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FOREWORD

The Environmental Protection Agency was created because of increasing
public and governmental concern about the dangers of pollution to the
health and welfare of the American people. Noxious air, foul water, and
spoiled land are tragic testimony to the deterioration of our natural
environment. The complexity of that environment and the interplay of its
components require a concentrated and integrated attack on the problem.

Research and development 1s the first necessary step in problem solu-
tion; it involves defining the problem, measuring its impact, and searching
for solutions. The Municlipal Environmmental Research Laboratory develops
new and 1mproved technology and systems to prevent, treat, and manage
wastewater and solid and hazardous waste pollutant discharges from municipal
and community sources; to preserve and treat public drinking water supplies;
and to minimize the adverse economic, social, health, and aesthetic effects
of pollution. This publication is one of the products of that research --
a vital communications link between the researcher and the user community.

This report provides state-of -the-art information on hazardous waste
land treatment units. Information is provided on site selection, waste
characterization, treatment demonstration studles, 1land treatment unit
design, operation, and closure, and other toplics useful for design and
management of land treatment units.

Francls T. Mayo
Director, Municipal Environmental
Research Laboratory
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PREFACE

Subtitle C of the Resource Conservation and Recovery Act (RCRA) requires
the Environmental Protection Agency (EPA) to establish a Federal hazardous
waste management program. This program must ensure that hazardous wastes are
handled safely from generation until final disposition. EPA issued a series
of hazardous waste regulations under Subtitle C of RCRA that is published in
40 Code of Federal Regulations (CFR) 260 through 265 and 122 through 124.

Parts 264 and 265 of 40 CFR contaln standards applicable to owners and
operators of all facilities that treat, store, or dispose of hazardous wastes.
Wastes are identified or listed as hazardous under 40 CFR Part 261. The Part
264 standards are implemented through permits issued by authorized States or
the EPA in accordance with 40 CFR Part 122 and Part 124 regulations. Land
treatment, storage, and disposal (LTSD) regulations in 40 CFR Part 264 1ssued
on July 26, 1982, establish performance standards for hazardous waste landfills,
surface impoundments, land treatment units, and waste plles.

The Environmental Protection Agency 1s developing three types of documents
for preparers and reviewers of permit applications for hazardous waste LTSD
facilities. These types 1include RCRA Technical Gulidance Documents, Permit
Gul dance Manuals, and Technical Resource Documents (TRDs). The RCRA Technical
Guldance Documents present design and operating speclifications or design evalua-
tion techniques that generally comply with or demonstrate compliance with the
Design and Operating Requirements and the Closure and Post -Closure Requlrements
of Part 264. The Permit Guidance Manuals are being developed to describe the
permit application information the Agency seeks and to provide guidance to
applicants and permit writers in addressing the information requlirements.
These manuals will include a discussion of each step in the permitting process,
and a description of each set of specifications that must be considered for
inclusion in the permit.

The Technical Resource Documents present state-of-the-art summaries of
technologies and evaluation techniques determined by the Agency to constitute
good engineering designs, practices, and procedures. They support the RCRA
Technical Guidance Documents arnd Permit Guidance Manuals 1n certain areas
(1.e., liners, leachate management, closure, covers, water balance) by describ-
ing current technologies and methods for designing hazardous waste facilities
or for evaluating the performance of a facility design. Although emphasis is
given to hazardous waste facilities, the information presented in these TRDs
may be used in designing and operating non-hazardous waste LTSD faclilities as
well. Whereas the RCRA Technical Guidance Documents and Permit Guidance Manuals
are directly related to the regulations, the information in these TRDs covers
a broader perspective and should not be used to interpret the requirements of
the regulations.



A previous version of this document dated September 1980 was announced in
the Federal Register for public comment on December 17, 1980. The new edition
incorporates changes as a result of the public comments, and supersedes the
September 1980 version. Comments on this revised publication will be accepted
at any time. The Agency intends to update these TRDs periodically based on
comments received and/or the development of new information. Comments on any
of the current TRDs should be addressed to Docket Clerk, Room S-269(c), Office
of Solid Waste (WH-562), U.S. Environmental Protection Agency, 401 M Street,
S.W., Washington, D.C., 20460. Communications should identify the document by
title and number (e.g., "Lining of Waste Impoundment and Disposal Facilities,” *
SW-870). :




ABSTRACT

This technical resource document provides state-of the-art information on
all aspects of hazardous waste land treatment (HWLT). The document is a practi-
cal reference for people involved in design and design review, beginning with
site selection and waste characterization and progressing through facility
design, operation, and closure. Information on the fate of both inorganic and
organic compounds in the soil enviromment is included and provides a basis for
developing treatment demonstrations. Non-hazardous waste constituents are
also discussed because they are likely to be important to the overall design
and management of the HWLT unit. Waste-site interactions that affect treatment
processes are discussed as well as laboratory, greenhouse, and field testing
protocols for assessing land treatment performance. Methods for calculating
loading rates and determining limiting constituents are presented.

Plot layout, water control, erosion control, management of soil pH and
fertility, vegetation establi shment, waste storage facilities, waste application
met hods and equipment, site inspection, and recordkeeping requirements are
di scussed. Monitoring procedures for waste, soll cores, soil-pore liquids,
runoff water, ground water, and vegetation are presented. The contingency
plans and emergency equl pment needed at HWLT units are also included. Finally,
closure requirements and recommendations are presented with the objective of
closing the site so that little envirommental hazard will exist both during
and after the post-closure care period.

The information in this document supplements the permitting and interim
status standards in 40 CFR Parts 264 and 265 and related Agency guidance manuals
under the Resource Conservation and Recovery Act for establishing the design
and management of hazardous waste land treatment units.
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1.0 CHAPTER ONE

INTRODUCTION

The problem of eliminating vast and increasing quantities of hazardous
waste 1s an important issue facing any growing, industrialized society.
Waste products, the inevitable consequence of the consumptive process,
require proper handling to minimize public health and environmental
hazards. Historically, instances of poor disposal technology have caused
extensive environmental damage and human suffering. In the United States,
problems related to waste disposal surfaced whose real and potential rami-
fications led to the passage of the Resource Conservation and Recovery Act
in 1976 to regulate the management of hazardous waste. The limitations of
many of the disposal technologies used in the past are becoming apparent to
representatives of industry; federal, state and local governments; and the
general public. Along with these realizations has come a reassessment of
the waste factor when evaluating the technical and economic feasibility of
any industrial process.

Development of best avallable technologles for handling hazardous
waste 1s essential. Ideally, a method of treatment and disposal results in
the degradation of any decomposable hazardous materials and the transforma-
tion and/or immobilization of the remaining constituents so that there
would be no risk to human health or the environment. Although all tech-
niques will fall short of this ideal, some methods will prove more effec-
tive than others.,

Land treatment is one alternative for handling hazardous waste that
simultaneously constitutes treatment and final disposal of the waste.
Hazardous waste land treatment (HWLT) 1is the controlled application of
hazardous waste onto or into the surface horizon of the soil accompanied by
continued monitoring and management, to degrade transform or immobilize the
hazardous constituents in the waste. Properly designed and managed HWLT
facilities should be able to accomplish disposal without contaminating run-
off water, leachate water, or the atmosphere., Additionally, in some sys-
tems the land used for disposal may be free of undesirable concentrations
of residual materials that would limit the use of the land for other pur-
poses in the future.

Land treatment 1s already widely practiced by some industries for
handling hazardous industrial waste. Although many facilities have suc-
cessfully used land treatment for their waste, the lack of systematic stud-
ies or monitoring of most facilities has limited the amount of knowledge
avallable on important parameters and waste-site interactions. Additional-
ly, many potentially land treatable wastes have not been tested or have
been examined under only a limited range of conditions. To evaluate a pro-
posed HWLT unit, information is needed on site and waste characteristics,
soll and climatiec conditions, application rates and scheduling,



decomposition products, and contingency plans to avert environmental con-
tamination. In addition, the facility design should minimize potential
problems such as the accumulation of toxic inorganic and recalcitrant
organic waste constituents in the soil, as well as surface and groundwater
pollution and unacceptable atmospheric emissions. Given these many con—
cerns, the preparation and review of permit applications should be
approached with interdisciplinary expertise having a ready source of cur-
rent information on land treatment performance and practice.

The guidance presented in this document is to be used in assessing the
technical aspects of hazardous waste land treatment. Generally, the values
given in subsequent chapters for the parameters important to land treatment
(e.g., application rates) are intended to provide a guide to reasonable
ranges for these parameters as gathered from the best available sources.
Because the actual range for a glven parameter will be largely site-
specific, design and operating parameters may frequently fall outside of
the ranges presented in this document. Instances where parameters fall
outside of these ranges signal that further information is needed or that
the waste or site may not be suitable for land treatment.

The objectives of this Technical Resource Document are to describe
current land treatment knowledge and technology and to provide methods to
evaluate the potential performance of a proposed or existing HWLT unit
based on information supplied about design parameters, operation and main-
tenance, monitoring, and closure plans. Unlike other documents in the
Technical Resource Document series, which present information only on
limited aspects of unit design or operation, this document presents infor-
mation on all aspects of land treatment unit design and management. This
document takes a comprehensive decision—making approach to land treatment,
from initial site selection through closure and post-closure activities,
Additional information sources are referenced 1liberally to help provide
state-of-the—art answers to the multitude of design considerations. As
noted in the preface, the EPA Technical Resource Documents provide state-
of-the—~art information on hazardous waste technologies and are not intended
to be used to specifically interpret the hazardous waste regulations. This
document follows the approach of these other documents; however, the guid-
ance presented in this document is consistent with the current EPA regula-
tions which are briefly summarized in Section 1.4 of this chapter.

1.1 THE ROLE OF LAND TREATMENT

An understanding of the potential usefulness and associated environ-
mental risks of the various disposal options helps to place land treatment
in perspective.-as a sound means of waste treatment and disposal. Hazardous
waste disposal options are narrowing due to increasing environmental con-
straints, soaring energy costs, widespread capital shortages, and a desire
to decrease potentially high long-term liabilities. In a properly managed



HWLT unit, treatment processes may decrease the hazard of the applied waste
so that the potential for groundwater contamination is lowered.

Compared to other disposal options, properly designed and managed land
treatment units carry low combined short and long—term liabilities. In the
short-term, the land treated wastes are present at or near the land surface
so that monitoring can rapidly detect any developing problems and manage-—
ment adjustments can be made in a preventive fashion. Also by virtue of
using surface soils for waste treatment, management activities can exert
direct and immediate control on the treatment/disposal process. Since most
organic wastes undergo relatively rapid and near complete degradation, and
hazardous metals are practically immobilized in an aerobic soil environ-
ment, long-term monitoring, maintenance and potential cleanup liabilities
are potentially lower than with other waste disposal options if the HWLT
unit 1s properly managed. Many wastes are well suited to land treatment
and because of the potentially lower 1liabilities associated with this
method of waste disposal and the relatively low initial and operating
costs, this option is becoming increasingly attractive to industry.

In a recent nationwide survey of HWLT, 197 facilities disposing of
more than 2.45 x 109 kg of waste per year were identified. Over half of
these were associated with petroleum refining and production (K. W. Brown
and Associates, Inc., 198l; see Appendix A). In a study of the waste dis-
posal practices of petroleum refiners, 1973 records were compared with pro-
jections for 1983 and a general trend toward the increasing use of land
treatment was evident (Rosenberg et al., 1976). Approximately 15% of the
HWLT units were associated with chemical production. Industries providing
electric, gas and sanitary services and producing fabricated metal items
were the next largest users of HWLT, each having approximately 7% of the
total number of units (K. W. Brown and Associates, Inc., 1981). Table 1.l
shows the numbers of land treatment units classed according to 1industry,
using the standard industrial classification (SIC) codes for major indus-—
trial groups. Geographically, land treatment units are concentrated in the
Southeastern United States from Texas to the Carolinas with a few scattered
in the Great Plains and Far West regions (Appendix A). Most are found in
areas having intensive petrochemical refining and processing activities and
moderate climates.

Ten to fifteen percent of all industrial wastes (roughly 30-40 billion
kg annually) are considered to be hazardous (EPA, 1980b). Many wastes cur-
rently being disposed by other methods without treatment could be treated
and rendered less hazardous by land treatment, often at lower cost. Of the
six main groups of hazardous materials which have been found to migrate
from sites to cause environmental damage (Table 1.2), three are prime can—
didates for land treatment. These three are (1) solvents (halogenated sol-
vents may benefit from some form of pretreatment to enhance their biode-
gradability), (2) pesticides, and (3) oils (EPA, 1980b). Land treatment is
not, however, limited to these classes of wastes and may be broadly appli-
cable to a large variety of wastes. The design principles and management
practices for land treatment of waste discussed in this document are



TABLE 1.1 LAND TREATMENT USAGE BY MAJOR INDUSTRY GROUP*
Number of
SIC Code' Description Units

29 Petroleum refining and related industries 105
28 Chemicals and allied products 30
49 Electric, gas, and sanitary services 16
34 Fabricated metal products, except machinery

and transportation equipment 12
97 National security and international affairs 9
24 Lumber and wood products, except furniture 7
36 Electrical and electronic machinery,

equipment, and supplies 5
20 Food and kindred products 4
22 Textile mill products 4
39 Miscellaneous manufacturing industries 3
35 Machinery, except electrical 3
26 Paper and allied products 3
13 0il and gas extraction 2
44 Water transportation 2
76 Miscellaneous repair services 2
02 Agricultural production - livestock 1
30 Rubber and miscellaneous plastics products 1
33 Primary metal industries 1
37 Transportation equipment 1
51 Wholesale trade - nondurable goods 1
82 Educational services 1

* K, W, Brown and Associates, Inc. (1981).

T A listing of HWLT units by more specific SIC codes appears in
Appendix A.



directed to the treatment and disposal of hazardous industrial waste. The
same principles and practices apply to the land treatment of any waste
material, whether or not it is presently described as being hazardous;
however, some of the controls and precautions necessary when disposing
hazardous waste may be unnecessary when disposing nonhazardous waste.

TABLE 1.2 LAND TREATABILITY OF THE SIX MAIN GROUPS OF HAZARDOUS MATERTALS
MIGRATING FROM DISPOSAL SITES*T

Hazardous Material Group Land Treatability
(1) Solvents and related organics such as
trichloroethylene, chloroform and toluene High
(2) PCBs and PBBs Limited
(3) Pesticides High
(4) 1Inorganic chemicals such as ammonia, cyanide,
aclds and bases Limited
(5) Heavy metals Limited
(6) Waste oils and greases High

* EPA (1980Db).

t High land treatability does not infer immunity from environmental

damage. Only through proper design and management of a land treatment
unit can the desired level of treatment be obtained and the migration of
hazardous materials be prevented.

1.2 CONTROLLING CONTAMINANT MIGRATION

In a well designed and operated HWLT unit, most hazardous waste con-
stituents become less hazardous as they degrade or are transformed or
immobilized within the soil matrix. In addition, the long—term maintenance
and monitoring 1liabilities and the concomitant risk of costly cleanup
efforts are minimized. However, it 1s important to remember that 1land
treatment activities use unlined surface soils which are subject to direct
contaminant losses via air, water or food chain; consequently, facility
management has a tremendous impact on both the treatment effectiveness and
the potential for contamination. If improperly designed or managed, land
treatment units could cause various types of human health or environmental
damage. The potential for such problems has not been closely studied for
land treatment of hazardous wastes, but, it 18 evident from research



conducted on the land treatment of nonhazardous waste that damages some-—
times occur. For land treatment to be an effective system, the process
must be managed to operate within given ranges for various design para-
meters. Frequent or consistent violation of these parameters could cause
the inadvertant release of pollutants to the environment. The following
brief discussion of the various means of contaminant migration emphasizes
the importance of careful design and management.

Probably the most obvious pathway for contaminant migration at HWLT
units is runoff since waste materials are often exposed on the soil surface
or mixed into a nonvegetated soil surface. If control structures for run—
off are improperly constructed or maintained, high concentrations of sus-
pended and soluble waste constituents could be released to the environment.
Therefore, .control structures that are adequate to prevent release of
untreated runoff water are obviously essential parts of a good design and
the management plan should ensure that these structures are inspected and
repaired, when necessary.

Since HWLT units are not lined, attention must be given to the poten-—
tial for leaching of hazardous constituents to groundwater. Interactions
between the waste and soil at the site may either increase or decrease the
leaching hazard. Management practices, which can affect the biological,
physical and chemical state of waste constituents in the treatment zone,
can be designed to minimize leaching if the mobility of the waste constitu-
ents and their degradation products 1s carefully evaluated before opera-
tions begin. During the operating life of the facility, unsaturated zone
monitoring provides information that can be used to adjust management prac-
tices to control leaching.

Release to the atmosphere is the third pathway that should be con-
trolled. Emissions of volatile organic constituents can be reduced by
carefully choosing the method and time of waste application. Wind-blown
particulates can be controlled by management practices such as maintaining
a vegetative cover and/or optimal water content in the treatment zone.
Odors, another cause for concern, can also generally be controlled through
management practices.

