, any additional preapplication
treatment will result in higher costs and energy use.

The EPA has 1issued general guidelines for assessing the
level of preapplication treatment necessary for SR systems
[30]. The guidelines are intended to provide adequate
protection for public health:

A. Primary treatment - acceptable for isolated
locations with restricted public access and when
limited to crops not for direct human consumption.

B. Biological treatment by ponds or inplant processes
plus control of fecal coliform count to less than
1,000 MPN/100 mL - acceptable for controlled
agricultural irrigation except for human food crops
to be eaten raw.

C. Biological treatment by ponds or inplant processes
with additional BOD or SS control as needed for
aesthetics plus disinfection to log mean of 200/100
mL (EPA fecal coliform criteria for bathing waters)
- acceptable for application in public access areas
such as parks and golf courses.

In most cases, state or local public health or water quality
control agencies regulate the quality of municipal
wastewater that can be used for SR. The appropriate state
and local agencies should be contacted early in the design
process to determine specific restrictions on the quality of
applied wastewater.

4.4.1 Preapplication Treatment for Storage and
During Storage

Objectionable odors and nuisance conditions can occur if
anaerobic conditions develop near the surface in a storage
pond. Two preapplication treatment options are available to

prevent odors:

1. Reduce the oxygen demand of the wastewater prior to
storage.
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2. Design the storage pond as a deep facultative pond,
using appropriate BOD loading.

Complete biological treatment and disinfection are
unnecessary prior to storage. The level of treatment
provided should not exceed that necessary to control
odors. For storage ponds with short detention times (less
than 10 to 15 days), a reduction in the BOD of the
wastewater to a range of 40 to 75 mg/L should be sufficient
to prevent odors. An aerated cell is are normally used for
BOD reduction in such cases. For storage ponds with longer
detention times, BOD reduction before storage is normally
not required because the storage pond 1is serving as a
stabilization pond.

Wastewater undergoes treatment during storage, Suspended
solids, oxygen demand, nitrogen, and microorganisms are
reduced. In general, the extent of reduction depends on the
length of the storage period. In the case of nitrogen,
removal during storage can affect the design and operation
of the SR process because the allowable hydraulic loading
rate may be governed by the nitrogen concentration of the
applied wastewater. Nitrogen removal in storage reservoirs
can be substantial and depends on several factors including
detention time, temperature, pH, and pond depth. A
preliminary model to estimate nitrogen removals in ponds
during ice-free periods has been developed [31]:

o-0.0075t

Nt = No (4_1)
where N, = nitrogen concentration in pond effluent
(total N), mg/L
Ny = nitrogen concentration entering pond

(total N), mg/L

t = detention time, 4

A more precise model for predicting ammonia nitrogen
removals in ponds is presented in the Process Design Manual
on Wastewater Treatment Ponds [32].

Nitrogen in pond effluent is predominantly in the ammonia or
organic form. In most cases, it is desirable to apply
nitrogen in these forms to SR systems because they are held
at least temporarily in the soil profile and are available
for plant uptake for longer periods than nitrate, which is
mobile in the soil profile, Ammonia and organic nitrogen
which is converted to ammonia, are particularly desirable in
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forest systems because many tree species do not take up
nitrate as efficiently as ammonia.

A model describing the removal of fecal coliforms in pond
systems has also been developed [33]:

- (T-20)
Cg = C; e Kt®

where Ceg = effluent fecal coliform concentration,
No./100 mL

C:; = entering fecal coliform concentration,
No./100 mL

K = 0.5 warm months;
0.03 cold months

t = M"actual”" detention time, d
0= 1.072
T = 1liquid temperature, °C

Based on this model, actual detention times of about 17 days
and 21 days would be necessary at 20 °C (68 °F) to reduce
the coliform 1level of a typical domestic wastewater to
1,000/100 mL and 200/100 mL, respectively. Thus, effluent
from storage reservoirs, in many cases, may meet the EPA
coliform recommendations for SR systems without
disinfection.

Removal of viruses in ponds is also quite rapid at warm
temperatures. Essentially complete removal of Coxsackie and
polio viruses was observed after 20 days at 20 °C [34].

4.4.2 Preapplication Treatment to Protect
Distribution Systems

Deposition of settleable solids and grease in distribution
laterals or ditches can cause reduction in the flow capacity
of the distribution network and odors at the point of
application. Coarse solids can cause severe clogging
problems in sprinkler distribution systems. Removal of
settleable solids and o0il and dJrease (i.e., Pprimary
sedimentation or equivalent) 1s therefore recommended as a
minimum level of preapplication treatment. For sprinkler
systems, it has been recommended that the size of the
largest particle in the applied wastewater be less than one-
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third the diameter of the sprinkler_ nozzle to avoid
plugging.