Migration of contaminants to the food chain must be prevented. If
food chain crops are grown during the active life of the HWLT unit, the
crop must be free of contamination before it is harvested and used for
either animal or human food. In addition, waste constituents should not be
allowed to accumulate in surface soils to levels that would cause a food
chain hazard if food chain crops are likely to be grown.

Sites for HWLT units should be selected considering the potential
pathways for contamination. Testing methods that can be used to predict
waste-site interactions and the potential for contamination by each of
these pathways are presented in this document. Facility design and



management to minimize operational problems during the active life and at
closure are also discussed.

1.3 SOURCES OF TECHNICAL INFORMATION

This document is not intended to encompass a thorough review of all
the literature pertinent to the topic of land treatment of waste. Instead,
information is provided which is specifically pertinent to the land treat-
ment of hazardous waste. For many considerations, specific information and
examples are sparingly few in the literature; therefore, it was necessary
to draw on professional experience, the available published information on
land treatment of municipal effluents and sludges, and assocliated litera-
ture concerning the fate of chemicals applied to soils. There are a number
of sources from which the reader may obtain additional information on the
principles and procedures of land treatment of waste. Some of the avail-
able books dealing with various aspects of this topic are listed in Table
1.3.

1.4 OVERVIEW OF REGULATIONS

Standards for all hazardous waste land disposal facilities regulated
under the Resource Conservation and Recovery Act were issued on July 26,
1982. These regulations were issued by the U.S. Environmental Protection
Agency (EPA) after a wide range of regulatory options were considered.
Briefly, the regulations for land disposal facilities contain a groundwater
protection standard and certain design and operating requirements for each
type of land disposal unit (e.g., landfill, land treatment, waste pile,
etc.).

Part 264, Subpart M of the July 1982 regulations specifically deals
with HWLT units (EPA, 1982) and applies to both new and existing land
treatment units. Of key importance to HWLT is the treatment program
established by the owner or operator to degrade, transform or immobilize
the hazardous constituents (Appendix B) in the waste placed in the unit.
The regulations define the three principal elements of the treatment
program as the wastes to be disposed, the design and operating measures
necessary to maximize degradation, transformation and immobilization of
hazardous waste constituents, and the unsaturated zone monitoring program.
HWLT units are also required to have a groundwater monitoring program.

A treatment demonstration is required to establish that the combina-
tion of operating practices at the unit (given the natural constraints at
the site, such as soil and climate) can be used to completely degrade,
transform or immobilize the hazardous constituents of the wastes managed at
the unit. The treatment demonstration will be used to determine wunit-



TABLE 1.3 SOURCES OF INFORMATION ON LAND TREATMENT OF WASTE

Title

Author/Editor

Publisher (Date)

Area

Proceedings of the International

Conference on Land for Waste
Management

Land Treatment and Disposal of
Municipal and Industrial
Wastewater

Soils for Management of Organic

Wastes and Waste Waters

Land as a Wastewater
Management Alternative

Managing the Heavy Metals
on the Land

Sludge Disposal by Land-
Spreading Techniques

Design of Land Treatment
Systems for Industrial
Wastes—Theory and Practice

Decomposition of Toxic and Non-

Toxic Organic Compounds in
Soils

J. Tomlinson

R. L. Sanks
and T. Asano

T. F. Elliott
and F. J.
Stevenson

R. C. Loehr

G. W. Leeper

S. Torrey

M. R. Overcash
and D. Pal

M. R.. Overcash

Agricultural
Institute of
Canada (1974)

Ann Arbor Science

Publications,
Inc. (1976)

ASA, SSSA, and
CSSA (1977)

Ann Arbor Science

Publications,
Inc. (1976)

Marcel Dekker,
Inc. (1978)

Noyes Data Corp.

(1979)

Ann Arbor Science

Publications,
Inc. (1979)

Ann Arbor Science

Publications,
Inc. (1981)

Overview of waste disposal and
its interaction with soils with
particular emphasis on northern
areas.

Summary of land treatment
technology as of March 1975.

A collection of papers dealing
mainly with municipal and
agricultural waste.

Proceedings of a symposium
dealing mainly with municipal
and animal waste disposal.

Summary of the movement and

accumulation of soil applied
metals.

A collection of a group of
government sponsored research
projects dealing with sewage
sludge disposal.

Provides information on land
disposal techniques for both
hazardous and nonhazardous
industrial wastewaters.

Provides information on the
terrestrial effect of various
organic compounds.




specific permit requirements for wastes to be disposed and operating
practices to be used.

HWLT units must be designed, constructed, and operated to maximize
degradation, transformation and immobilization of hazardous constituents.
In addition, HWLT units must have effective run~on and runoff controls and
theé treatment zone must be designed to minimize runoff. Runoff collection
facilities must be managed to control the water volume generated by a 25
year, 24 hour storm. Wind dispersal of particulate matter must be con~-
trolled. If food chain crops are grown, the owner or operator must demon-
strate that the crops meet certain criteria,

HWLT units must follow a groundwater monitoring program similar to
that followed by all disposal facilities. The goals of the groundwater
monitoring program are to detect and correct any groundwater contamination.
HWLT units must also have an unsaturated zone monitoring program, including
both soll core and soil-pore liquid monitoring, to provide feedback on the
success of treatment in the treatment zone.

The July, 1982 regulations also set forth requirements for closure and
post—closure care. The owner or operator must continue managing the HWLT
unit to maximize degradation, transformation, and immobilization during the
closure period. A vegetative cover capable of maintaining growth without
excessive maintenance is generally required. During the closure and post-
closure care period the owner or operator must continue many of the activi-
ties required during the active life of the unit including: control of
wind dispersal, maintenance of run-on and runoff controls, continuance of
food chain crop restrictions, and soil core monitoring. Soil-pore liquid
monitoring may be suspended 90 days after the date of the last waste appli-
cation. The post-closure care regulations also contain a variance which
allows the owner or operator to be relieved from complying with the vegeta-
tive cover requirements and certain post-closure regulations if it is dem-
onstrated that hazardous constituents within the treatment 2zone do not
significantly exceed background values.

The regulations also contain requirements for recordkeeping, reactive
and ignitable wastes, and incompatible wastes. 1In addition to the general
recordkeeping requirements for all hazardous waste disposal units (Part
264, Subpart E (EPA, 1981)), records must be kept of waste application date
and rate to properly manage the HWLT unit. Special recordkeeping require-
ments for wastes disposed by land treatment are necessary to ensure that
the treatment processes are not inhibited.

The effective date of the Part 264 regulations is January 26, 1983.
Existing facilities with interim status authorization are subject to the
interim status standards (Part 265 regulations) until they obtain a Part
264 permit. This document provides useful guldance for interim status
facilities as well as new facilities with Part 264 permits.



The information presented in this technical resource document can be
used to design and operate HWLT units that are technically sound. There
are a number of other guidances available to assist the owner or operator
in determining the specific HWLT design and operating procedures that will
comply with the EPA Part 264 regulations. Guidances are also available for
preparing the permit application and to assist the permit writer in evalu-
ating information submitted in applications for HWLT units. The availabil-
ity of these guidances is discussed in the preface of this document.
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2.0 CHAPTER TWO

THE DYNAMIC DESIGN APPROACH

This chapter outlines a comprehensive land treatment design strategy
based on sound environmental protection principles. Basic elements of the
design are described as they fit into a total system approach. An under-
standing of this dynamic design approach is essential and is the key to
using this document. The remaining chapters more thoroughly describe the
specific components of the strategy and show how each component is impor-
tant to an effective hazardous waste land treatment (HWLT) unit design.

Anyone involved with some aspect of land treatment of hazardous waste,
whether treatment unit design, permit writing, or site management, should
understand the basic concepts behind land treatment. The primary mecha-
nisms involved 1in 1land treatment are degradation, transformation and
immobilization of hazardous constituents in the waste so that the waste is
made less hazardous. Land treatment 1s considered a final treatment and
disposal process rather than a method for long-term storage of hazardous
materials. Thus, facilities are designed to prevent acute or prolonged
harm to human health and the environment. Land treatment of wastes is a
dynamic process. Waste, site, soil, climate and biological activity inter-
act as a system to degrade or immobilize waste constituents, and the prop-
erties of each of these system components varies widely, both initially and
temporally., Furthermore, land treatment is an open system which, if mis-
managed or incorrectly designed, can potentially lead to both on-site and
off-site problems with groundwater, surface water, air, or food chain con-
tamination. Therefore, design, permitting and operation of HWLT units
should take a total system approach including adequate monitoring and
environmental safeguards, rather than an approach which appralses the
facility only as a group of unrelated components.

The dynamic design approach discussed in this Chapter is based on a
logical flow of events from the initial choice of waste stream to be land
treated and potential site through operation and closure. This design
approach is used throughout the document and is presented as an appropriate
method for evaluating permit applications for HWLT units. This approach
assures that all critical aspects of hazardous waste land treatment are
addressed and provides the permit evaluator with a better understanding of
each individual HWLT unit. Although this document has been written to be
consistent with current federal regulations, it 1s important to note that
the approach presented here can be used to adequately evaluate all land
treatment systems regardless of regulatory changes because this approach is
based on scientific principles.

This strategy for designing and evaluating HWLT units 1is patterned
after a computer flow diagram (Fig. 2.1) and suggests the essential design
elements .and choices to be made. Several others have dealt with
comprehensive planning, and thelr basic considerations are comparable to
this suggested strategy, although the format and emphasis of each vary
(Phung et al., 1978a & b; Overcash and Pal, 1979; Loehr et al., 1979a & b).

13



POTENTIAL
HASTE SITES

\

CHARACTER]ZATION OF
THE WASTE STREAM

PRELIMINARY
ASSESSMENT OF SITES
FOR HWLT

| /
EXPECTED FATE OF SPEC- CHARACTERIZATION OF THE

[FIC COMPOUNDS AND TREATMENT MEDIUM
ELEMENTS [N SOIL

HASTE - SITE

REJECT
[NTERACTIONS

i

MANAGEMENT DESIGN
AND OPERATING PLAN

FINAL SITE
SELECTION

REJECT

| womrtoring oestan |

[ contineency v |

| cLosure puans |

|
| permir APPLICATIONH

I QESIGN MODIFICATIONS ]
Mo |

|t oeerarior |

Figure 2.1. Essential design elements and potential areas of rejection to
be considered when planning and evaluating HWLT systems.
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For a given permit application, the particular approach may likewise vary
somewhat from Fig. 2.1 depending on the background of the facility planner
or conditions unique to the specific waste or site. However, all of the
elements introduced in the figure and discussed below should be considered,
and in all cases, conclusions must be supported by appropriate evidence.

2.1 PRELIMINARY SITE ASSESSMENT

The first fundamental decision to be made is locating the facility.
The preliminary assessment of a site involves a two faceted approach to
evaluating technical site characteristics (i.e., hydrogeology, topography,
climatology, soils, etc.) and socio-geographic factors (i.e., land use and
availability, proximity to the waste generator, public relations, 1local
statutes, etc.). In designing and permitting HWLT units, evaluation of the
technical site characteristics is emphasized since these factors directly
affect the environmental acceptability of a proposed site. The owner or
operator considers the socio-geographic factors to determine the
feasibility of land treatment among the available waste management options.
In situations where an HWLT unit will be located near a large population
center or where waste will be hauled long distances over public roads,
soclogeographic factors are also important to environmental protection.
Chapter 3 deals with the factors considered in the preliminary site
assessment In greater detail, However, the final choice of site often
cannot be made without considering the specific waste to be treated, the
results of waste-site interaction studies, and the preliminary management
design; these topics are discussed in Chapters 4 through 8,

2.2 THE TREATMENT MEDIUM

Soil is the treatment medium for HWLT. Although soils are considered
during the preliminary site assessment, a more thorough analysis of the
treatment medium is necessary to:

(1) develop a data base for pilot laboratory and/or field exper-
iments; and

(2) didentify any limiting conditions which may restrict the use
of the site as an HWLT unit.

The major components of interest are the variations in biological, physical
and chemical properties of the soil. Native or cultivated plants, 1f used,
and the climate modify the treatment medium. Methods for evaluating soil,
as the treatment medium, are discussed in Chapter 4.
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2.3 THE WASTE STREAM

Since wastes vary in their constituents, hazards and treatability, one
must determine if the waste is (1) hazardous and (2) land treatable. The
determination of whether a waste is hazardous is based on general knowledge
of the industrial processes involved in generating the waste and on the
chemical, physical and biological analyses of the waste as required by
regulation. Knowledge of waste generating and pretreatment processes helps
determine which compounds are likely to be present. In some cases, the
treatability of a waste stream can be improved by controlled pretreatment
or in-plant process changes. Chapter 5 presents information to be used in
evaluating waste streams proposed for land treatment.

2.4 EXPECTED FATE IN SOIL

Information on the expected fate of specific compounds and elements in
the soil, drawn from current literature and experience in land treatment,
is presented. This information helps to identify waste constituents which
may be resistant to degradation or that may accumulate in soils. Since
waste streams are complex mixtures, the fate of the waste mixture in the
environment can be estimated based on the information presented in Chapter
6. However, to specifically define waste treatability and the suitability
of the land treatment option, waste-site interactions need to be evaluated
by laboratory and/or field studies.

2.5 WASTE-SITE INTERACTIONS

The key to the successful design of land treatment units for hazardous
waste 1s the interpretation of the data emanating from preliminary waste-
site interaction pilot studies. To justify using land treatment, the owner
or operator must demonstrate that degradation, transformation, or immobili-
zation will make the waste less hazardous. In addition, preliminary test-
ing establishes the following:

(1) the identity of waste constituents that 1limit short-term
loading rates and the total allowable amount of waste over
the life of the HWLT unit;

(2) the assimilative capacity of soils for specific waste con-
stituents;

(3) criteria for management;

(4) monitoring parameters to indicate possible contaminant
migration into groundwater, surface water, air and cover
crops;

(5) the land area required to treat a given quantity of waste;
and
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(6) the ultimate fate of hazardous constituents,

The laboratory, greenhouse and field tests are set up to determine degrad-
ability, mobility and toxicity of the waste in the land treatment system
(Chapter 7). The amount of testing required depends on the amount of
avallable information on the specific waste disposed at similar sites.
Waste—-gite interaction studies are the major focus of HWLT design, since
the independent inputs of waste and site converge here and the results form
the foundation for subsequent planning and engineering.

2.6 DESIGN AND OPERATING PLAN

The design and operation of an HWLT unit are based largely on the
results obtained from the waste-site interaction studies. Management deci-
slons include design of both the structure of the physical plant and the
strategy for 1its operation. The various components considered in the
management plan, include:

(1) water control, including run-on control and runoff retention
and treatment;

(2) waste application, including technique, scheduling, storage,
and monitoring for uniform distribution;

(3) air emissions control which is closely related to waste
application considerations, including control of odor,
particulates, and and volatile constituents;

(4) erosion control, involving largely agricultural practices
which are employed to limit wind and water erosion;

(5) vegetative cover and cropping practices; and

(6) records, reporting and inspections.

The management plan must adequately control waste loading and to provide
effective waste treatment under varied environmental conditions; these
topics are discussed in Chapter 8.

2.7 FINAL SITE SELECTION

Where more than one potential site 1s being considered for an HWLT
unit, adequate knowledge of site limitations and facility economics, devel-
oped at this point in the design process (Fig. 2.1), provides the basis for
deciding the location. Detailed management plans need not be prepared to
determine the final site; however, consideration should be given to the
topography., method of waste application, and required controls to manage
water. These considerations affect the management, environmental protec-—
tion, and the operating costs of the proposed facility and so should be
considered during site selection. Where severe environmental or treatment
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constraints have not already limited the choice of sites, the decision will
be based partly on economics and partly on the preferences of the owner or
operator. Since it is likely that no site will be ideally suited, final
site selection is often based on the best judgment of the owner or operator
and the permit writer after careful review of all the data.

2.8 MONITORING

Monitoring is intended to achieve the threefold purpose of (1) deter-
mining whether the land treatment process is indeed decreasing the hazard
of a waste, (2) identifying contaminant migration, and (3) providing feed-
back data for site management. Comprehensive monitoring includes following
hazardous constituents along all of the possible routes of contaminant
migration. Soil treatment 1s generally sampled in the treatment zone to
characterize waste treatment processes., Analysis of soil cores and soil-
pore liquid in the unsaturated zone below the treatment zone aids the soil
monitoring program in detecting the occurrence of contaminant leaching.
Surface runoff may be analyzed. Air sampling may be advisable where vola-
tile wastes are being land treated. Finally, since vegetation can trans-
locate some hazardous compounds into the food chain, crops should be moni-
tored when they are raised for human or animal consumption. Methods and
requirements for monitoring the possible routes of contamination are dis-
cussed in Chapter 9.

2.9 CONTINGENCY PLANNING

After final site selection and before the owner or operator of a pro-
posed HWLT unit applies for a permit, the final design must be completed
and several additional considerations must be addressed (Chapter 10).
Routine health and safety procedures must be developed as well as
preparedness for environmental emergencies. Contingency plans must also be
developed to determine the remedial actions that will be taken in the event
of:

(1) waste spill;

(2) soll overload;

(3) breach of surface water control structures;

(4) breakthrough to groundwater; or

(5) fire or explosion.

In addition, since permits for a particular waste stream are approved
on the basis of the results from preliminary testing, the decision to dis-
pose of an alternate waste or to drastically change the composition of the
approved waste stream may need to be accompanied by further data demon-

strating that the new treatment combination also meets the land treatment
objectives. Permits must then be amended as appropriate. The amount of
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additional testing required will depend on the waste stream, but the
requirements may range in scope from simple loading rate adjustments to a
complete preapplication experimental program.

2.10 PLANNING FOR SITE CLOSURE

Plans for closure must be completed before a permit can be approved
for an HWLT unit. Site closure relies on the philosophy of nondeteriora-
tion of the native resource and emphasizes the eventual return of the 1land
to an acceptable range of potential uses (Chapter 1l). Plans must include
the method of closure and procedures for site assessment and monitoring
following closure. In addition, costs of closure and post-closure activi-
ties should be estimated.

2.11 PERMIT APPLICATION/ACCEPTANCE

In Fig. 2.1, an application-modification-acceptance feedback loop
illustrates the permit application process. Because of the need for treat-
ability data and the complexity of the design of any HWLT unit, the permit
writer and the owner or operator are encouraged to cooperate in interpret-
ing results from preliminary studies, evaluating data and modifying the
HWLT unit design. The permitting process may vary depending on whether the
U.S. Environmental Protection Agency or a State agency has the authority
for permit issuance. Administrative procedures of the permitting process
are not discussed in this document.

2.12 HWLT OPERATION

After receiving the appropriate permit, the owner or operator of an
HWLT unit begins operations following the design and monitoring plans out-
lined in the permit application. Wastes delivered to the unit should be
tested to determine if they contain the chemicals that are expected and for
which the unit was designed. Monitoring and inspections must be carried
out during the operation of the HWLT unit.

2.13 SITE CLOSURE

When the site capacity for which the HWLT unit has been designed is
reached, the unit must be properly closed. HWLT units may also be closed
for other reasons before this time. The closure plans submitted with the
permit application must be followed. The owner or operator is responsible
for implementing these plans and is financially liable for closure costs,
including any costs resulting from ensuing off-site groundwater pollution.
Site closure requirements are discussed in detail in Chapter 11,
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3.0 CHAPTER THREE

PRELIMINARY ASSESSMENT OF SITES

The assessment of sites proposed as locations for hazardous waste land
treatment units involves a technical evaluation of the characteristics of
each site and an evaluation of soclo-geographic factors including area land
use. The following objectives are fundamental to decision—-making:

(1) Site characteristics should minimize the probability of
off-site contamination via groundwater, surface water, or
atmospheric emissions.

(2) Site characteristics should minimize the associated risk to
the public and the environment in case of accidental fire,
explosion, or release of hazardous substances.

Chapter 2 presented a model showing the flow of events from site assessment
through site closure (Fig. 2.1). Figure 3.1 expands that model to indicate
the aspects of site assessment and selection discussed in this Chapter.

Careful selection of sites is critical because, once the HWLT unit is
in operation, the owner or operator has little control over natural proc-
esses (e.g., water table fluctuations, floods, winds) or over external
societal influences (e.g., urban or industrial development). The operator
of an existing HWLT unit can only adjust management practices to respond to
these influences since the unit cannot be relocated without great cost.

Site analysis 1s essentially the same for both existing and proposed
facilities. In permitting existing HWLT units, the permit evaluator must
determine the appropriateness of continued operation. For existing units,
the site assessment will indicate the aspects of the design or management
that need to be modified to assure protection of human health and the envi-
ronment. For example, a unit where excessive water during the wet season
has historically caused odor problems due to system anaerobicity might be
allowed to continue operation if water control devices and water management
were modified. 1In this case, reduction of wet season waste applications
and modification of water management techniques might be required before
permit approval.

In addition to determining the suitability of a given site for land
treatment, predesign site analysis provides input for the design of demon-
stration studies and for subsequent management design. Site data also
establish background conditions and furnish knowledge of the 1likely routes
of contaminant migration for damage assessment in the event of accidental
discharges. Table 3.1 shows how the information gained from the site
assessment can be used throughout the design and management of the unit.

Evaluating the technical acceptability of a site involves establishing

threshold conditions beyond which land treatment is not feasible, and the
failure of a site to meet any one of these criteria may eliminate land
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TABLE 3.1

USE OF PRELIMINARY SITE ASSESSMENT INFORMATION

FACTORS INFORMATION GATHERED IN THE SITE ASSESSMENT PHASE USED IN DECISION-MAKING OF LATER PHASES:
CONS IDERED
IN THE SITE Waste-Soil
ASSESSMENT Interaction Management Monitoring Final Site Closure
PHASE Studies Design Design Selection Planning
Regional o determine effect o determine the o determine if the o consider long-
Geology on the ability placement of unit lies in a temm stability
of the soil to monitoring floodplain or aqui- of the site
remain aerobic wells fer recharge zone,
over a fault zoue,
etc.
o determine the local
availability of
suitable materials
for pond and levee
construction
Topography o determine effect determine facil- o determine the o choose site to o consider drain-
and Drainage on the ability ity layout—plots placement of minimize amount of age patterns
N of the soil to roads, retention unsaturated soil to be moved needed at time
w remain aerobic basins, etc. zone monitoring o avoid unstable of closure
o determine the counsider wodifi- devices areas
risk of mobile cations to natu-
constituen-s ral topography
being leached
to groundwater
Climate o determine effect determine waste o determine the o choose location o consider the

of temperature
and moisture
regimes on‘waste
degradation

application
methods

determine waste
storage capacity
required due to
wet or cold con-
ditions

determine need to
control wind dis-
persal of con-
taminants
determine (optimal)
timing of opera-
tions

‘placement of
air wonitoring
devices
(optional)

downwind of major
population centere

potential for
acid raia and
possible
effects on
waste constitu-
ent mobility

——coatinued—
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to waste generator

TABLE 3.1 (continued)
FACTORS INFORMATION GATHERED IN THE SITE ASSESSMENT PHASE USED IN DECISION-MAKING OF LATER PHASES:
CONSIDERED
IN THE SITE Waste—Soil
ASSESSMENT Interaction Management Monitoring Final Site Closure
PHASE Studies Design Design Selection Planning
Soils o determine effect determine erosion o consider how the o determine overall ‘0 conglder ero-
- of physical and hazards, calculate leaching poten- sulitability of sion potential
chemical soil terrace spacings tia}l of soil solls as a treat- of soils fol-
properties on consider horizon- will affect the ment medium for lowing waste
waste degrada- ation choice and HWLT application
tion, transfor- placement of
mation, and monitoring
immobilization devices
Geotechnical o determine if o determine the o consider depth to.
Description groundwater will placement of water table
adversely affect upgradient o consider other
treatment zone and down-— potential sources
gradient moni- of groundwater pol-
toring wells lution in the area
o consider exist-—
ing quality of
water in under-
lying aquifers
Soclogeo— consider how to ‘ o consider publie o consider public
graphic minjmize public opinion, zoning, opinion and
risk from opera- current and future future land use
tions land use, etc. when deter-—
determine need for o avold special use mining closure
buffer zones areas method
o choose a site close




treatment as an option. Threshold values are determined on the basis of a
point or level beyond which the site constraints cannot be reasonably over-
come by management. In formulating criteria, some threshold values appear
rather arbitrary, even though an attempt has been made to remain flexible
to account for the diversity of needs and circumstances. However, many
limitations are ultimately a question of management extremes versus econom-
ics. For example, where alternate treatment or disposal techniques are not
reasonably available, an industry may, for economic reasons, choose land
treatment and use extreme management procedures to overcome site restric-
tions. The factors which determine the technical suitability of a site are
discussed in Sections 3.1 to 3.5. These sections present general guide-
lines based on a moderate level of management, and the permit writer must
recognize that exceptions to these could be acceptable. Section 3.6 dis-
cusses soclo-geographic factors associated with the site selection
process.

3.1 REGIONAL GEOLOGY

An understanding of the regional geology of the area in which the HWLT
unit is located is an essential part of the site assessment. Knowledge of
the geology of the site also helps determine the proper design and monitor-
ing needs of the unit. Geologic information, published by federal and
state geological surveys, describes the location, physical make-up, thick-
ness and boundaries of geologic units which may be aquifers (EPA, 1977). A
map of the proposed site(s) should be prepared to show the significant
geologic features of the area, including:

(1) depth to bedrock;

(2) characteristics of the unconsolidated materials above the
bedrock;

(3) characteristics of the bedrock;
(4) outcrops;
(5) aquifer recharge zones; and

(6) discontinuities such as faults, fissures, joints, fractures,
sinkholes, etc.

The depth to bedrock and the characteristics of the unconsolidated
materials above the bedrock affect the conditions of the soil where treat-
ment of wastes will take place, such as the ability of the soil to remain
aerobic. Shallow water tables often occur in fine-grained geologic materi-
als with low hydraulic conductivities. This does not necessarily make the
site unacceptable for HWLT because these fine-grained materials may not
provide a groundwater resource. Fine-grained materials are more effective
than coarse-grained materials in slowing the movement of leachate and
removing contaminants and are, therefore, more effective in protecting

25



aquifers (Cartwright et al., 1981). The characteristics of the bedrock
underlying the HWLT site also help to determine the potential for wastes to
reach the groundwater unchanged. For example, a site underlain by lime~
stone bedrock may be unacceptable because it may contain solution channels
or develop sinkholes through which wastes could be rapidly transmitted to

groundwater.

Outcrops of rock on or near the proposed site may indicate aquifer
recharge zones. If water in a shallow aquifer is of high quality, or is
being used as a drinking water source, this may be an unacceptable location
for an HWLT unit. In addition, if any discontinuities exist, they should
be carefully investigated to determine if they will allow contaminated
leachate to reach groundwater (EPA, 1975). Hazardous waste facilities are
reqﬁired to be located at least 61 m (200 ft) away from a fault which. has
had displacement in Holocene time (EPA, 1981). How the groundwater direct-
ly beneath the site is connected to regional groundwater systems and drink-
ing water aquifers is also an important consideration for choosing a site
and designing effective monitoring systems.

3.2 TOPOGRAPHY AND DRAINAGE

Sites selected for HWLT units should not be so flat as to prevent
adequate surface drainage, nor so steep as to cause excessive erosion and
runoff problems; however, in selecting a site, it is important to remember
that topography can be modified to some extent by facility design. The
advantages of a relatively flat location include the ability to make waste
applications by surface flooding in a slurry, minimization of erosion
potential, and easy access by equipment. A 1% grade is usually sufficient
to avoid standing water and prevent anaerobic conditions. One advantage of
rolling terrain 1is that with careful design, less earth needs to be moved
to construct retention basins and roads can be placed along ridges, provid-
ing all-weather site access. Slopes steeper than 4% may require special
management practices to reduce erosion hazards. Management designs for
different terrains are discussed in Chapter 8.

Generally the most desirable areas for HWLT units are upland flat and
terrace landforms where the probability for washouts is low. Washouts are
more likely in areas that are adjacent to stream beds or gullies or are in
a floodplain. Site assessment and/or selection can be done by analyzing a
topographic map for the area surrounding the HWLT site. The map should
include the location of all springs, rivers and surface water bodies near
the proposed site. Drainage patterns for the area should be determined.
If the site lies within the 100~year floodplain, the level of the flood
should be indicated on the map. Management of HWLT units located in the
100-year floodplain must include provisions to prevent washout of hazardous
wastes (EPA, 1982).

The characteristics of the soil also affect the ability of the soil to

remain aerobic and to support traffic. Aerobic conditions are necessary
for the degradation of many wastes, so well drained or moderately well
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drained soils are needed. Poorly drained soils may become anaerobic and
may limit the use of heavy equipment, and very well drained soils in humid
regions may encourage rapid leaching of contaminants. Soill characteristics
are discussed in Section 3.4

3.3 CLIMATE

Although climate greatly influences waste treatment, climatic condi-
tions are not necessarlly a major consideration in site selection. The
principal reason for this 1s that the owner or operator of a proposed or
exlsting unit has little choice about site location with respect to climate
gince conditions do not usually vary greatly within a given region and long
distance waste shipment could be risky as well as uneconomical. An addi-
tional reason 1s that few regions within the United States exhibit such
restrictive climatic conditions that land treatment 1s economically or
technically infeasible. Careful design and a moderate level of management
can safely overcome most climatic restrictions. An exception to this
reasoning would be where 1nadequate land 1s avallable to treat the given
waste stream based on climatic constraints (i.e., extended periods of low
temperatures or excesslve wetness).

The atmosphere directly affects the land treatment system by providing
transport mechanisms for waste constituents, and acts indirectly as a modi-
fier of soil-waste interactions. Table 3.2 1lists these effects and the
controlling atmospheric parameters which are important considerations for
site selection. HWLT design and management plans should recelve particular
scrutiny if a temperature or molsture regime 1s present which would greatly
influence treatment effectiveness. As a general rule, less land 1is
required to treat a given quantity of waste 1if the unit 1s located in a
warm, humid climate than in a cold, arid climate.

Since few if any HWLT sites have a sufficient historical data base to
make reliable design decisions, climatic data must be extrapolated from a
reporting station exhibiting conditions similar to those of the proposed
site. For reliable climatological data it is best to choose an official
National Weather Service reporting station. These stations have standard-
ized instrumentation, scrupulous 1nstrument placement, and trained
observational personnel. It 1s not always easy to choose a Weather Service
reporting station that has a similar climate. Simply extrapolating from
the nearest station 1s not necessarily acceptable. Due to orographic
effects and major climatic modifiers, such as large bodies of water, a
weather station 50 km from the proposed HWLT site may better match local
conditions than observations made at a station only 5 km away from the
site. Based on these considerations, the owner or operator of an HWLT unit
or the permit writer should consult the services of a professional
meteorologist.
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TABLE 3.2 THE INFLUENCE

OF ATMOSPHERIC VARIABLES ON LAND TREATMENT OPERATIONS AND PROCESSES

Operation or Process

Atmospheric variable

Effect

Biodegradation

Temperature

Precipitation-
Evapotranspiration

Indirect — controls soil temperature which con-
trols microbial populations and activity

Indirect - controls soil moisture which controls
(1) soil aeration, the supply of oxygen for
microbes, and (2) adequacy of water supply

Waste application

Temperature

Precipitation-
Evapotranspiration

Winds

Atmospheric stability

Direct - cold temperatures increase waste viscos-
ity, thus decreasing ease of handling and hot
temperatures may restrict application due to
waste volatility hazard

Indirect - cold temperatures keep soll temperature
low, which can limit soil workability and waste
degradation, and may increase the amount of
runoff

Indirect - soll wetness can inhibit field access-—
ability and enhance the waste leaching hazard

Direct - hazard of off-site pollution due to
transport of particulates and volatile con-
stituents

Direct — surface inversions can lead to fumigation
of the surface layer by volatile waste con—
stituents

Site selection

Winds

Direct - potential. hazard to public from advected
particulates and volatile constituents




3.3.1 Winds

Winds directly control site selection because of the need to minimize
public risk from treatment operations. Although management strives to
reduce air emissions to a minimum, atmospheric transport of contaminants
may unavoidably occur when:

(1) hot weather or recent waste applications cause volatiliza-
tion of waste constituents;

(2) aerosols from spray irrigation or suspended particulates
from surface erosion are carried by high winds; or

(3) noxious vapors are released due to an accident such as fire
or explosion.

Therefore, HWLT units should be placed downwind of major population centers
whenever possible. Methods to control wind dispersal of contaminants are
discussed in Section 8.4 and are particularly important during parts of the
year when winds may blow toward a population center.

Siting with regard to winds is based on an analysis of prevailing
winds during the waste application season. The application season 1s of
particular importance since fresh wastes have the greatest potential for
atmospheric emissions and applications often coincide with warm weather,
which increases volatility and ignitability. Atmospheric stability at the
time of waste application is also important. Accidents are more probable
during waste handling operations and in case of fire or other emergency
that release alr contaminants, a knowledge of wind direction and speed
helps the operator to assess the hazard and plan the response. Wind is a
vector quantity, described by both magnitude and direction. Consequently,
a frequency analysis to determine prevalling winds uses a two-way frequency
distribution (Table 3.3) to construct a standard wind rose, (Fig. 3.2)
which_simultaneously considers wind speed and direction.