4.4.3 Industrial Pretreatment

Pollutants that are compatible with conventional secondary
treatment systems would generally be compatible with land
treatment systems, As with conventional systems, pre-
treatment requirements will be necessary for such constit-
uents as fats, grease and oils, and sulfides to protect
collection systems and treatment components. Pretreatment
requirements for conventional biological treatment will also
be sufficient for land treatment processes.

4.5 Loading Rates and Land Area Requirements

The hydraulic 1loading rate 1is the volume of wastewater
applied per unit area of land over at least one loading

cycle. Hydraulic 1loading rate 1is commonly expressed 1in
cm/wk or m/yr (in./wk or ft/yr) and is used to compute the
land area required for the SR process. The hydraulic

loading rate wused for design is based on the more
restrictive of two limiting conditions--the capacity of the
soil profile to transmit water (soil permeability) or the
nitrogen concentration in water percolating beyond the root
zone.

A separate case is considered for those systems in arid
regions where crop revenue 1is important and the wastewater
is used as a valuable source of irrigation water. For such
systems, the design hydraulic loading rate is usually based
on the irrigation requirements of the crop.

4.5.1 Hydraulic Loading Rate Based on Soil
Permeability

The general water balance equation with rates based on a
monthly time period is the basis of this procedure. The
equation, with runoff of applied water assumed to be zero,
is:

L, = ET - Pr + P, (4-3)
where L, = wastewater hydraulic loading rate
ET = evapotranspiration rate
Pr = precipitation rate
P, = percolation rate
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The basic steps in the procedure are:

l.

Determine the design precipitation for each month
based on a 5 year return period frequency analysis
for monthly precipitation. Alternatively, use a 10
year return period for annual precipitation and
distribute it monthly based on the ratio of average
monthly to average annual precipitation.

Estimate the monthly ET rate of the selected crop
(see Section 4.3.2.3).

Determine by field test the minimum clear water
permeability of the soil profile, If the minimum
soil permeability is wvariable over the site,
determine an average minimum permeability based on
areas of different soil types.

Establish a maximum daily design percolation rate
that does not exceed 4 to 10% of minimum soil
permeability (see Figure 2-3). Percentages on the
lower end of the scale are recommended for variable
or poorly defined soil conditions. The percentage
to use is a judgment decision to be made by the
designer. The daily percolation rate is determined
as follows:

Py(daily) = permeability, cm/h (24 h/d)(4 to 10%)

Calculate the monthly percolation rate with
adjustments for those months having periods of
nonoperation. Nonoperation may be due to:

e Crop management. Downtime must be allowed for harvesting,
planting, and cultivation as applicable.

e Precipitation. Downtime for precipitation is already
factored into the water balance computation. No adjust-
ments are necessary.

e Freezing temperatures. Subfreezing temperatures cause
soil frost that reduces surface infiltration rate. Oper-
ation is usually stopped when this occurs. The most con-
servative approach to adjusting the monthly percolation
rate for freezing conditions is to allow no operation for
days during the month when the mean temperature is less

than 0 °C (32 °F). A less conservative approach is to use
a lower minimum temperature. The recommended lowest mean
temperature for operation is -4 °C (25 °F). Data sources

and procedures for determining the number of subfreezing
days during a month are presented in Sections 2.2.1.3,
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2.2.2.2, and 4.6. Nonoperating days due to freezing con-
ditions may also;bé_estimated using the EPA-1 computer
program without precipitation constraints (see Section
4.6.2). For forest crops, operation can often continue
during subfreezing conditions.

® Seasonal crops. When single annual crops are grown,
wastewater is not normally applied during the winter
season, although applications may occur after harvest
and before the next planting. The design monthly per-
colation rate may be calculated as follows:

Py (monthly) = [Pw(daily)] x (No. of operating d/mo)

6. Calculate the monthly hydraulic loading rate using
Equation 4-3. The monthly hydraulic loadings are
summed to yield the allowable annual hydraulic
loading rate based on soil permeability [L (P)]'
The computation procedure 1is illustrated %y an
example for both arid and humid climates 1in
Table 4-17. The example 1is based on systems
growing permanent pasture and having similar winter
weather and soil conditions. Downtime is allowed
for freezing conditions, but pasture management
does not require harvesting downtime.