3.3.2 Temperature and Moisture Regimes

Although climatic variables other than wind have a very limited effect
on site suitability, two additional factors should be considered during the
site assessment since management of HWLT units is greatly influenced by
climate. An appreciation of two broad climatic relationships can illumi-
nate regions where particular scrutiny i1s required to determine if the
design properly accounts for climatic effects. First, the degradation of
organic wastes effectively ceases when soil temperatures remain below 5°C
(Dibble and Bartha, 1979). Therefore, units located in cold northern or
mountainous regions (Fig. 3.3) may have seasonal treatment restrictions and
will need to have storage capacities, pretreatment methods and/or land
areas that are adequate to handle the projected quantity of waste. Second,
when soil moisture content exceeds field capacity, aerobic decomposition,

29



ot

TABLE 3.3 TWO-WAY FREQUENCY DISTRIBUTION OF WIND SPEED AND DIRECTION*

Rating SPEED, m/sec S SW W NW N NE E SE
Weak 1.8 - 3.1 2 1 1 4
3.2 - 4.4 6 8 2 16 13 17 2 64
4,5 - 5.8 11 12 5 4 16 8 15 7 78
Moderate 5.9 - 7.1 11 16 10 14 21 7 6 2 87
7.2 - 8.5 5 8 9 22 8 1 5 5 63
8.6 - 9.8 1 5 6 37 8 1 58
9.9 - 11.2 1 5 26 2 2 1 37
11.3 - 12.5 4 11 2 17
Strong 12.6 - 13.9 1 1 4 14 2 22
14.0 - 15.2 2 4 6
15.3 - 16.6 1 2 3
16.7 - 17.9 5 5
18.0 - 19.3 . L 1 _ . . . 1
35 41 50 138 76 29 47 19 445

* Modified from Panofsky and Brier (1958).
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Figure 3.2, Standard wind rose using data presented in Table 3,3
(Modified from Panofsky and Brier, 1958). Reprinted
by permission of Pennsylvania State University.
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which is the primary treatment mechanism active in land treatment, is
inhibited (Brown et al., 1980). Seasonally wet climates promote soil
anaerobicity and may also restrict access to the field. Regions with
excess moisture (Fig. 3.3) may require special designs or operational pro-
cedures such as increased waste storage capacity. field drainage systems to
control water table depth, major runoff and run-on control structures,
careful waste application timing, and/or vehicles equipped with flotation
tires. A more detailed discussion of how management must respond to cli-
matic influences appears in Chapter 8.

As noted above, in some areas there may be seasonal restrictions on
waste application based on climate. The waste application season may be
restricted in the northern and mountainous regions because of prolonged
periods of low temperatures. The Southeast and Pacific Northwest may have
restrictions due to seasonal wetness. If these restrictions are severe
enough to halt the application of wastes, then sufficient waste storage
capacity must be provided for the wastes being produced during these
periods. Section 8.8.1 discusses how to determine the waste application
season.

3.4 SOILS

Since so0il is the treatment medium for HWLT, careful consideration
must be given to selecting a site with soil properties suitable for reten—
tion and degradation of the wastes to be applied. The potential for ero-
sion and leaching of hazardous constituents must be evaluated.

3.4.1 Soil Survey

A detailed soil survey conducted according to standard U.S. Soil Con-
servation Service (SCS) procedures should be completed to identify and map
the soil series on sites proposed for HWLT units. For each soil series, a
general description of soil properties is needed to select potential areas
for waste application and to determine uniform areas for monitoring. Soil
samples should be taken to adequately characterize the site and to deter-
mine the physical and chemical properties required for design (Chapter 5).
Information, usually included in soil survey descriptions, that is useful
during various phases of the design and management of HWLT units includes
the following:

(1) estimates of the erodibility of the soil (Section 3.4.2),
used to calculate terrace spacings and other erosion control
structures (Section 8.5);

(2) 1information on the depth and texture of subsoils (Section
3.4.5), used to determine if suitable soil is available for
constructing clay berms and clay 1lined retention ponds
(Section 8.3); and
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(3) measurements of surface texture, used to estimate acceptable
waste application rates, water retention capacity, and types
and amounts of constituents that will be retained (Section
3.4-3).

An SCS soil survey may also contain information on the average and/or
seasonal water table height. Additional information on the historical
water table height can be gained from a visual inspection of the soil hori-
zons. Differences in soil color and patterns of soil color such as mottl-
ing and the gray colors that accompany gleying (a process that occurs -in
soils that are water saturated for long periods) are good. indicators of
poorly drained soils (USDA, 1951). Poor drainage can result from a season-
ally high water table, a perched water table, or the internal drainage
characteristics of the soil. In this inspection it is important to realize
that the soil color may indicate past conditions of poor drainage and that
drainage may be improving. In this case, soils will gradually become more
oxidized as indicated by red, yellow and reddish brown colors. Geotechni-
cal investigations described in Section 3.5 should be designed to verify
water table fluctuations 1f soil color indicates poor drainage.

3.4.2 Erosion

Erosion is a function of the climate, topography, vegetative cover,
soll properties and the activities of animals and man. The Universal Soil
Loss Equation (USLE) 1is commonly used to estimate soil lost due to erosion;
it is an empirical formula based on years of research and actual field
work. The equation includes factors that affect soil loss and considers
management alternatives to control soil loss. The USLE calculates loss
from sheet and rill erosion. This is not the same as sediment yleld at
some downstream point; it equals sediment yield plus the amount of soil
deposited along the way to the place of measure (Wischmeier and Smith,
1978). The USLE equation and tables for each factor use English units
rather than metric for two reasons, 1) the USLE has traditionally used
English units and direct conversion to metric units produces numbers that
are awkward to use, and 2) data to be used in the USLE is more readily
available in English units. The value of soll lost per acre per year can
be multiplied by 2.24 to convert the value to metric tons per hectare per
year. Wischmeier and Smith (1978) provide additional guidance on using the
USLE with metric units for all factors. Although the soil losses calcu-
lated are estimates rather than absolute data, they are useful for select-
ing sites. Choosing management practices that minimize the factors in the
equation will minimize erosion. The USLE 1s written as:
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A = RKLSCP (3.1)

where

]

Soil-loss in tons/acre/year;
Rainfall factor;
Soil-erodibility factor;

]

Slope-length factor;

= Slope-gradient factor;

]

Cropping management factor; and

b o »m - xR oW o>
I

]

Erosion control practice factor.

Rainfall (R). The amount, intensity and distribution of precipi-
tation determine the dispersive action of rain on soil, the amount and
velocity of runoff, and the losses due to erosion. Maps of the Unilted
States with iso-erodent lines, indicating equally erosive annual rainfall
have been prepared; the R factor can be read off these maps. Wischmeier
and Smith (1978) developed a map for the continental U.S. (Fig. 3.4).

Soil-erodibility (K). Some soils erode more readily than others
even when all other factors are equal. This difference, due to the proper-
ties of the soil itself, 1is called soil erodibility. K values have been
determined experimentally and can be obtained from nomographs (Fig. 3.5).

Slope~length and Slope—-gradient (LS). These factors are closely
interrelated and are considered as one value. Slope length 1s the distance
from the point of origin of overland flow to the point where the slope
gradient decreases to the extent that deposition begins or to the point
where runoff enters a well-defined channel. The soil loss per unit area
increases as the slope length increases. As slope gradient becomes
steeper, the velocity of the runoff water increases, increasing the power
of the runoff to detach particles from the soil and transport them from the
field. Figure 3.6 shows how to determine the LS factor for a given site.

Cropping Management (C). This factor shows the combined effect
of all the interrelated cover and management variables. The C factor is
the ratio of soill loss from land managed under specified conditions to the
corresponding loss from continuously fallow land. Values vary widely as
shown in Table 3.4. Vegetation to be selected for levees and land treated
areas between applications, or at closure, should have a minimum C value.
A dense stand of permanent vegetation will give a C value of 0.01 after
establishment.
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TABLE 3.4 TYPICAL VALUES FOR THE C FACTOR

Cover C Factor
1. Bare soll conditions freshly disced to 15-20 cm 1.00
After one rain 0.89
Undisturbed except scraped 0.66~1.30
Sawdust 5 cm deep, disced in 0.61
2. Seedings
Temporary, 0 to 60 days 0.40
Temporary, after 60 days 0.05
Permanent, 0 to 60 days 0.40
Permanent, 2 to 12 months 0.05
Permanent, after 12 months 0.01

3. Weeds and brush

No appreciable canopy, 100% ground cover 0.003

No appreciable canopy, 29% ground cover 0.24

75% canopy cover* of tall weeds or short brush,

100% ground cover 0.007

75% canopy cover of brush or bushes,

100% ground cover 0.007
4. Undisturbed wood land

100% canopy cover with forest litter on 100% of area 0.0001

20% canopy cover with forest litter on 40%Z of area 0.009

* Portion of total area that would be hidden from view by canopy projec-
tion.

Erosion Control Practice (P). This factor 1s the ratio of soil
loss with the supporting practice to the soil loss with straight uphill and
downhill plowing. Support practices that slow the runoff water and reduce
the amount of soil it can carry 1include contour tillage, contour strip
cropping, and terrace systems (Wischmeier and Smith, 1978). Tables 3.5
through 3.7 show the P values that have been prepared for various conserva-
tion practices.
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TABLE 3.5 P VALUES AND SLOPE-LENGTH LIMITS FOR CONTOURING*

Land Slope Maximum Length!
(% P Value (feet)
1 to 2 0.60 400
3to5 0.50 300
6 to 8 0.50 200
9 to 12 0.60 120
13 to 16 0.70 80
17 to 20 0.80 60
21 to 25 0.90 50

* Wischmeier and Smith (19785.

' Limit may be increased by 25% if residue cover after crop seedlings
will regularly exceed 50%.

TABLE 3.6 P VALUES, MAXIMUM STRIP WIDTHS, AND SLOPE LENGTH LIMITS FOR
CONTOUR STRIPCROPPING*

Land Slope P Values' Strip width# Maximum Length
(%) A B c (feet) (feet)
1l to 2 0.30 0.45 0.60 130 800
3to5 0.25 0.38 0.50 100 600
6 to 8 0.25 0.38 0.50 100 400
9 to 12 0.30 0.45 0.60 80 240
13 to 16 0.35 0.52 0.70 80 160
17 to 20 0.40 0.60 0.80 60 120
21 to 25 0.45 0.68 0.90 50 100

* Wischmeier and Smith (1978).
te values:

A For 4-year rotation of row crop, small grain with meadow seeding,
and 2-years of meadow. A second row crop can replace the small
grain if meadow is established in 1it.

B For 4-year rotation of 2-years row crop, winter grain with meadow
seeding, and l-year meadow. ‘

C For alternate sirips of row crop and small grain.

# Adjust strip-width limit, generally downward, to accomodate widths of
farm equipment.
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TABLE 3.7 P VALUES FOR CONTOUR-FARMED, TERRACED FIELDS *

Farm Planning Computing Sediment YLeld#
LAND SLOPE Contour Stripcrop Graded Channels Steep Backslope

Percent Factort Factor Sod Outlets Underground Outlets
l1to 2 0.60 0.30 0.12 0.05
3to 8 0.50 0.25 0.10 0.05
9 to 12 0.60 0.30 0.12 0.50
13 to 16 0.70 0.35 0.14 0.05
17 to 20 0.80 0.40 0.16 0.06
21 to 25 0.90 0.45 0.18 0.06

* Wischmeier and Smith (1978).

t Slope length is the horizontal terrace interval. The listed values are
for contour farming. No additional contouring factor is used in the
computation.

# These values include entrapment efficiency and are used for control of
of f-site sediment within limits and for estimating the field's contribu-
tion to watershed sediment yield.

+ Use these values for control of interterrace erosion within specified
soll loss tolerances.

3.4.3 General Soil Properties

The description of each soll series should include information on soil
texture, permeability, available water holding capacity and the shrink-
swell potential. Soil texture 1is an important consideration in the site
selection process because texture influences many other soill properties,
including the infiltration and subsoil percolation rates and aeration.
Table 3.8 presents advantages and disadvantages of various soil textures
for use in land treatment units. In general, HWLT units should not be
established on extremely deep, sandy soils because of the potential for
waste migration to groundwater. Similarly, silty soils with crusting prob-
lems should not be selected since they have the potential for excessive
runoff. Generally, the solls best suited to land treatment of hazardous
waste fall into one of the following categories: 1loam, silt loam, clay
loam, sandy clay loam, silty clay loam, silty clay, or sandy clay. The
leaching potential of soils, discussed in Section 3.4.4, depends greatly on
soil texture.
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TABLE 3.8 SUITABILITY OF VARIOUS TEXTURED SOILS FOR LAND TREATMENT OF

HAZARDOUS INDUSTRIAL WASTES

Texture Advantages Disadvantages
sand very rapid infiltration very low CEC
usually oxidized & dry very high hydraulic conductivity
low runoff potential low available water
poor soil structure
loamy sand high infiltration low CEC
low to medium runoff moderate to high hydraulic con-
ductivity rate
low to medium available water
loam moderate infiltration fair structure
fair oxidation
moderate runoff potential
generally accessible
good CEC
silt loam moderate infiltration some crusting
fair oxidation fair to poor structure
moderate runoff potential
generally accessible
good CEC
silt low infiltration high crusting potential
fair to poor oxidation poor structure
good CEC high runoff
good available water
silty clay medium to low percolation medium to low infiltration
loam fair structure some crusting potential
high CEC
silty clay good to high avallable moderate runoff
water often wet
fair oxidation
clay loam medium to low percolation medium to low infiltration
good structure moderate to high runoff
medium to poor aeration often wet
high CEC .
high available water
clay low percolation low infiltration
high CEC often massive structure
high available water high runoff
sometimes low aeration
sandy clay medium to low percolation fair structure
medium to high CEC moderate to high runoff
sandy clay medium to high available medium infiltration
loam water

good aeration
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Permeability of each horizon or zone should be determined by the
methods discussed in Section 4.1.1.5, from available soil surveys of the
area, or by the methods listed in other sources (Bouwer, 1978; Bouwer and
Jackson, 1974; Linsley et al., 1975). Permeability is an indication of the
length of time the mobile constituents of the waste will remain in the soil
(Sommers et al., 1978), and thus, 1is an indicator of the potential for
groundwater contamination. High permeabilities of 2.5 cm/hr indicate rapid
transmission of water associated with wastes and thus a high potential for
groundwater contamination. The permeability of lower horizons influences
the amount of water that will remain in the surface horizon following rain-
fall or irrigation. A textural discontinuity from coarse texture to fine
texture or vice versa will result in greater amounts of water being
retained above the discontinuity than would be retained in a deep uniform
profile, thus resulting in wetter conditions than would otherwise be expec-
ted. Permeabilities of less than 0.05 cm/hr for the most restrictive layer
in the top 1 m of soill may require artificial drainage.

Available water holding capacity (AWC) is a measure of the amount of
water held against the pull of gravity. High AWC reduces the chance of
runoff under high antecedent moisture conditions by permitting more mois-
ture to be held. Water holding capacity also affects the amount of leach-
ing. The higher the AWC the lower the chances for rapid contamination of
groundwater. For example, a medium textured soil, when dry enough so that
plants begin to wilt, with an AWC of 15-20% can adsorb 20-30 cm of water
from sludge, wastewater or rainfall in the upper 1.5 m of the soil profile
before transmitting the water to an underlying aquifer (Hall et al., 1976).
Acceptable values for the AWC of the top 1.5 m of the profile would be 7.5
to 20 cm for humid regions and no 1less than 7.5 cm for arid regioms
(Sommers et al., 1978).

Shrink-swell potential, especially in montmorillonitic clay soils, can
increase groundwater contamination hazard due to formation of cracks deep
in the soil during extended periods of dry weather. Soils with a low to
moderate shrink—-swell potential are preferred for HWLT.

3.4.4 Leaching Potential

Based on the minimum infiltration rate of bare soil after prolonged
wetting the SCS has developed a classification system which divides the
soils into four hydrologic groups, A through D (USDA, 1971). These groups
indicate the potential for water to flow through the entire soil profile.
They may also be used as an indicator for the transmission of contaminants
through the soil. Hydrologic Group A consists mainly of sands and gravels
that are well drained, have high infiltration rates and high rates of water
transmission. The greatest leaching potential is with Group A soils. The
danger from leaching is highest with deep sandy soils which may connect
with shallow aquifers. These solls have low cation exchange capacity (CEC)
and high infiltration and hydraulic conductivity and will not be as effec-
tive in filtering water as will a finer soil with a higher CEC, lower
infiltration and lower hydraulic conductivity (Groups B and C).
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Group B soils are moderately deep to deep, moderately well to well
drained, and moderately fine to moderately coarse in texture. They have
moderate infiltration rates and water transmission rates. Group C soils
are moderately fine to fine textured soils with a layer that impedes down-
ward water movement. Both infiltration rates and water transmission rates
are slow in this group.

Group D soils have the lowest leaching potential and one will need to
be very cautious in applying liquids to avoid excessive runoff because
these soils have very slow rates of infiltration and transmission. Group D
soils are generally clays with high swelling potential, soils with a
permanent high water table, soils with a claypan near the surface, or
shallow soils over nearly impervious materials.

Leaching of applied wastes can be minimized by good design and manage-
ment. High volume applications of 1liquid effluent to sandy soil may be
permissible only if there is no evidence of leaching or groundwater contam-
ination by mobile constituents such as nitrates or mobile organic
compounds. In most cases, soils in hydrologic Group C, or possibly D, are
best suited for the land treatment of hazardous wastes.

Soil structure as well as texture influences the leaching of waste
constituents. If an organic waste is applied to a soil via irrigation or
1f the waste contains a high percentage of liquids, soils with very porous
structure (such as crumb) or a high percentage of pore space to soil par-
ticles (low bulk density) have a high leaching potential. Leaching is
increased in these soils because the detention time of the organic waste in
the soil 18 decreased and the surface area of soll particles available to
react with the waste 1s also decreased. Leaching of this nature can be
expected when the moisture holding capacity of the soil 1is exceeded.

3.4.5 Horizonation

Surface soll characteristics alone are not sufficient to assess the
suitability of a site for land treatment of hazardous waste. Many soil
profiles have properties which make them a poor choice for use as a dis-
posal facility. The specific properties that need to be examined include
the depth to bedrock, an impermeable layer and/or the groundwater table,
and the presence of an inadequate textural sequence within the soil.

The profile depth to bedrock should be approximately three times the
depth of the waste incorporation or 1.2 m (6 ft), whichever is greater.
Soils having an impermeable layer or a deep groundwater table may be well
suited to HWLT. If an impermeable layer is present, it should be at a
depth of 1.5 m or greater to allow sufficient soil profile to treat the
waste. Although data is avalilable on which to base estimates of needed
profile depth to the groundwater table for nontoxic sludges (Parizek,
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1970), none is availlable for hazardous waste. Certainly, further work is
needed to clarify these needs. The presence of a sand or loam layer in the
profile, within 3 m of the surface, overlying a fine textured clay pan also
creates a potential for horizontal flow and contamination of adjacent
areas. Such a profile is thus unsuited for use as a hazardous waste dis-
posal medium without special precautions.

While deep soils of relatively uniform physical and chemical charac-
teristics are occasionally found, more often soils are characterized by
distinct horizons which differ in texture, water retention, permeability,
CEC and chemical characteristics. Appendix C lists the major horizons that
may be present in a solil. Most of the blological activity and the waste
decomposition 1is accomplished in the treatment zone which may range from
several inches to one foot. Therefore, the characteristics of this horizon
will be an important design consideration. Lower horizons will influence
the rate of downward water movement and may serve to filter and remove
other waste constituents or their degradation products which would other-
wise move below these depths.

There are advantages to selecting soils which have coarser textural
surface horizons over those with fine textured slowly permeable surface
materials. Such soils will generally have greater infiltration rates and
may be easier to work and incorporate large amounts of waste than those
with clay surfaces. A clay subsoil will, however, slow the movement of
leachate and protect groundwater. When such solls are selected, it 1is
essential that water retaining levees are keyed into the less permeable
subsurface materials.

3.5 GEOTECHNICAL DESCRIPTION

A geotechnical description which characterizes the subsurface condi-
tions at the site should be prepared during the site assessment. The fac-
tors that need to be evaluated are the groundwater depths and flow direc-
tions, existing wells, springs, and other water supplies, and other activi-
ties located near the facility boundaries that might affect or come into
contact with the groundwater. Any nearby sources of potential groundwater
pollution other than the HWLT unit should also be considered. All data
should be compiled on a map to assess the subsurface conditions at the

site.

Some estimate of the groundwater recharge zone needs to be made during
the site assessment. Whenever possible, it 1s desirable to locate HWLT
units over areas with an isolated body of groundwater. If this is not pos-
sible, estimates of mixing between aquifers which may be impacted need to

be made.
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3.5.1 Subsurface Hydrology

Hydrologic characteristics of the soil and subsoil govern the speed
and direction of fluid movement through the soil. Surface and subsurface
hydrology are interrelated processes which are very important in evaluating
the feasibility of using a given site for HWLT. The depth of soil to the
seasonal water table is an important factor for judging potential ground-
water contamination. The soils at the site should be deep enough so that
the desired degree of treatment is attained within the treatment zone so
that hazardous constituents do not percolate through the soil and reach
groundwater. Shallow soils especially over karst formations and those with
a sand classification have a high potential for transmitting hazardous
wastes to groundwater. The maximum depth of the treatment zone should be
1.5 m and at least 1 m (3 ft) above the seasonal high water table to pre-
vent contamination of the water table with untreated waste, and to provide
sufficient soil aeration to allow microbial treatment and degradation of
hazardous wastes, and to provide room to install an unsaturated zone moni-
toring system.

3.5.2 Groundwater Hydrology

Water table data are needed to position upgradient and downgradient
monitoring wells and to determine if the water table is so close to the
surface that it will interfere with land treatment. The depth of the water
table tends to vary with surface topography and is usually shallower in
relatively impermeable soils than in permeable soils. Since local water
table depths and gradients cannot be accurately estimated from available
regional data, it may be necessary to install observation wells at various
locations within and surrounding the land treatment area. Sampling fre-
quency of these observation wells should be chosen to account for seasonal
changes. If care is taken in locating and properly installing these ini-
tial observation wells, future groundwater monitoring can use these same
wells, minimizing the requirement and cost of additional well placement.
Torrey (1979) recommends collection and analysis of three monthly samples
from each well prior to waste application at new sites. For existing
sites, only the upgradient well is useful for establishing background
values. More information on groundwater monitoring can be found in Chapter
9.

3.5.3 Groundwater Quality

Current uses of groundwater in the area should also be noted. Where
state regulations vary based on the current or potential uses of ground-
water, groundwater quality may be an important concern during site selec-
tion. Information on groundwater quality, available from the U.S. Geolo-
gical Survey and state agencies, can be used for preliminary site investi~
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gations, but site specific background quality data are needed for each HWLT
unit.

3.6 SOCIO-GEOGRAPHIC FACTORS

Land use considerations generally have little impact on the technical
grounds for site selection. Instead, land use encompasses the restraints
imposed by the public and local or regional governmental authorities on the
use of a parcel of land for HWLT. Occasionally past land use diminishes
the ability to manage the area as an HWLT unit. For example, areas former-
ly used for landfills or areas contaminated with persistent residues from
past chemical spills are likely to be unsuitable for HWLT units.

Evaluation of land use at and near a proposed or existing HWLT unit is
primarily the responsibility of the owmer or operator. There are a mumber
of legal constraints that affect facility siting. Factors to consider
include zoning restrictions, special ecological areas, historic or archaeo-
logical sites, and endangered species habitats. Local, state and federal
laws concerning these factors will affect the siting of an HWLT unit. The
proximity of the unit to the waste generator and the accessibility of the
site both affect the transportation requirements. Ideally, a land treat-
ment operation would be located on—-site or immediately adjacent to the
waste generator. If wastes must be transported to an off-site HWLT unit
via public roads, rall systems or other means, the transporter must comply
with 40 CFR Part 263, under the jurisdiction of the EPA, and 49 CFR Sub~
chapter C, enforceable by the Department of Transportation. The operator
may also want to route the waste through industrial areas rather than
through residential neighborhoods.

In addition to the legal constraints to be considered, there are a
number of social factors which must often be dealt with during the evalua-
tion of proposed sites. How the owner or operator handles these issues may
determine whether the public accepts or rejects the location of the unit.
Social factors may include wooded areas and bodies of water that may be
important visually or for recreational purposes, prime agricultural lands,
existing neighborhoods, etc. Although facility design should strive to
prevent deterioration of 1local resources while maximizing public and
environmental protection, the possibility for conflict exists since most
sites are less than i1deal and are often situated near populated areas
or in zones of high growth potential. Some potential areas of conflict

include:

(1) proximity of the site to existing or planned community or
industrial developments;

(2) zoning restrictions;
(3) effects on the local economy; and

(4) relocation of residents.
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Socio~geographic considerations and interactions with the public are
beyond the scope of this manual, except for the above discussion which
points out the importance of including the public in the permitting proc-
ess. It is the responsibility of the owner or operator to maintain an open
and credible dialogue with local public officials and with individuals who
will be directly affected by the HWLT unit. The role of the EPA in this
respect 1is simply to assess whether the plans, as proposed, are technically

and environmentally sound.
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4.0 CHAPTER FOUR

THE TREATMENT MEDIUM

Soil characterization is essential to the design of hazardous waste
land treatment units since soil is the waste treatment medium. When gener-
ally acceptable values for the various system properties are known,
analyses may reveal conditions that make land treatment unsuitable, and
consequently, may eliminate a proposed site (Chapter 3). In addition,
analysis of the treatment medium will aid in efficiently designing labora-
tory or field waste treatability experiments. Preliminary soil characteri-
zation can be used for the following:

(1) to choose the soil parameters to be studied that will be
most important in waste treatment;

(2) to determine the practical range of these parameters and the
specific levels at which tests will be made;

(3) to choose the extremes to be measured; and

(4) to provide background data for comparison against later
sampling results.

Many of the processes that occur in soils that treat the waste and
render it less hazardous are the same processes that are used in industrial
waste treatment plants. Table 4.1 lists soil treatment processes that
are similar to the categories of treatment to be used by industries in
describing their processes (from Appendix I of 40 CFR Part 264).

TABLE 4.1 TREATMENT PROCESSES OF SOIL IN A LAND TREATMENT UNIT

Absorption Flocculation
Chemical fixation Thickening

Chemical oxidation Blending

Chemical precipitation Distillation
Chemical reduction Evaporation
Degradation Leaching
Detoxification Liquid ion exchange
Ion exchange Liquid-liquid extraction
Neutralization Aerobic treatment
Photolysis Anaerobic treatment
Filtration

The treatment medium is a part of the larger system including soil,
plants and atmosphere. Plants and atmospheric conditions can modify the
processes occurring in the treatment medium. Plants can protect the
treatment zone from the adverse effects of wind and water. Plants may also
take up water and waste constituents and, if not harvested, supply the soil
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with additional organic matter. Atmospheric conditions control the water
content and temperature of the soil and consequently affect waste
degradation rates and constituent mobility. The modifying effects of
plants and atmosphere are briefly discussed. Figure 4.1 illustrates how
the information presented in this chapter fits into the overall design
process for HWLT units (Fig. 2.1).

4.1 SOIL PROPERTIES

Soil characterization is commonly done by conducting a soll survey,
either in conjunction with the Soil Conservation Service (SCS) or by a
certified professional soll scientist (Section 3.4.1). In such an
endeavor, the soil serles present at a given site are identified and
sampled. Soil series are generally named for locations and are based on
both physical and chemical characteristics. These characteristics wvary
widely from place to place, and classification distinguishes one soil from
another based on recognized limits in soil properties.

4,1.1 Physical Properties

Physical properties of a soil are defined as those characteristics,
processes or reactions of a soil that are caused by physical forces and are
described by physical terms or equations. Physically, a mineral soil is a
porous mixture of inorganic particles, decaying organic matter, air, and
water, The percentage of each of these components as well as the type of
inorganic and organic particles determine the behavior of the soil.

4.1.,1.1 Particle Size Distribution

Particle size distribution is a measure of the amounts of inorganic
soil separates (particles < 2 mm) in a soil. This property is most often
called soil texture and is probably the most important physical property of
the soil. The USDA (United States Department of Agriculture) classifica-
tion 1is generally accepted and used by agricultural workers, soil scien-
tists, and most of the current literature. The USCS (Unified Soil Classi-
fication System) was developed for engineers and is based on particle size
distribution as influenced by the overall physical and chemical properties
of the soil. A comparison of the two systems 1s given in Table 4.2, The
standard methods used to measure particle size distribution are the hydro-
meter and pipette methods as described by Day (1965).
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Figure 4.1. Characterization of the treatment medium for HWLT.
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TABLE 4.2 CORRESPONDING USDA AND USCS SOIL CLASSIFICATIONS*

Corresponding Unified Soil

United States Department of Agriculture Classification System (USCS)
(USDA) Soil Textures Soil Types
1. Gravel, very gravélly loamy sand GP, GW, GM
2. Sand, coarse sand, fine sand ‘ SP, SW
3. Loamy gravel, very gravelly sandy GM
loam, very gravelly loam
4, Loamy sand, gravelly loamy sand, SM
very fine sand
5. Gravelly loam, gravelly sandy clay GM, GC
loam
6. Sandy loam, fine sandy loam, loamy SM
very fine sand, gravelly sandy ‘
loam |
7. Silt loam, very fine sandy clay loam ML
8. Loam, sandy clay loam + ML, SC
9, Silty clay loam, clay loam CL
10. Sandy clay, gravelly clay loam, SC, GC

gravelly clay

11. Very gravelly clay loam, very GC
gravelly sandy clay loam, very
gravelly silty clay loam, very
gravelly silty clay and clay

12, Silty clay, clay CH
13. Muck and peat PT

% Fuller (1978).

The three dominant soil particles are sand, silt and clay. Sand and
gravel particles are the coarse separates. Coarse textured soils usually
have low water holding capacity, good drainage, high permeability and aera-
tion, and generally have a loose and friable structure. Sand grains may be
rounded or irregular depending on the amount of abrasion they have
received. They do not have the capacity to be molded (plasticity) as does
clay.

The silt and clay particles are the fine separates. Silt particles
are irregularly fragmental, have some plasticity, and are predominantly
composed of quartz. A high percentage of silt is undesirable and leads to
physical problems such as soil crusting. Clay particles are very small,
less than 0.002 mm in diameter, and therefore have a wvery high surface
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area. Clays are plate-like, highly plastic, cohesive, and have a very high
adsorptive capacity for water, ions and gases. This high adsorptive capac-
ity may be very useful to hold ions, such as heavy metals, in an immobile
form and prevent their movement.

The USDA has devised a method for naming soils based on particle size
analysis. The relationship between textural analysis and class names 1s
shown in Fig. 4.2 and is often referred to as a textural triangle. When
the percentages of at least two size separates are known, the name of the
compartment where the two lines intersect 1s the textural class name of the
soil being evaluated.

4.,1.1.2 Soil Structure

Soil structure 1s the grouping of soil particles of a general size and
shape into aggregates, called peds. Structure generally varies in differ-
ent soil horizons and 1is greatly influenced by soil texture and organic
matter content. The arrangement of the primary soll separates greatly in-
fluences water movement, aeration, porosity and bulk density (Pritchett,
1979). Addition of organic matter and the use of sod crops helps build and
maintain good soil structure. Other factors which promote aggregation in-
clude 1) wetting and drying, 2) freezing and thawing, 3) soil tillage, 4)
physical activity of plant roots and soil organisms, 5) influence of decay-
ing organic matter, and 6) the modifying effects of adsorbed cations
(Brady, 1974). Sandy solls need to be held together, into granules, by the
cementing action of organic matter to stabilize the soil surface and in-
crease water retention. Fine textured soils also need adequate structure
to aid in water and air movement in the soil. Some types of organic waste
additions may help soll structure by increasing aggregation.

Four primary types of soll structure are recognized: platy, prism-
like, block-like and spheroidal. All structural types except platy have
two subtypes each. Subgroups for the prism—like structure are, prismatic
and columnar; for block-like, cube—-like blocky and subangular blocky; and
for spheroidal, granular and crumb. The names of the categories imply the
form or shape of the aggregates, with crumb being the smallest structural
aggregate. Two or more of the structural conditions may exist in the same
soil, for example, a soll may have a granular surface horizon with a sub-
surface horizon that is subangular blocky.

Porosity and pore size distribution are related to soil structure as
well as soll texture. Nonaggregated (poor structured) fine—-textured soils
have small pores with a narrow range of pore sizes. Nonaggregated coarse
textured soils have large pores also with a narrow range of pore sizes. An
intermediate situation 1s desirable 1in soils chosen for land treatment,
such as a soil with texture to give several pore sizes as well as good
structure for a wide distribution of sizes.
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Figure 4.2. Textural triangle of soil particle size separates.
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loam.
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4,1.,1,3 Bulk Density

Bulk density is a weight measurement in which the entire soil volume
is taken into consideration. It is defined as the mass of a unit volume of
soil and 1is generally expressed as gm/cm3 (lb/ft3). This measurement
takes into account both the volume of the soil particles and the pore space
between them. Techniques for measuring bulk density are outlined by Blake
(1965).

Soils that are loose and porous will have low weights per unit volume,
and thus, low bulk densities. Soils that are more compact will have high
bulk density wvalues. Soil bulk density generally increases with depth
because there is less organic matter and less aggregation with depth and
greater soil compression due to the weight of overlying soil. Bulk density
is also influenced by soil texture and structure. Sandy soils which have
particles that are close together, that is, have poor structure, have high
bulk densities usually in the range of 1.20 to 1.80 g/cm3. Fine textured
soils generally have a higher organic content, better structure, more pore
space and thus, lower bulk densities., Bulk densities for fine textured
soils generally range from 1.0 to 1.6 g/cm3 (Brady, 1974).

Good soil management procedures will decrease surface bulk density
because the factors that build and maintain good soil structure will gener-
ally increase with management. Conversely, intensive cultivation and
excessive traffic by equipment generally increases bulk density values.
Land treatment management should minimize unnecessary tillage and traffic,
and maximize structural formation through organic matter additions and
vegetative covers. Good structure and relatively low soil bulk densities
promote good aeration and drainage, which are desirable conditions for
waste treatment.

4.1.1.4 Moisture Retention

Moisture retention or moisture holding capacity is a measure of the
amount of water a given s8oil 1is capable of retaining and is generally
expressed as a weight percentage. The most common method of expressing
soil moisture percentage is grams of water associated with 100 grams of dry
soil. Soil tensions from the strong chemical attraction of polar water
molecules are responsible for the adsorption of pure water 'in a soil.
Water commonly considered to be available for plant and microbial use is
held at tensions between 1/3 and 15 atm. This water is retained in capil-
lary or extremely small soil pores. Moisture retained at tensions greater
than 1/3 atm is termed gravitational or superfluous water (Fig. 4.3).
Gravitational water moves freely in the soil and generally drains to lower
portions of the profile carrying with it a fraction of plant mutrients
and/or waste constituents. After all water has drained from the large soil
pores and the water is held in the soil at 1/3 atm the soil is at field
capacity. Moisture retained at tensions greater than 15 atm is termed
unavailable or hygroscopic water because 1t is held too tightly to be used
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by plants. A so0il is said to be at the permanent wilting point when the
water 1s held at >15 atm. Generally, finer textured high organic content
solls will retain the most water while sandy, low organic content soils
will retain only very small amounts of available water.