The allowable hydraulic 1loading rate based on soil
permeability calculated by the above procedure L, p) is the
maximum rate for a particular site and operating conditions,
and this rate will be used for design if there are no other
constraints or limitations. If other limitations exist,
such as percolate nitrogen concentration, it is necessary to
calculate the allowable hydraulic loading rate based on
these limitations and compare that rate with the LW(P). The
lower of the two rates is used for design.

4.5.2 Hydraulic Loading Rate Based on
Nitrogen Limits

In municipal wastewaters applied to SR systems, nitrogen is
usually the limiting constituent when protection of potable
ground water aquifers is a concern. If percolating water
from an SR system will enter a potable ground water aquifer,
then the system should be designed such that the
concentration of nitrate nitrogen in the receiving ground
water at the project boundary does not exceed 10 mg/L.
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TABLE 4-17
WATER BALANCE TO DETERMINE HYDRAULIC LOADING
RATES BASED ON SOIL PERMEABILITY

cm
(2) (3) (4)=(2)-(3) (5) (6)=(4)+(5)
ETI Prr LW( ’
Evapotrans- precip- Py, wastewgler
Month piration itation Net ET Percolation? hydraulic loading
Arid
climates
Jan 2.3 3.0 -0.7 5.1 4.4
Feb 5.1 2.8 2.3 12.6 14.9
Mar 9.7 2.8 6.9 16.3 23.2
Apr 13.2 2.0 11.2 18.0 29.2
May 17.7 0.5 17.2 18.0 35.2
Jun 21.8 0.3 21.5 18.0 39.5
Jul 23.9 - 23.9 18.0 41.9
Aug 22.1 -- 22.1 18.0 40.2
Sep 14.7 0.3 14.4 18.0 32.4
Oct 10.9 0.8 10.1 18.0 28.1
Nov 5.1 1.3 3.8 17.0 20.8
Dec 5 2.5 0.0 14.1 14.1
Annual 149.0 16.3 132.7 191.1 323.8
Humid
climates
Jan 1.3 13.5 -12.2 5.1 0.0P
Feb 1.3 13.0 -11.7 12.6 0.9
Mar 3.0 15.5 -12.5 16.3 3.8
Apr 5.8 11.3 - 5.5 18.0 12.5
May 10.9 11.1 - 0.2 18.0 17.8
Jun 14.7 11.7 3.0 18.0 21.0
Jul 15.7 13.3 2.4 18.0 20.4
Aug 15.0 11.1 3.9 18.0 21.9
Sep 10.9 9.1 1.8 18.0 19.8
Oct 5.8 8.0 - 2.2 18.0 15.8
Nov 2.5 8.0 - 5.5 17.0 11.5
Dec 1.3 12.8 -11.5 14.1 2.6
Annual 88.2 138.4 -50.2 191.1 148.0

a. Based on a soil profile with a moderately slow permeability
(0.5 to 1.5 cm/h), P,(max) = (0.5 cm/h) (24 h/d) (30 d/mo) (0.05) = 18.0

b. L, cannot be less than zero.

The approach to meeting this requirement involves first
estimating an allowable hydraulic loading rate based on an
annual nitrogen balance (Lw(n))' and comparing that to the
previously calculated Lw( ) to determine which value
controls. The detailed steﬁ% in this procedure are:

1. Calculate the allowable annual hydraulic loading
rate based on nitrogen limits using the following
equation:

(Cp)(Pr - ET) + (U)(10) (4-4)
(1-£) (C,) - C

Lw(n) =
p
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where

Ly(n) = allowable annual hydraulic loading rate
based on nitrogen limits, cm/yr

C,, = nitrogen concentration in percolating water,
P
mg/L
Pr = precipitation rate, cm/yr
ET = evapotranspiration rate, cm/yr
U = nitrogen uptake by crop, kg/ha-yr
(Tables 4-2, 4-11, 4-12)
Ch = nitrogen concentration in applied

wastewater, mg/L (after losses in
preapplication treatment)

f = fraction of applied nitrogen removed by
denitrification and volatilization (4.2.2).

Compare the wvalue of Ly(n with the value of Lw(
calculated previously (Section 4.5.1). If Lw(n

greater than L ).! do not continue the proce%ure
and use Lw(p) f%&pdesign. If L,(ny 1s less than or
equal to L, p)’ design should be’ based on Lw(n .
The value oé ( calculated in Step 1 above mgy
be used to estimate land requirements for purposes
of Phase 2 planning, but for final design the
procedure outlined in Steps 3 and 4 should be used.

B4

Calculate an allowable monthly hydraulic 1loading
rate based on nitrogen limits using Equation 4-4
with monthly wvalues for Pr, ET, and U. Monthly
values for Pr and ET will have been determined
previously for the water balance table (see
Section 4.5.1). Monthly values for crop uptake (U)
can be estimated by assuming that annual crop
uptake is distributed monthly according to the same
ratio as monthly to total growing season ET.