For management of a land treatment unit, knowledge of the moisture
retention of the soil 1s needed to help determine water loading rates that
will not cause flooding or standing water, to predict possible irrigation
needs, and to estimate leaching losses and downward migration of waste con-
stituents. At a minimum, the values for 1/3 and 5 atm of suction should be
measured to give an estimation of how much water will be available for
plant and soil chemical reactions. Moisture retention can be measured by
the pressure plate technique as outlined by Richards (1965).

4.1.1.5 Infiltration, Hydraulic Conductivity and Drainage

Infiltration 1s the entry of water into the soil surface, normally
measured in cm/hr. Knowledge of this parameter is critical for a land
treatment unit since application of a liquid at rates exceeding the infil-
tration rate will result in runoff and erosion, both of which are undesir-
able in such a system. Infiltration rates are also needed when calculating
the water balance of an area.

Permeability, also called hydraulic conductivity, is the ease with
which a fluid or gas can pass through the soil. and is measured in cm/hr.
Once a substance enters a soil, its movement 1s governed, 1in part, by soil
permeability. Permeability 1s closely assoclated with particle size, pore
space, and bulk density. Table 4.3 lists the classes of hydraulic conduc-
tivity for soils. Fine textured clays with poor structure and high bulk
densities usually have very low permeabilities. . Knowledge of the permea-
bility is necessary to estimate the rate of movement of water or potential
pollutants through the soil of the land treatment unit. The potential for
a given chemical to alter the permeability of the soils on—site needs to be
determined as a safeguard to prevent deep leaching and reduce the potential
for groundwater contamination.

Hydraulic conductivity (K) is conventionally measured in the labora-
tory by either the constant head or falling head techniques as outlined by
Klute (1965). For more exact, on-site determinations, field techniques are
available. If the soil is above the water table, the double tube or "per-
meameter” method (Boersma, 1965a) is used; 1if below the water table, the
auger hole or the piezometer method is used (Boersma, 1965b). More exten—
sive reviews of field and laboratory methods for measuring hydraulic con-
ductivity are given by the American Soclety of Agricultural Engineers
(1961) and Bouma et al. (1982). These reviews cover most methods currently
used to measure permeability.

Drainage refers to the speed and extent of the removal of water from

the soil by gravitational forces in relation to additions by surface run-on
or by internal flow. Soil drainage, as a condition of a soill, refers to
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TABLE 4.3 SATURATED HYDRAULIC CONDUCTIVITY CLASSES FOR NATIVE SOILS

Description

Saturated
Hydraulic Conductivity*

Class* cm/hr
Very high >36
High 3.6 - 36
Moderate 0.36 - 3.6
Moderately .036 - 0,36

low
Low 0.0036 - 0,036
Very low <.0036

Soils transmit water downward so
rapidly that they remain wet for
extremely short periods. Soils are
coarse textured and dominated by
coarse rock fragments without
enough fines to fill the voids or
have large permanent cracks or
worm holes.

Soils transmit water downward
rapidly so that they remain satu-
rated for only a few hours. Soils
are typically coarse textured with
enough fines to fill the voids in
the coarse material. Soil pores
are mumerous and continuous.

Soils transmit water downward very
readily so that they remain wet for
a few days after thorough wetting.
Soil layers may be massive, granu-
lar, blocky, prismatic or weak
platy and contain some continuous
pores.

Soils transmit water downward read-
ily so they remain wet for several
days after thorough wetting. Soils
may be massive, blocky, prismatic,
or weakly platy with a few continu-
ous pores.,

Solls transmit water downward slow-
ly so they remain wet for a week or
more after a thorough wetting.
Soils are structureless with fine
and discontinuous pores.

Soils transmit water downward so
slowly that they remain wet for
weeks after thorough wetting.

Soils are massive, blocky, or platy
with structural plates or blocks
overlapping. Soll pores are few,
fine, and discontinuous.

* USDA (1981).
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the frequency and duration of periods of saturation or partial saturation
of the soill profile., Drainage is a broad concept that encompasses surface
runoff, internal soill drainage, and soil hydraulic conductivity. Seven
classes of natural soll drainage are recognized in Table 4.4. Drainage may
be controlled to maintain an aerobic environment and to minimize leaching
hazards. Surface drainage can be managed by diversion structures, surface
contouring, and ditches or grassed waterways to remove excess water tefore
it totally saturates the soil. An understanding of these principi-s 1is
necessary since rainfall and runoff must be managed and directed to cppro-
priate locations. Subsurface drainage systems use underground drains to
remove water from the upper portion of the soll profile and can also be
successfully used to lower the water table and drain the treatment zone.
Section 8.3 provides additional information on managing water at HWLT
units.

4,1.1.6 Temperature

Soll temperature regulates the rate of many soil chemical and biologi-
cal reactions. Most biological activity 1is greatly reduced at 10°C and
practically ceases at 5°C, as illustrated in Fig. 4.4. Waste degradation
during the cool spring and fall months 1s lower than in summer when the
soll blological activity 1is at its peak. Thus, loading rates in some areas
of the country need to be varied according to the soll temperature on a
site-specific basis. 1In general, locations where soll temperatures are at
or near freezing for much of the year will need seasonal adjustments in the
amount of waste applied per application. Moreover, soil temperatures
should be considered when estimating application rates and the land area
required to treat the waste.

Freezing of the soil also changes many physical and chemical proper-
ties. Infiltration and percolation are nearly stopped when solil water
becomes frozen so that surface waste applications need to be curtailed
(Wooding and Shipp, 1979). Subsurface injection of wastes may be success-
ful in some cases i1f the soil i1s not frozen below a 10-15 cm depth. Figure
4,5 illustrates the area of the country where frost penetration 1s a con-
sideration.

Reliable predictions of soll temperature are needed for a sound HWLT
management plan, but there are few sources of soll temperature information.
Only recently have soll temperature measurements been taken routinely. The
owner or operator should check with the state climatologist to see if soil
temperature data are avallable for the area of the proposed HWLT unit. The
lack of extensive historical records is further complicated by the fact
that most observations have been only seasonal as they related to agricul-
tural needs. Therefore, a stochastic approach to soll temperatures in
facility design 1s not possible for most locations. No attempt has been
made to directly correlate soll temperatures with atmospheric parameters
for which better records exist.
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TABLE 4.4 SEVEN CLASSES OF NATURAL SOIL DRAINAGE

Class* Physical Description Use
Excessively Water is very rapidly removed from the Soils are not suited to crop production
drained soll as a result of very high hydraulic without supplemental irrigation. Soils not
-conductivity and low water holding sulted for land treatment due to possible
capacity. Soils are commonly very high leaching of constituents.
coarse textured, rocky or shallow. All
soils are free of mottling related to
wetness.
Somewhat Water is removed from the soil rapidly Soils are suited for crop production only
excessively as a result of high hydraulic with irrigation but yield will be low.
drained conductivity and low water holding Soils are poorly suited for land treatment
capacity. Soils are commonly sandy due to leaching and low water holding
shallow and steep. All are free of capacity.
mottling related to wetness.
Well Water is removed from the soil readily, Soils are well suited for crop production
drained not rapidly, and the soils have an since water is available through most of
intermediate water holding capacity. the year and wetness does not inhibit
Soils are commonly medium textured and growth of roots for significant periods of
mainly free of mottling. the year. Soils are well sulted for land
treatment.
Moderately Water is removed from the soil somewhat Soils are poorly suited for crop production
well slowly. Soils commonly have a layer without artificial drainage since free
drained with low hydraulic conductivity, a wet water remains close enough to surface to

state relatively high in the profile,
receive large volumes of water, or a
combination of these.

——continued—

limit growth and management during short
periods of the year. Soils are not well
suited for land treatment as a result of
free water being at or near the surface for
short periods of time.
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TABLE 4.4 (Continued)
Class Physical Description Use
Somewhat Water is removed slowly enough that the Soils are not suited for crop production
poorly soll is wet for significant periods without artificial drainage since free
drained during the year. Soils commonly have a water remains at or near the surface for
slowly pervious layer, a high water extended periods. Soils are poorly suited
table, an addition of water from seep- for land treatment since they remain
page, nearly continuous rainfall, or a saturated for extended periods.
combination of these.
Poorly Water is removed so slowly that the Soils are not suited for production under
drained soil is saturated for long periods. natural conditions since they remain
Free water is commonly at or near the saturated during much of the year. Land
surface but the soil is not contin- treatment operations are greatly limited
uously wet directly below plow depth due to free water remaining at or near the
(6"). Poor drainage is a result of a surface for long periods.
high water table, slowly pervious layer
within the profile, seepage, continuous
rainfall or a combination of these.
Very Water is removed so slowly from the Soils are suitable for only rice crops
poorly soil that free water remains at or since they remain saturated during most of
drained below the surface during much of the the year. Soils are not acceptable for

year. Soils are commonly level or
depressed and frequently ponded yet in
areas with high rainfall they can have
moderate to high slope gradients.

land treatment unless artificially drained
due to excessive wetness.

* USDA (1981).
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-Depth of frost pentration, inches.

Figure 4.5. Average depth of frost penetration across
the United States (Stewart et al., 1975),
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Work by Fluker (1958) 1is the only published study of an attempt to
predict the annual soil temperature cycle. Fluker presented a mathematical
expression to calculate soll temperature at a given depth from the mean
annual soll temperature, as follows:

6., = avg. annual + 12.0e~0-13862g4y ( 2 t_) 840-0.132z (4.1)
zt = 208 femp. 364

where
the average soil temperature in °C at depth z;

the depth in the soil in feet; and
time in days after Dec. 31.

ezt:
z
t

The average annual soll temperature can be approximated as equal to,
or slightly higher than, the average annual air temperature. The term
used to represent the change in temperature with depth is 12¢~0.1386z pe
factor of 12 1s defined as one-half the difference between the maximum and
minimum average soll temperatures. Short of measuring these values, an
estimate can be obtained by using the difference between the maximum and
minimum air temperatures and adding 20%. Although the equation was devel=-
oped empirically for a particular locale, the coefficients may be similar
for other sites. The equation, however, should be used with caution,
particularly in extremely cold climates.

Based on the lack of better predictive tools for soll temperatures,
one approach 1s to collect data from one year at an on—-site recording
station and use 1t as a reasonable approximation of future conditions.
Since a demonstration of waste treatability is required before an HWLT unit
may be permitted, there would generally be time to take soll temperature
measurements at the 10 cm depth. Climatic records can be consulted for
guldance as to how the recorded year compares with other years; however,
site topography and other factors cause local soill temperature variations.

4,1,2 Chemical Properties

Chemical reactions that occur between the soil and waste constituents
must be considered for proper HWLT management. There are large numbers of
complex chemical reactions and transformations which occur 1in the soil
including exchange reactions, sorption and precipitation, and complexation.
By understanding the fundamentals of soll chemistry and the soil components
that control the reactions, predictions can be made about the fate of a
particular waste in the soil. Fate of specific waste constituents 1is
discussed in more detalil in Chapter 6.
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4,1,2,1 Cation Exchange

Cation exchange capacity (CEC) is the total amount of exchangeable
cations that a soil can sorb and is measured in meq/100 g of soil. These
cations are bound on negatively charged sites on soil solids through elec-
trostatic bonding and are subject to interchange with cations in the soil
solution. Among the exchangeable cations are some of the essential plant
nutrients including calcium, magnesium, sodium, potassium, ammonium, alumi-
num, iron and hydrogen. 1In addition to these, the soil can also sorb non-
essential cations and effectively remove and retain heavy metals (Brown et
al., 1975). The CEC depends on the amount of specific types of clay, the
amount and chemical nature of the organic matter fraction, and the soil pH
(Overcash & Pal, 1979). The cation exchange reactions take place very
rapidly and are usually reversible (Bohn et al., 1979).

Cation exchange capacity 1is associated with the negatively charged
surface of the soil colloids which arises from isomorphic substitutions
(e.g., a13t for Si4+) in many layer silicate minerals. The total
charge of so0ll colloids consists of a permanent charge as well as a pH
dependent charge. All cations, however, are not retained on the soil
colloid to the same degree., Usually, trivalent and divalent cations are
more tightly held than monovalent cations with the exception of hydrogen
(H+) ions. Also, ions are less tightly held as the degree of hydration
increases (Bohn et al., 1979). Generally, clays have large surface areas
and a high CEC. Sands, being relatively low in surface area, are usually
low in CEC.

Ions may also be bound to soil solids by covalent, rather than elec-
trostatic bonding. When this type of bonding predominates, specific sorp-
tion is observed for many cations as well as anions. This phenomenon has
been observed with clays, aluminum and iron oxides, and organic matter.
Specific sorption is a more permanent type of sorption than cation exchange
and is not always related to CEC.

Measurement of the CEC 1is necessary to give an estimation of the
ability to the soil to sorb and retain potential pollutants. Methods used
to measure CEC are ammonium or sodium saturation (Chapman, 1965a), however,
laboratories in each region of the country may have developed other appro-
priate techniques for their area. If the ammonium displacement technique
is used to determine CEC, exchangeable bases can also be measured in the
extract (Chapman, 1965b).

4.1.2.2 Organic Carbon

Residual organic carbon found in soil is a result of the decay of
former plant and animal life. The organic fraction is in a constant state
of flux with more organic matter being added by roots, crop residues, and
dying plants, animals and microorganisms and organic matter being removed
by further decay. 1In the soil, microbial activity 1s constantly working to
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decompose organic residues, resulting in the evolution of carbon dioxide
(CO9). Figure 4.6 illustrates the carbon cycle.

The effect of organic matter on the physical properties of soills has
already been discussed. It improves soil structure by increasing aggrega-
tion, reduces plasticity and cohesion, increases the infiltration rate and
water holding capacity, and imparts a dark color to the soil. The organic
fraction of the soil has a very high CEC, and consequently, increasing the
organic matter content of a soil also increases the CEC. However,
increases in organic carbon from large waste applications cannot be relied
upon to provide long-term increases in soll sorption capacity since the
organic matter decomposes over time and ultimately, the organic content of
the soil will return to near the original concentration. Measurement of
the amount of soll organic matter is normally done by using the Walkley-
Black method as outlined by Allison (1965).

Native soil organic matter is comprised of humic substances which have
a large influence on the soil chemistry. Soll organic matter exhibits a
high degree of pH-dependent affinity for cations in solution by a variety
of complexation reactions. Humic substances with high molecular weights-
complex with metals to form very insoluble precipitates, however, low
molecular weight organic acids have high solubility in association with
metals. A discussion of the reaction of organic matter with metals is
found in Chapter 6.

4,1.2.3 Nutrients

There are sixteen elements essential for plant growth. 0f these,
carbon (C), hydrogen (Hy), and oxygen (07) are supplied from air and
water, leaving the soil to supply the other thirteen. 8Six of the essential
elements, nigrogen (N), phosphorus (P), potassium (K), calcium (Ca), magne-
sium (Mg), and sulfur (S), are required in relatively large amounts.
Nitrogen, P and K are considered primary plant nutrients while Ca, Mg and S
are referred to as secondary plant nutrients.

All three of the primary plant mutrients (N, P and K) are normally
included in inorganic fertilizers. Nitrogen is of prime importance since,
if deficient, it causes plants to yellow and exhibit stunted growth.
Nitrogen deficiencies also greatly inhibit the degradation of hazardous
organic wastes because N is also essential for microorganisms. If N is in
excess, it 1s readily converted to nitrate (NO3) which is a mobile anion
that can leach and contaminate groundwater. Phosphorus is normally present
in low concentrations and is specifically sorbed by soil colloids. The
amount of K in the soil 1s sometimes adequate but often it is present in a
form that is unavailable for plant use.

Each state generally has an extension soil testing laboratory that

will analyze solil .samples for primary and secondary plant nutrients.
Nitrogen analysis is usually done by the Kjeldahl method (Bremmer, 1965)
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and P and K are usually analyzed in an ammonium acetate extract as outlined
by Chapman (1965a, 1965b).

Calcium and Mg are also required in relatively large amounts when
plants are grown. Deficiencies in Ca usually occur in acid soils and can
be corrected by liming. Most lime contains some Mg, but if the soil is
deficient in Mg, the use of dolomitic lime is suggested. Sulfur, although
required by plants .in large amounts, is usually found in sufficient quan-
tities in soils. Small amounts of S are normally in fertilizers as a con-
stituent of one of the other components. Sulfur compounds can be used to
lower soil pH.

Elements required by plants in relatively small amounts include irom,
manganese, boron, molybdenum, copper and zinc, and chloride ions. Most of
these micronutrients occur in adequate amounts in native soils. Excess
concentrations of certain elements often cause nutrient imbalances that
will adversely affect plant survival. Therefore, careful control of waste
loading rates and routine monitoring of soil samples for these elements is
essential to prevent buildup of phytotoxic concentrations when plants are
to be grown during the active life or at closure. The single most impor-
tant management consideration is pH since the solubility of each of these
elements is pH dependent. Chapter 6 discusses this issue in greater detail
for each element.

4.1.2.4 Exchangeable Bases

The exchangeabie bases in a soll are those positively  charged cations,
excluding hydrogen, held on the surface exchange sites that are in equilib-
rium with the soil solution. These cations are available for plant use as
well as for reaction with other ions in the soil solution. As they are
absorbed by plants, more cations are released into solution from the
exchange sites. This 1s a type of cation exchange reaction (discussed in
Section 4.1.2.1). The major cations include calcium (Ca), magnesium (Mg),
sodium (Na), and potassium (K). Plants can tolerate a fairly wide ratio of
cations but the optimum ratio, as calculated by Homes (1955) is 33 K:36 Ca:
32 Mg. This ratio can be varied on a field scale as necessary by additions
of lime, Ca(CO3); dolomite, CaMg(CO3),; or potash fertilizer.

Laboratory analysis for exchangeable bases can be done by the ammonium
acetate extraction procedure as outlined by Chapman (1965b) followed by
measurement of Ca, Mg, Na and K in the extract using atomic absorption
spectroscopy. The sum of the exchangeable bases expressed in meq/100 g is
multiplied by 100 and divided by the CEC to give the percent base satura-
tion. In essence, this tells what percentage of the CEC is occupied by
bases. The percentage of the CEC that is not occupied by bases is predomi-
nantly filled by hydrogen ions which form what 1is called the reserve
acidity. Percent base saturation depends on the climatic conditions, the
materials from which the soil was formed, and the vegetation growing on the
site (Pritchett, 1979). Generally, the percent base saturation increases
as the pH and fertility of the soil increases.
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4.1.2.5 Metals

Analysis of 80il samples for metals content is normally done using an
alr dried sample ground with a porcelain mortar and pestle to pass a 2 mm
sieve and digested using concentrated HNO4 (EPA, 1979) or hydrofluoric
acid in an acid digestion bomb (Bernas, 1968). Extracts can be analyzed
for arsenic, cadmium, copper, chromium, iron, manganese, molybdenum, lead
and zinc using atomic absorption spectrophotometry. Boron 1is normally
measured in a hot water extract as described by Wear (1965). Selenium
determinations can be done according to a procedure outlined by Fine
(1965). The EPA has also established methods for analyzing arsenic,
barium, beryllium, boron, cadmium, chromium, copper, cyanide, iron, lead,
magnesium, manganese, mercury, molybdenum, nitrogen, nickel, potassium,
selenium, sodium, vanadium, and zinc (EPA, 1979). The normal ranges for
metals in soil and plants are presented in Chapter 6 (Tables 6.52 and
6.49). Prior to waste disposal by land treatment, the concentrations of
various metals in the soil and waste should be measured. From these data,
loading rates for waste can be calculated and background concentrations
established.

4.1.2.6 Electrical Conductivity

Electrical conductivity (EC) 1is used to measure the concentration of
salts in a solution. Since electrical currents are carried by charged ions
in solution, conductance increases as electrolyte concentration increases.
The standard method for assessing the salinity status of a soil is to pre-
pare a saturated paste extract and measure the EC using standard elec-
trodes (USDA, 1954). This can be related to the actual salt concentration
in the soil solution that might be taken up by plants. The EC measurement
of the saturated paste extract is considered to be one-half the salt con-
centration at field capacity and one-fourth of that at the permanent wilt-
ing point (-15 bars). As a general rule, where saturated paste extract EC
values are less than 4 mmhos/cm salts have little effect on plant growth.
In soils with EC values between 4 to 8 mmhos/cm salts will restrict yields
of many crops. Only a small number of tolerant species can be grown on
soils with EC values above 8 mmhos/cm.

When selecting a site and evsaluating it for land treatment, careful
attention should be given to the soluble salt content of both the soil and
the proposed waste stream. Applications of large amounts of salty wastes
to an already alkaline soil may decrease microbial degradation and result
in barren conditions. These problems are most common to low rainfall, hot
areas and to areas near large bodies of salt water. Remedial actions to be
taken in the event of accidental salt buildup include stopping the addition
of all salt containing materials, growing salt tolerant crops, and if prac-
tical, leaching the area with water. In some cases leaching salts may not
be acceptable because hazardous constituents would also leach.
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4.1'2.7 —pE

Soil pH 1s probably the most informative and valuable parameter used
to characterize the chemical property of a soil. Standard measurement pro-
cedures are given by Peech (1965). There are three possible basic soil
conditions: acidic (pH<7.0), neutral (pH=7.0), and alkaline (pH>7.0).
Acidic soils are formed in areas where rainfall leaches the soluble bases
deep into the soil profile. Alkaline soils form in areas where rainfall is
small and evaporation is high, allowing the accumulation of salts and bases
in the soil profile.

Large amounts of lime or other neutralizing agents are needed to raise
the pH of acidic soils. In general the pH should be maintained between 6
and 7 to have adequate nutrient availability for plants and microbes with-
out danger of toxicity or deficiency. The addition of large quantities of
organic wastes may require liming over and above that required by the
native soil since many organic and inorganic aclids are formed and released
from the decomposing of organic wastes. The decision to add large quanti-
ties of fertilizer should be based on the potential for soil acidification,
for example, ammonium sulfate mdy lower the soil pH.

Geographic areas of low rainfall and high evaporation tend to have
alkaline soils where cations (Ca, Mg and K) predominate. When base satura-
tion is above 90%, the formation of hydroxide is favored resulting in high
pH. These conditions alter the nutrient availability since boron, copper,
iron, manganese, phosphorus and zinc are only slightly available at a pH of
8.5 and above. ‘

Measures commonly used for altering soil pH include liming and sulfur
applications. Liming is the most common procedure used to raise soil pH.
Normal agricultural lime, CaC03 1is most "often used, but dolomite
CaMg(CO3)7 is also available for soils of limited Mg content. Lowering
soil pH is much less commonplace, but can be accomplished by addition of
ferrous sulfate or flowers of sulfur. Both of these compounds result in
the formation of H;S0,, a strong acid. Sulfur flowers have a much
higher potential acidity; however, in special situations, sulfuric acld may
be used directly. Manggement of soil pH at HWLT units 1s discussed in
Section 8.6.

4.1.2.7.1 Acid Soils. As exchangeable bases are leached from the soil in
areas of high rainfall, surface soils gradually become more acidic. Local
acld conditions can also result from oxidation of iron pyrite and other
sulfides exposed by mining. Many conifers grow best at low soil pH and
simultaneously take up and hold basic cations from the soil while dropping
fairly acidic pine needles, thus, pine forests tend to increase soil
acidity. Continued wuse of ammonia (NH3) or ammonium (NH4+) ferti-
lizers may also lead to a gradual increase in acidity as this reaction
takes place in the soil:

NH,t + 205 ————- > 2HY + NO3~™ + Hy0 (Brady, 1974)
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Many plants grow poorly in acid soils due to high concentrations of
soluble aluminum (Al) or manganese (Mn). Aluminum at a solution concentra-
tion of 1 ppm slows or stops root growth in some plants. Solution concen-
trations of 1-4 ppm Mn produce symptoms of toxicity in many plants (Black,
1968). Although most plants can tolerate slightly higher levels of Mn than
Al, Mn levels in flooded or poorly drained acid soils can reach 10 ppm
(Bohn et al., 1979).

4.1.2.7.2 Buffering Capacity of Soils. The ability of the soil solution
to resist abrupt pH changes (buffering capacity) is due to presence of
hydrolyzable cations, specifically A13+, on the surface of the clay
colloid. Thus, the buffering capacity 1s proportional to the cation
exchange capacity if other factors are equal (Brady, 1974).

In the soil environment Al13*t ions sorbed on the clay surface
maintain equilibrium with A13t ijons in the soil solution. As solution A1}t
ions are hydrolyzed and precipitated as Al(OH)3, surface-bound A13* ions
migrate into solution to maintain equilibrium. As the A13t ioms hydrolyze
and remove OH™ from solution, the solution pH tends to remain stable.
Simultaneously as the sorbed A13t* ions migrate into solution, other catiomns
replace the A3t ions on the s80il colloid. Cations such as Na+, ca2t and
and Mg2+ are defined as basic cations because of thelir difficulty in
hydrolyzing in basic solution as compared to A13t, As the pH of the
soil solution is increased, the percentage of the cation exchange complex
occupied by basic cations (base saturation) increases. There is a gradual
rise in pH and the percent base saturation increases.

At the high and low extremes of base saturation in soils, the degree
of buffering is lowest. Buffering capacity is greatest at about 50% base
saturation (Peech, 1941). Titration curves vary somewhat for individual
soils. The pH of soils dominated by montmorillontic clay 1is 4.5-5.0 at 50%
base saturation. At 50% base saturation soils dominated by kaolinite or
halloyite are at a pH 6.0-6.5 (Mehlich, 1941).

Soils resist a sharp decrease in pH. When acid is added to a neutral
soil, Al1(OH)3 dissolves, enters the soil solution, and the available
A13* ions replace the basic cations on the exchange complex. The decrease
in pH is gradual (Tisdale and Nelson, 1975) because of the stoichiometry of
the neutralization reaction.

Plants and microorganisms depend upon a relatively stable environment.
If the soil pH were to fluctuate widely. they would suffer numerous 111
effects. The buffering capacity of the soil stabilizes the pH and protects
against such problems (Brady, 1974).

4.1.3 Biological Properties

The soil provides a suitable habitat for a diverse range of organisms
which help to render a waste less hazardous. Hamaker (1971) reports that
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biological action accounts for approximately 80% of waste degradation in
soll. The types and numbers of decomposer organisms present in a waste
amended soil are dependent on the soil moisture content, available oxygen

and nmutrient composition.

The population establishment of decomposer organisms following the
land application of a waste material begins with bacteria, actinomycetes,
fungl and algae (Dindal, 1978). These organisms have diverse enzymatic
capabilities and can withstand extremes in environmental conditions.
Following establishment of microbial decomposers, the second and third
level consumers establish themselves and feed on the initial decomposers
and each other (Fig. 4.7). Secondary and tertiary consumers include worms,
nematodes, mites and flies. As these organisms use waste components,
energy and nutrients from organic materials are released and distributed
throughout the immediate environment.

4,1.3.1 Primary Decomposers

4,1,3.1.1 Bacteria. Soils contain a diverse range of bacteria which can
be used to degrade a wide range of waste constituents., Bacteria are the
most abundant of soil microorganisms, yet they account for less than half
of the total microbiological cell mass (Alexander, 1977). Bacteria found
in s0il may be indigenous to the soil or invaders which enter via precipi-
tation, diseased tissue, or land applied waste. The genera of bacteria
most frequently 1solated from soil 1include Arthrobacter, Bacillus,
Pseudomonas, Agrobacterium, Alcaligenes, and Flavobacterium (Alexander,
1977).

Bacterial growth or inhibition is influenced by moisture, available
oxygen, temperature, pH, organic matter content, and inorganic mnutrient
supply. In temperate areas, bacterial populations are generally greatest
in the upper layers of soil, although in cultivated soils the population is
less dense at the surface due to the lack of moisture and the bactericidal
action of sunlight (Alexander, 1977). Bacterial activity is usually great-
est in the spring and autumn months but decreases during the hot, dry
summer and during cold weather.

Soil bacteria may require organic mutrients as .a source of carbon and
energy, or they may obtain carbon from carbon dioxide (CO7) and energy
from the sun. Fungi, protozoa, animals, and mst bacteria use organic
carbon as a source of energy. Autotrophs, which obtain carbon from COj,
obtain energy from sunlight or the oxidation of inorganic materials.

4,1.3.1.2 .Actinomycetes. Under conditions of limited mnutrient supply,
actinomycetes become the predominate microorganism and use compounds which
are less susceptible to bacterial attack. They are heterotrophic organisms
that utilize organic acids, 1lipids, proteins, and aliphatic hydrocarbons.
These organisms are a transitional group between bacteria and fungi, and
appear to dominate other microbes in dry or cultivated areas (Alexander,
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Figure 4.7. Cycle of organisms that degrade land applied waste. (Jensen and Holm,
1972; Perry and Gerniglia, 1973; Dindal, 1978; Austin et al., 1977)



1977). Primary ecological influences on actinomycetes include moisture,
pH, temperature, and amount of organic matter present. Addition of organic
matter to the soll greatly increases the density of these organisms.
Following the addition of organic matter, they undergo a lag phase of
growth after which they show increased activity indicating that they are
effective competitors only when the more resistant compounds remain. In
addition, actinomycetes seem to influence the composition of the microbial
community due to their ability to-excrete antibiotics and their capacity to
produce enzymes capable of inhibiting bacterial and fungal populations
(Alexander, 1977).

4,1.3.1,3 Fungi. This group of heterotrophic organisms is affected by the
availability of oxidizable organic substrates. Other environmental influ-
ences affecting the density of fungal populations include moisture content,
pH, organic and inorganic nutrients, temperature, available oxygen, and
vegetative composition., Fungi can withstand a wide range of pH and temper-
atures., They also have the ability to survive in a quiescent state when
environmental conditions are no longer favorable for active metabolism.
These organisms, because of their extensive mycelial or thread-like net-
work, usually compose a significant portion of the soil biomass. One of
the major activities of fungi in the mycelial state is the degradation of
complex molecules. In addition, fungi are active in the formation of
ammonium and simple nitrogen compounds.

4.1.3.1.4 Algae. This group of organisms uses light as a source of energy
and CO, as a source of carbon. Thus, algae are abundant in habitats
where light is plentiful and moisture is available. The population of
algae is normally smaller than bacteria, actinomycetes or fungi. Because
of the inability of algal populations to multiply beneath the zone of soil
receiving sunlight, the most dense populations are found between 5 to 10 cm
deep. Algae can generate organic matter from inorganic substances.
Normally, they are the first to colonize barren surfaces, and the organic
matter produced by the death of algae provides a source of carbon for
future fungal and bacterial populations. Surface blooms produced by algae
bind together soil particles contributing to soil structure and erosion
control.

4.,1.3.2 Secondary Decomposers

—

4,1.3.2.1 Worms. The major importance of small worms in decomposing
organic material is their abundance and relatively high metabolic activity.
When sewage sludge is land applied, the total mumber of earthworms in the
biomass is enhanced with increasing treatment. Increased earthworm popula-
tions also enhance soil porosity and formation of water stable soil aggre-
gates, thus improving the structure and water holding capacity of the
soil.
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Mitchell et al. (1977) found sludge decomposition was increased two to
five times by the manure worm. Specific physical and biological character-
istics improved by the manure worm include: 1) removal of senescent bac-
teria, which results in new bacterial growth; 2) enrichment of the sludge
by nitrogenous excretions; 3) enhancement of aeration; 4) addition of
mineral mutrients; and 5) influence on the carbon and mutrient flux pro-
duced by interactions between the microflora, nematodes and protozoa. In a
later study they found that fresh anaerobic 8ludges killed earthworms,
although aging the anaerobic sludge for two months removed this toxicity
(Mitchell et al., 1978).

4,1.3.2,2 Nematodes, Mites and Flies. As these organisms use waste com-
ponents, energy and nutrients are released and made available to other
decomposers. Nematodes harvest bacterial populations while processing
solid waste material. Both nematode and bacterial populations in sewage
sludge are increased by the feeding of the isopod Oniscus sellus (Brown et
al., 1978). Mold mites will feed on yeast and fungi. Beetle mites and
springtails will also feed on molds, but usually under drier and more
aerobic conditions. ©Flies are vital 1in the colonization of new organic
deposits. These insects are used to transport the immobile organisms from
one site to another.

4.1.3.3 Factors Influencing Waste Degradation

Following the land application of a hazardous waste, macrobiological
activity is suppressed until the microorganisms stabilize the environment.
The full range of soil organisms are important to waste degradation, how-
ever, habitation by macroorganisms depends on microbial utilization and
detoxification of waste constituents. The rate at which microbes attack
and detoxify waste constituents depends on many factors 1including the
effect of environmental conditions on microbial 1life and the presence of
certain compounds which are resistant to microbial attack (Alexander,
1977).

The adverse effects of land treatment on the soil fauna may be reduced
by a carefully planned program which may involve modifications of certain
waste characteristics or environmental parameters. Through the use of pre-
treatment methods of in-plant process controls (Section 5.2) certain waste
characteristics may be modified to improve the rate of waste degradation.
The factors affecting degradation which may be adjusted in the design and
operation of a land treatment unit include soil parameters (molisture con-
tent, temperature, pH, available nutrients, available oxygen, and soil tex-
ture or structure) and design parameters (application rate and frequency).

In most cases, it is not feasible to adjust the soil moisture content
in the field to enhance degradation. However, when soil moisture is low,
it may be advantageous to add moisture through irrigation and when the
moisture content 1is high, to delay waste application until the soil
moisture content is more favorable for waste degradation. Water, although
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essential for microbial growth and tramsport, has a limited effect on the
rate of waste degradation over a broad range of soil moisture contents,
Only under excessively wet or dry conditions does soil mopisture content
have a significant effect on waste degradation (Brown et al., 1982).
Dibble and Bartha (1979) found a negligible difference in the microbial
activity of oil-amended soil at mpisture contents between 30 and 907% of the
water holding capacity of the soil.