If data on nitrogen uptake versus time, such as
that shown 1in Figure 4-2, are available for the
crops and climatic region specific to the project
under design, then such information may be used to
develop a more accurate estimate of monthly
nitrogen uptake values.

Compare each monthly value of Lw( ) with the

corresponding monthly value of (p) calculated
previously (Section 4.5.1). The lowgr of the two
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values should be used for design. The design
monthly hydraulic loading rates are summed to yield
the design annual hydraulic loading rate.

The above procedure is illustrated in Example 4-1
for an arid climate and a humid climate using the
climatic and operating conditions given in
Table 4-17.

EXAMPLE 4-1: CALCULATION TO ESTIMATE DESIGN HYDRAULIC
LOADING RATE

Conditions Humid Arid

climate climate

1. Applied wastewater nitrogen concentration (Cp), mg/L 25 25

2. Crop nitrogen uptake (U), kg/ha-yr 336 336

3. Denitrification + volatilization

(as a fraction of applied nitrogen) 0.2 0.2
4. Limiting percolate nitrogen concentration (Cp), mg/L 10 10
5. Precipitation (Pr) and evapotranspiration (ET) (see
Table 4-17).
Calculations

1. Calculate allowable annual L (n) using Equation 4-4.

(Cp) (Pr = ET) + (U)(10)

Lw(n) =
(1 - £)(Cn) - Cp
Humid climate Arid climate
Ly . 110)(138.4 - 88.2) + (336) (10) . 10)(16.3 - 149) + (336) (10)
(n) T -0.27(25 = 10 Lw(n) 1 -0.2)(25 - 10
= 386.2 cm/yr = 203.3 ecm/yr
2. Compare Ly (n) with Ly(p).
Humid climate Arid climate
Lw(n) = 386.2 cm/yr Ly(n) = 203.3 cm/yr
Lw(p) = 148.0 cm/yr Lw(p) = 323.8 cm/yr
<-Lw(p) controls. Use Ly(p) for ..Ly(n) controls. Continue to
design (see Table 4-17) Step 3.
3. Compute allowable monthly Lw(n) using Equation 4-4 and estimated monthly nitrogen

uptake and monthly (Pr - ET) values. Compare with monthly Ly (p) and use lower
value for design. Tabulate results. (Arid climate only)

Month (Px - ET), cm (U), kg/ha Ly(p), cm Lw(p), cm Design Ly, cm
Jan 0.7 5.2 5.9 4.4 4.4

Feb -2.3 11.5 9.2 17.5 9.2

Mar ~6.9 21.9 15.0 23,2 15.0

Apr -11.2 29.8 18.6 29.2 18.6

May -17.2 39.9 22.6 35.2 22.6

Jun -21.5 49.2 27.6 39.5 27.6

Jul -23.9 53.9 30.0 41.9 30.0

Aug -22.1 49.8 27.9 40.2 27.9

Sep -14.4 33.1 18.7 32.4 18.7

Oct -10.1 24.6 14.5 28.1 14.5

Nov -3.8 11.5 7.7 20.8 7.7

Dec 0.0 5.6 5.6 14.1 5.6
Annual ~132.7 336 203.3 323.8 201.8
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The above procedure for calculating allowable hydraulic
loading rate based on nitrogen 1limits 1is based on the
following assumptions:

1. All percolate nitrogen is in the nitrate form.
2. No storage of nitrogen occurs in the soil profile.

3. No mixing and dilution of the percolate with in
situ ground water occurs.

Use of these assumptions results in a very conservative
estimate of percolate nitrogen. This procedure should
ensure that the nitrogen concentration in the ground water
at the project boundaries will be less than the specified
value of Cp.

As indicated by the example, nitrogen loading is more likely
to govern the design hydraulic loading rate for systems in
arid climates than in humid climates. The reason for this
is that the net positive ET rate in arid climates causes an
increase in the concentration of the nitrogen level in the
percolating water.

For systems in arid climates, it is possible that the design
monthly hydraulic loading rates based on nitrogen limits
will be less than the irrigation requirements (IR) of the
Ccrop. The designer should compare the design L, with the
irrigation requirement to determine if this = situation
exists. If it does exist, the designer has three options
available to increase L ) sufficiently to meet the IR.

w(n
1. Reduce the concentration of applied nitrogen (Cn)
through preapplication treatment.
2. Demonstrate that sufficient mixing and dilution

(see Section 3.6.2) will occur with the existing
ground water to permit higher values of percolate
nitrogen concentration (Cp) to be used in
Equation 4-4. .

3. Select a different crop with a higher nitrogen
uptake (U).

4.5.3 Hydraulic Loading Rate Based on
Irrigation Requirements

For SR systems in arid regions that have crop production for

revenue as the objective, the design hydraulic loading rate
can be determined on the basis of the crop irrigation
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requirement (see Section 4.3.2.1) using a modified water
balance equation:

Lw = IR - Pr (4-5)
where L., = hydraulic loading rate
IR = crop irrigation requirement
Pr = precipitation

The annual hydraulic loading rate is determined by summing
the monthly hydraulic loading rates computed using
Equation 4-5. The computational procedure 1is similar to
that outlined in Section 4.5.1.

The monthly hydraulic loading rate based on IR should be
checked against the allowable rate based on nitrogen limits
(Lw(n)) as discussed in Section 4.5.2.

4.5.4 Land Area Requirements

The land area to which wastewater is actually applied is
termed a field. In addition to the field area, the total
land area required for an SR system 1includes 1land for
preapplication treatment facilities, administration and
maintenance buildings, service roads, buffer zones, and
storage reservoir. Field area requirements and buffer zone
requirements are discussed 1in this section, Storage area
requirements are discussed in Section 4.6 and area
requirements for preapplication treatment facilities,
buildings, and service roads are determined by standard
engineering practice not included in this manual.

4.5.4.1 Field Area Requirements

The required field area 1is determined from the design
hydraulic loading rate according to the following equation:

A = (Q) (365)(d/yr) + AVg (4-6)
w C(Ly,)
where A, = field area, ha (acre)
Q = average daily comgunity gastewater flow
(annual basis), m?/d (ft-°/4)
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AV, = net loss or gain in stored wastewater volume
due to precipitatign, evapgration and seepage
at storage pond, m->/yr (ft°/yr)

C = constant, 100 (3,630)

Ly,

design hydraulic loading rate, cm/yr (in./yr)

The first calculation of field area must be made without
considering net gain or loss from storage. After storage
pond area is computed, the value of AV_ can be computed from
precipitation and evaporation data. Field area then must be
recalculated to account for AV..

Using the design hydraulic loading rate for the arid climate
in Example_ 4-1, the field area for a daily wastewater flow
of 1,000 m3/d, neglecting AVg, 1is:

- {1,000)(365) - 18.1 ha
(10%)(201.8)(0.01)

4.5.4.2 Buffer Zone Requirements

The objectives of buffer zones around land treatment sites
are to control public access, and in some cases, improve
project aesthetics. There are no universally accepted
criteria for determining the width of buffer zones around SR
treatment systems. In practice, the widths of buffer .zones
range from zero for remote systems to 60 m (200 ft) or more
for systems using sprinklers near populated areas. In many
states, the width of Dbuffer 2zones 1is prescribed by
regulatory agencies and the designer should determine if
such requirements exist.

The requirements for buffer 2zones in forest systems are
generally less than those of other vegetation systems
because forests reduce wind speeds and, therefore, the
potential movement of aerosols. Forests also provide a
visual screen for the public. A minimum buffer zone width
of 15 m (50 ft) that is managed as a multistoried forest
canopy will be sufficient to meet all objectives. The
multistoried effect is achieved by maintaining mature trees
on the inside edge of the buffer next to the irrigated area
and filling beneath the canopy and out to the outside edge
of the buffer with trees that grow to a moderate height and
have full, dense canopies. Evergreen species are the best
selection if year-round operation is planned. If existing
natural forests are used for the buffer, a minimum width of
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15 m may be sufficient to meet the objectives, if there is
an adequate vegetation density.

4.6 Storage Requirements

In almost all cases, SR systems require some storage for
periods when the amount of available wastewater flow exceeds
the design hydraulic loading rate. The approach used to
determine storage requirements is to first estimate a
storage volume requirement using a water balance computation
or computer programs developed to estimate storage needs
based on observed climatic variations throughout the United
States. The final design volume then 1is determined by
adjusting the estimated volume for net gain or loss due to
precipitation and evaporation using a monthly water balance
on the storage pond. These estimating and adjustment
procedures are described in the following sections.

Some states prescribe a minimum storage volume (e.g., 10
days storage). The designer should determine 1if such
storage requirements exist,

All applied wastewater does not need to pass through the

storage reservoir. In cases where primary effluent 1is
suitable for application, only the water that must be stored
need receive prestorage treatment. Stored and fresh

wastewater is then blended for application.

4.6.1 Estimation of Volume Requirements Using
Storage Water Balance Calculations

An initial estimate of the storage volume requirements may
be determined using a water balance calculation procedure.
The basic steps in the procedure are illustrated using the
arid climate example from Example 4-1:

1. Tabulate the design monthly hydraulic loading rate
as indicated in Table 4-17.

2. Convert the actual volume of wastewater available
each month to units of depth (cm) using the
following relationship.

-2
W, = (Q,,) (10 <) (4-7)
a,
where W, = depth of available wastewater, cm
Qy = Vvolume of available wastewater for the

month, m
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A, = field area, ha

Insert the results for each month into a water
balance table, as illustrated by the example in
Table 4-18, In some communities, influent
wastewater flow varies significantly with the time
of year, The values used for Q, should reflect
monthly flow variation based on historical
records., In this example, no monthly flow
variation is assumed.

TABLE 4-18
ESTIMATION OF STORAGE VOLUME REQUIREMENTS
USING WATER BALANCE CALCULATIONS

cm
(1) (2) (3) (4) (5)
Ly, =(3)-(2)
wastewater Wa, Change
hydraulic available in Cumulative
Month loading wastewater? storage storage
oct 14.5 16.8 2.3 -0.2b
Nov 7.7 16.8 9.1 2.3
Dec 5.6 16.8 11.2 11.4
Jan 4.4 16.8 12.4 22.6
Feb 9.2 16.8 7.6 35.0
Mar 15.0 16.8 1.8 42.6
Apr 18.6 16.8 - 1.8 44 .4€
May 22.6 16.8 - 5.8 42,6
Jun 27.6 16.8 -10.8 36.8
Jul 30.0 16.8 -13.2 26.0
Aug 27.9 l16.8 -11.1 12.8
Sep 18.7 16.8 - 1.9 1.7
Annual 201.8 201.6

a. Based on a field area of 18.1 ha and 30,438 m3/mo
of wastewater.

b. Rounding error. Assume zero.

Maximum storage month.

Compute the net change in storage each month by
subtracting the monthly hydraulic loading from the
available wastewater in the same month.

Compute the cumulative storage at the end of each
month by adding the change in storage during one
month to the accumulated quantity from the previous
month. The computation should begin with the
reservoir empty at the beginning of the largest
storage period. This month is usually October or
November, but in some humid areas it may be
February or March.
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5. Compute the required storage volume using the
maximum cumulative storage and the field area as
indicated below.

Required storage volume 4 2
(44.4 cm) (18,1 ha) (1072 m/cm) (10% m2/ha)
8.04 x 10% nm

The advantage of using this water balance procedure to
estimate storage volume requirements 1is that all factors
that affect storage, including (1) seasonal changes in
precipitation, evapotranspiration, and wastewater flow; and
(2) downtime for precipitation or crop management are
accounted for in the design hydraulic loading rate. The
disadvantage of this procedure is that downtime for cold
weather has to be determined separately and added in by
reducing allowed monthly percolation.

4.6.2 Estimated Storage Volume Requirements
Using Computer Programs

The National Climatic Center in Asheville, North Carolina,
has conducted an extensive study of climatic variations
throughout the United States and the effect of these
variations on storage requirements for soil treatment
systems ([35]. Based on this study, three computer programs,
as presented in Table 4-19, have been developed to estimate
the storage days required when inclement weather conditions
preclude land treatment system operation.

TABLE 4-19
SUMMARY OF COMPUTER PROGRAMS FOR DETERMINING
STORAGE FROM CLIMATIC VARIABLES ([36]

EPA

program Applicability Variables Remarks

EPA-1 Cold climates Mean temperature, Uses freeze index
rainfall, snow depth

EPA-2 Wet climates Rainfall Storage to avoid

surface runoff

EPA-3 Moderate climates Maximum and minimum Variation of EPA-1
temperature, rainfall, for more temperate
snow depth regions

Depending on the dominant climatic conditions of a region,
one of the three computer programs will be most suitable.
The program best suited to a particular region is shown in
Figure 4-3. The storage days are calculated for recurrence
intervals of 2, 4, 10, and 20 vyears. A list of stations
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with storage days for 10 and 20 year recurrence intervals
from EPA computer programs is presented in Appendix F, A
list of 244 stations for which EPA~1 has been run is
included in reference (35]. To use these programs, contact
the National Climatic Center of the National Oceanic and
Atmospheric Administration in Asheville, North Carolina
28801; a fee is required.

Storage days required for crop management activities
(harvesting, planting, etc.) must be added to the computer
estimated storage days due to weather to obtain the total
storage days required in each month. The estimated required
storage volume 1is then calculated by multiplying the
estimated number of storage days in each month times the
average daily flow for the corresponding month.

4.6.3 Final Design Storage Volume Calculations

The estimated storage volume requirement obtained by water
balance calculation or computer programs must be adjusted to
account for net gain or loss in volume due to precipitation
or evaporation. The mass balance procedure is 1illustrated
by Example 4-2 using arid climate data from Example 4-1 and
the estimated storage volume from Table 4-18. An example
for a system in a more humid climate is given in Appendix E.

EXAMPLE 4-2: CALCULATIONS TO DETERMINE FINAL STORAGE VOLUME
REQUIREMENTS

1. Using the initial estimated storage volume and an assumed storage pond depth
compatible with local conditions, calculate a required surface area for the
storage pond:

\
ag = -Sfest) (4-8)

where As = area of storage pond, m?

Vg (est) = estimated storage volume, m3
dg = assumed pond depth, m

For the example, assume dg = 4 m

(8.02 x 104 m3)

As = 4m

=2 x 104 m2
2. Calcqlqte the monthly net volume of water gained or lost from storage due to
precipitation, evaporation, and seepage:
Vg = (Pr - E - seepage) (Ag) (102 m/cm) (4-9)

where AVg = net gain or loss in storage volume, m3

Pr = design monthly precipitation, cm

E = monthly evaporation, cm
As = storage pond area

Estima;ed lake evaporation in the local area should be used for E, if available.
Potential ET values may be used if no other data are available. Tabulate monthly
values and sum to determine the net annual AVg.

For example, assume:
E ET
Seepage 0

Results are tabulated in Column (2) of Table 4-20.
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TABLE 4-20
FINAL STORAGE VOLUME REQUIREMENT CALCULATIONS

m3 x 103

(2) (3) (4) (5) = (2) + (3) - (4)

avs Qn Vw Vg

Net Available Applied ) Cumulative
Month gain/loss wastewater wastewater Change in storage storage
Oct -2.0 30.4 24.3 4.1 -0.22
Nov -0.7 30.4 12.9 16.8 4.1
Dec 0.0 30.4 9.4 21.0 20.9
Jan 0.1 30. 4 7.4 23.1 41.9
Feb -0.5 30.4 15.4 14.5 65.0
Mar -1.4 30.4 25.2 3.8 79.5
Apr -2.2 30. 4 31.2 -3.0 83.3b
May -3.4 30. 4 37.9 -10.9 80.3
Jun -4.3 30.4 46.3 -20.2 69.4
Jul -4.8 30.4 50.3 -24.7 49.2
Aug -4.4 30.4 46.8 -20.8 24.5
Sep -2.9 30.4 31.4 ~3.9 3.7
Annual -26.5 365 338.5

a. Rounding error (assume zero).

b, Maximum design storage volume.
Tabulate the volume of wastewater available each month (Qy) accounting for any
expected monthly flow variations. For the example, monthly flow is constant.

om = {1,000 m3/d) (365 &/yr)
12 mo/yr

30.4 x 103 m3/mo

Calculate an adjusted field area to account for annual net gain/loss in storage
volume.

LdVs + IQp

A = TTTI0% me/ha) (1072 m/cm) (4-10)
where Ay' = adjusted field area, ha
LAVg = annual net storage gain/loss, m3
IQm = annual available wastewater, m3

L, = design annual hydraulic loading rate, cm

For the example:
, . 365 x 103 - 26.5 x 103
Aw {201.8) (10%) (10-2)

16.8 ha

Note: The final design calculation reduced the field area
from 18.1 ha to 16.8 ha.

Calculage the gonthly volume of applied wastewater using the design monthly
hydraulic loading rate and adjusted field area:
Vy = (Ly) (Ayr) (104 m2/ha) (1072 m/cm) (4-11\
where V,, = monthly volume of applied wastewater, m3
Ly design monthly hydraulic loading rate, cm
Ay’ adjusted field area, ha
Results are tabulated in Column (4) of Table 4-20.

Calculate the net change in storage each month by subtracting the monthly
applied wa§tewater (Vy) from the sum of available wastewater (Qn} and net
storage gain/loss (AVg) in the same month. Results are tabulated in
Column (5) of Table 4-20.

Calculate the cumulative storage volume at the end of each month by adding
the change in storage during one month to the accumulated total from the
previous month. The computation should begin with the cumulative storage
equal to zero at the beginning of the largest storage period. The maximum
monthly cumulative volume is the storage volume requirement used for design.
Results are tabulated in Column (6) of Table 4-20.

Design Vs = 83.3 x 103 m3
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8. Adjust the assumed value of storage pond depth (ds) to yielé@ the required
design storage volume using Equation 4-12.

&g = Vs/Ag (4-12;

For the example 3
. _83.3x 103 m
ds = 2 x 109 m
= 4.16 m

1f the poné depth cannot be acdjustec due to subsurface constraints, then the
surface area must be adjusted to obtain the reguired design volume. However,
if the surface area is changed, another iteratior of the above procedure will
be necessary because the value of net storage gain/loss {zVg)will be different
for a new poné area.

4.6.4 Storage Pond Design Considerations

Most agricultural storage ponds are constructed of
homogeneous earth embankments, the design of which conforms
to the principles of small dam design. Depending on the
magnitude of the project, state regulations may govern the
design, In California, for example, any reservoir with
embankments higher than 1.8 m (6 ft) and a capacity in
excess of 61,800 m (50 acre-ft) 1is subject to state
regulations on design and construction of dams, and plans
must be reviewed and approved by the appropriate agency.
Design criteria and information sources are included in the
U.S. Bureau of Reclamation publication, Design of Small Dams
[37]7. In many cases, it will be necessary that a competent
soils engineer be consulted for proper soils analyses and
structural design of foundations and embankments.

In addition to storage volume, the principal design
parameters are depth and area. The design depth and area
depend on the function of the pond and the topography at the
pond site. If the storage pond is to also serve as a
facultative pond, then a minimum water depth of at least 0.5
to 1 m (1.5 to 3 ft) should be maintained in the pond when
the stored volume is at a minimum. The area must also be
sufficient to meet the BOD pond loading criteria for the
local climate, The wuse of aerators can reduce area
requirements. The maximum depth depends on whether the
reservoir 1is constructed with dikes or embankments on level
ground or 1is constructed by damming a natural water course
or ravine. Maximum depths of diked ponds typically range
from 3 to 6 m (9 to 18 ft). Other design considerations
include wind fetch, and the need for riprap and 1lining.
These aspects of design are covered in standard engineering
references and assistance is also available from local SCS
offices.



4.7 Distribution System

Design of the distribution system involves two steps:
(1) selection of the type of distribution system, and
(2) detailed design of system components, Emphasis in this
section is placed on criteria for selection of the type of
distribution system. Design procedures for SR distribution
systems are presented in Appendix E. Only basic design
principles for each type of distribution system are pre-
sented 1in the manual, and the designer 1is referred to
several standard agricultural engineering references for
further design details. Certain design requirements of
distribution systems for forest crop systems do not conform
to standard agricultural irrigation practice and are dis-
cussed under a separate heading.

4.7.1 Surface Distribution Systems

With surface distribution systems, water is applied to the
ground surface at one end of a field and allowed to spread
over the field by gravity. Conditions favoring the
selection of a surface distribution system include the
following:

1. Capital is not available for the initial investment
required for more sophisticated systems.

2. Skilled labor is available at reasonable rates to
operate a surface system,

3. Surface topography of land requires little
additional preparation to make uniform grades for
surface distribution.

The principal limitations or disadvantages of surface
systems include the following:

1. Land leveling costs may be excessive on uneven
terrain.

2. Uniform distribution cannot be achieved with highly
permeable soils.

3. Runoff control and a return system must be provided
when applying wastewater,

4. Skilled labor is usually required to achieve proper
performance.

5. Periodic maintenance of leveled surface is required
to maintain uniform grades.
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Surface distribution systems may be classified into two
general types: ridge and furrow and graded border (also
termed bermed cell). The distinguishing physical features
of these methods are illustrated in Figure 4-4. A summary
of variations of the basic surface methods and conditions
for their use 1is presented in Table 4-21. Details of
preliminary design are presented in Appendix E.

4.7.2 Sprinkler Distribution Systems

Sprinkler distribution systems simulate rainfall by creating
a rotating jet of water that breaks up into small droplets
that fall to the field surface. The advantages and
disadvantages of sprinkler distribution systems relative to
surface distribution systems are summarized in Table 4-22.

4.7.2.1 Types of Sprinkler Systems

In this manual, sprinkler systems are classified according
to their movement during and between applications because
this characteristic determines the procedure for design.
There are three major categories of sprinkler systems based
on movement: (1) solid set, (2) move-stop, and
(3) continuous move., A summary of the various types of
sprinkler systems under each category is given in Table 4-23
along with respective operating characteristics.

4.7.2.2 Sprinkler Distribution Systems for Forest

The requirements of distribution systems for forests are
somevhat different from those for agricultural and turf
crops.

Solid-set irrigation sy