Both moisture content and temperature will exert a significant effect
on the population size and species composition of microorganisms in waste
amended soil. The influence of temperature on the metabolic capabilities
of soil bacteria was observed in a study by Westlake et al. (1974) in which
enrichment cultures of soil bacteria grown on oil at 4°C were able to
utilize the same oil at 30°C, while enrichment cultures obtained at 30°C
exhibited little capacity for growing on the same oil at 4°C. At 4°C, the
isoprenoid compounds phytane and pristane were not biodegraded, while at
30°C the bacteria metabolized these compounds (Westlake et al., 1974). 1In
a six month laboratory study evaluating the rate of biodegradation 'of two
API-separator sludges in soil, the rate of biodegradation of both wastes
doubled between 10° and 30°C, but decreased slightly at 40°C (Brown et al.,
1982). Similarly. a 50 day laboratory study by Dibble and Bartha (1979)
showed little or no increase in the rate of hydrocarbon biodegradation
above 20°C. The influence of temperature on the biodegradation of oil
sludge in these laboratory studies is presented in Fig. 4.8. These results
indicate that the optimum temperature for degradation of these oily wastes
is between 20° and 35°C; and, that biodegradation increases with decreasing
application rates. While temperature adjustments in the field are
impractical, enhanced biodegradation rates may be achieved by delaying
or reducing waste applications according to the soil temperature. Measure-
ment of soil temperature is discussed in Section 4.1.1.6.

Through management activities such as the addition of lime, the soil
at a land treatment unit is generally maintained at or above 6.5 to enhance
the immobilization of certain waste constituents. This pH is also within
the optimum range for soil microbes. Verstraete et al. (1975) found the
optimum pH for microbial activity to be 7.4 with inhibition occurring at a
pH of 8.5. In addition, Dibble and Bartha (1979) found that lime applica-
tions favored oil-sludge biodegradation.

Another soil parameter which may be readily adjusted at a land treat-
ment unit is nutrient content. The land application of sludges with a high
hydrocarbon content stimulates microbial activity and results in the deple-
tion of available nitrogen which eventually slows degradation. Through the
addition of nitrogen containing fertilizers the C:N ratio can be reduced,
thus stimulating microbial activity and maintaining the rate of biodegrada-
tion. It appears that optimum use is made of fertilizer when the applica-
tion is delayed wuntil after the 1less resistant compounds" have been
degraded. 1In a field study by Raymond et al. (1976), the rate of biodegra-
dation in fertilized plots was not increased until a year after waste
application. The rate of fertilizer needed depends on the characteristics
of the waste. While the addition of proper amounts of mutrients can
increase blodegradation, excessive amounts, particularly of nitrogen,
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provide no benefit and may contribute to leaching of nitrates. Dibble and
Bartha (1979) determined that the optimum C:N ratio for the oily waste they
studied was 60:1; while, in a study by Brown et al. (1982) a refinery waste
exhibited optimum degradation at a C:N ratio of 9:1, and a petrochemical
waste at 124:1. Thus, it appears that optimum degradation rates can be
achieved when the fertilizer application rate is determined on a case-by-
case basis.

The texture and structure of the soill exerts a significant influence
on the rate of waste biodegradation. Although the choice of soil will in
many cases be restricted, a careful evaluation of the rate of blodegrada-
tion using the specific soil and waste of the land treatment unit will
result in the most efficient use of the land and minimize environmental
contamination. In a laboratory study evaluating the blodegradation rates
of two wastes in four soils, the most rapld degradation occurred in the
silt loam soil and the least rapid in the clay (Table 4.5) (Brown et al.,
1982)., In fine textured soils where the avallability of oxygen may limit
degradation, frequent tilling may 1increase aeration and enhance
degradation; although, excessive tilling can promote erosion.

TABLE 4.5 THE EFFECT OF SOIL TEXTURE ON THE BIODEGRADATION OF REFINERY AND
PETROCHEMICAL SLUDGE¥*

%Z Carbon Degraded as

Total Carbon Determined by
Appliedt
Soil (mg) C0o-C Evolved ~  Residual C

Refinery Waste

Norwood sandy clay 350 60 63
Nacogdoches clay 350 44 54
Lakeland sandy loam 350 37 45
Bastrop clay 350 37 47
Petrochemical Waste

Norwood sandy clay 2,100 15 34
Nacogdoches clay 2,100 9 32
Lakeland sandy loam 2,100 13 30
Bastrop clay 2,100 0.3 19

* Brown et al. (1982)

T Sludge was applied at a rate of 5% (wt/wt) to soils at field capacity and
incubated for 180 days at 30°C.

The frequency and rate of application are design parameters that can
be used to enhance waste biodegradation. The amount of residual sludge in
the soil influences both the availability of oxygen and the toxic effects
of waste constituents on soll microbes, When small amounts of waste are
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applied frequently, the toxic effects of the waste on the microbes are
minimized and microbial activity is maintained at an optimum level. Brown
et al. (1982) observed that repeated applications of small amounts of
waste resulted in greater degradation over the same time than occurred if
all of the waste was applied at one time (Fig. 4.9). These results agree
with those of Dibble and Bartha (1979) and Jensen (1975) who found maximum
degradation at application rates of oily waste of less than 5% (wt/wt).
Thus, it appears that the best results will be obtained when a balance is
reached between the most efficient use of the land treatment area and the
optimum application rate and frequency. Calculations are described in
Sections 7.2.1.5 and 7.5.3.1.4 which can be used to assist in determining
these parameters.

Land treatment of hazardous waste 1s a dynamic process requiring care-
ful design and management to maintian optimum degradation and prevent
environmental contamination. The laboratory studies described in Sections
7.2-7.4 can be used to evaluate the value of each parameter that will allow
optimum biodegradation. In situations where an equivalent waste has been
handled at an equivalent land treatment unit such testing may not be
necessary. However, due to the variability of waste streams, soils, and
climatic conditions, a careful evaluation of environmental parameters 1is
required in order to obtain maximum degradation rates using the minimum
land area.

Environmental modifications to enhance biodegradation may take the
form of amendments applied to the soil, as discussed above, or they may
take the form of a microbial spike added to act on a specific class of com-
pounds. Soil particles in sludges may hold bacteria or fungi in a
resistant state. Once these organisms become acclimated to waste constitu-
ents, they may flourish whenever environmental conditions are improved. 1In
most cases, the addition of limited amounts of organic matter to the soil
results in increased microbial activity. Excessive additions of organic
matter, however, can result in microbial inhibition because of the nature
of the organic matter.

Pretreatment of recalcitrant waste constituents by chemical, physical,
or biological degradation may render a waste more amenable to degradation
in the soil. For example, pretreatment of PCB containing wastes by photo-
decomposition can remove one or two chlorine atoms per molecule (Hutzinger
et al., 1972). Since the most significant factor in the relative degrad-
ability of PCB wastes the degree of chlorination (Tucker, 1975), pretreat-
ment of PCBs could render the waste more susceptible to microbial attack.
Methods of pretreatment that may be wuseful for HWLT are discussed in

Section 5.2.

4,1.3.4 Waste Degradation by Microorganisms

It is difficult to predict the effect of a hazardous waste on the
microbial population of the soil. Most hazardous wastes are complex
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mixtures which contain a variety of toxic compounds, resistant compounds,
and compounds susceptible to microbial attack. The application of a
readily available substrate to the soil stimulates the microbial population
and should provide a more diverse range of organisms to deal with the
resistant compounds once the preferred substrate has been degraded. Davies
and Westlake (1979) found that the inability of an asphalt based crude oil
to support growth was due to the lack of n-alkanes rather than the presence
of toxic compounds. Therefore, it appears that the effect of toxic
inorganic and organic compounds on microorganisms will be reduced if there
is a readily available substrate which can be used by these organisms.

Many hazardous wastes contain substantial quantities of toxic inor-
ganic compounds, such as heavy metals. Kloke (1974) suggests that concen-
trations of lead in soil above 2000 mg/kg inhibit microbial activity. 1In
addition, the recommended limit for total lead plus four times total zinc
plus forty times total cadmium is 2000 mg/kg (Kloke, 1974); however, this
calculation fails to account for both the synergistic effects between these
cations and the effect of soil characteristics. Doelman and Haanstra (1979)
found that a lead concentration of 7500 mg/kg had no effect on microbial
activity in a peat soll with a high cation exchange capacity. These
results were verified by Babich and Stotzky (1979) who found that lead
toxicity was reduced by a high pH (greater than 6.5), the addition of phos—-
phate or carbonate anions, a high cation exchange capacity, and the pres-
ence of soluble organic matter. Thus, it is evident that no fixed limit on
heavy metal concentration can be generally applied to all waste-soil mix-
tures. Inorganic toxicity can be better determined empirically on a case
by case basis. Similarly, the toxicity of organic compounds in a hazardous
waste is dependent on the concentration of organic and inorganic constitu-
ents and the properties of the receiving soil. Under certain circum-
stances, the application of toxic organic compounds to soil may stimulate
fungal or actinomycete populations while depressing bacterial populations.
Applications of 5000 mg/kg 2,4-D reduced the number of bacteria and actino-
mycetes, but had little effect on the fungal population (Ou et al., 1978).
Since many hazardous wastes can have an adverse effect on biological forms
in the soil, land treatment should be carefully planned and monitored to
ensure that the biological forms responsible for degradation have not been
adversely affected.

There are indications that after long-term exposure to toxic com-
pounds, microbes can adapt and utilize some of these compounds. Results of
numerous experiments indicate that microbes have the capacity to adapt and
use 1introduced substrates. The majority of these studies, however, have
dealt with microbial utilization of a relatively pure substrate and even
those dealing with the use of crude oil are examining a substrate which is
predominantly composed of saturated hydrocarbons.

Poglazova et al. (1967) isolated a soil bacterium capable of destroy-
ing the ubiquitous carcinogen benzo(a)pyrene. This study indicated that
the ability of soil bacteria to degrade benzo(a)pyrene may be enhanced by
prolonged cultivation in media containing hydrocarbons. This indicates
that the land treatment of hazardous' wastes may stimulate the growth of
microorganisms with the increased enzymatic capabilities to deal with toxic
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waste constituents. Jensen (1975) states that the most common genera. of
bacteria showing an increase in activity due to the presence of hydrocar-
bons in the soil include Corynebacterium, Brevibacterium, Arthrobacter,
Mycobacteria, Pseudomonas and Nocardia. Of all groups of bacteria, Pseudo-
monas appear to have the most diverse enzymatic capabilities, perhaps due
to the presence of plasmids which increase their ability to use complex
substrates (Dart and Stretton, 1977). Friello et al. (1976) have trans-
ferred hydrocarbon degradive plasmids to a strain of Pseudomonas which
gives the bacterium a broader range of available substrates. Enrichment
cultures of such organisms may be useful for rapidly degrading certain
classes of compounds. It may be useful to apply this type of an enrichment
culture to enhance the degradation of a particular recalcitrant compound or
group of compounds, although in the case of many complex wastes, a mixed
microbial population is required to co-metabolize the various waste consti-
tuents.

Large additions of chlorinated hydrocarbons into the environment exert
selective pressure on microorganisms to detoxify or utilize these compounds
(Chakrabarty, 1978). As a result, bacteria are frequently isolated which
have the capacity to use compounds previously thought to be resistant to
microbial attack. For example, mixed or enrichment cultures of bacteria
have been shown to degrade PCBs (Clark et al., 1979), DDT (Patil et al.,
1970), polyethylene glycol (Cox and Conway, 1976), and all classes of oil
hydrocarbons (Raymond et al., 1976). However, some compounds, such as
hexachlorobenzene, appear to be resistant to microbial attack (Ausmus
et al., 1979).

Various strains of actinomycetes are capable of degrading hazardous
compounds. Walker et al. (1976) isolated petroleum degrading actinomycetes
from polluted creek sediments which composed over 307 of all the organisms
isolated. In addition, Chacko et al. (1966) isolated several strains of
actinomycetes that could use DDT.

Fungl capable of degrading the persistent pesticide dieldrin were iso-
lated in a study by Bixby et al. (1971). Perry and Cerniglia (1973) found
fungl able to degrade greater quantities of o0il during growth than bac-
teria. This capability was probably due to the ability of fungl to grow as
a mat on the surface of the oil. The most efficient hydrocarbon using
fungl isolated by Perry and Cerniglia (1973) utilized 30-65% of an asphalt
based crude oil. Davies and Westlake (1979) also isolated fungi that could
use crude oil. The genera most frequently isolated in their study were
Penicillium and Verticillium.

4.2 PLANTS

Plants modify the treatment functions that occur in soil. Primarily,
a crop cover on the active treatment site, protects the soll-waste matrix
from adverse impacts of wind and water, namely erosion and soil crusting.
Plants also function to enhance removal of excess water through transpira-
tion. Some of the more mobile, plant-available waste constituents may be
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absorbed along with the water and then altered within the plant. Absorbed
wastes ultimately are returned to the soil as the decaying plants supply
organic matter. The organic matter, in turn, enhances soill structure and
cation exchange capacity. The plant canopy may range from spotty to com-
plete coverage and may vary with the season or waste application schedule.
Also, cover crops are not required during the operation of an HWLT unit so
management decisions about the selection of species, time of planting,
desired periods of cover, or whether or not plants are even desirable are
all left to the discretion of the owner or operator. A cover crop 1is
advantageous in many cases but it 1is not essential. The functions plants
serve can be divided into two classes, protective functions and cycling and
treatment functions.

Plants protect the soil by intercepting and dampening the effects of
rainfall and wind. In climates where wetness is a problem for land treat-
ment, a plant canopy can intercept precipitation and prevent significant
amounts of water from ever reaching the so0il; however, this depends on
plant species, completeness of cover, rainfall intensity, and atmospheric
conditions. Plants also decrease the erosive effects of raindrop impact on
the soil, preventing detachment of particles from the soil and decreasing
the splash transport of soil and waste particles. Plants enhance infiltra-
tion and lessen runoff transport of waste constituents by decreasing
surface flow velocities and by filtering particulates from runoff water.
Wind erosion is reduced since the plant canopy dampens wind speed and tur-
bulent mixing at ground level.

Cycling and treatment functions include translocation of substances
from soil to plant, transformations within plants, and loss from plants to
the atmosphere or back to the soil. Land treatment in a wet climate can
benefit from an established crop cover to enhance water loss through uptake
and transpiration. Certain soluble, plant available waste constituents and
plant nutrients can also be absorbed through plant roots. If testing of
plant tissues indicates no food chain hazard from these absorbed constitu-
ents, crop harvest can be a removal pathway. However, crops may not be
harvested either because tissue analyses have indicated unacceptable con-
centrations of hazardous constituents or because the expense of plant moni-
toring exceeds any potential benefit from harvesting. In such cases, the
crop residues can be returned to the soll organic matter pool.

Where it has been determined that cover crop 1s desirable, proper
selection of plant species or mixture of species can maximize the desired
function. The choice of plant species will vary depending on the season
and the region of the country. It is a good idea to consult with area
agronomists from the State Agricultural Extension Service, U.S. Department
of Agriculture, or the agronomy department at a nearby university to obtain
information on varieties and cultural practices which are suited to a given
region. Section 8.7 provides additional information on species selection.
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4.3 ATMOSPHERE

The atmosphere primarily operates as a modifier of treatment processes
in the soil. Atmospheric conditions control the water content and tempera-
ture of the soil which in turn control biological waste degradation rates
and waste constituent mobility. Winds act along with the heat balance and
moisture content to provide for gas exchange, such as the movement of
oxygen, carbon dioxide, water vapor, and waste volatiles between soil and
atmosphere. 1In addition to soil-atmosphere interactions, the atmosphere
exchanges gases with plants and transmits photosynthetically active radia-
tion to plants. Finally, shortwave radiation may be responsible for some
degree of photodegradation of some waste organics exposed at the soil sur-
face. Comprehension of soil, plants and atmosphere interactions and of the
various active treatment functions directs attention to those system
properties which influence treatment effectiveness and which should be
examined more thoroughly.

The important climatic parameters affecting land treatment should be
understood from the perspective of site history for design purposes. On—
site observations are essential as an input to management decisions
(Chapter 8). An off-site weather reporting station will ordinarily be the
source of climatic records. Section 3.3 discusses the selection of reli-
able sources of information that will be representative of site conditioms.
During the operational life of the HWLT unit it may be useful to install an
instrument package and make regular observations of 1important climatic
parameters, such as temperature, rainfall, pan evaporation and wind velo-
city. Measurement of soll temperature and molsture and particulate emis-
sions may also be useful.

Climate affects the management of hazardous waste facilities. Air
temperature influences many treatment processes but has an especially pro-
found effect on the length of the waste application season, the rate of
blodegradation, and the volatilization of waste constituents. On an opera—
tional basis, temperature observations can aid in application timing for
volatile wastes and surface 1irrigated 1liquid wastes. Wind, atmospheric
stability and temperature determine application timing for volatile wastes.
The moisture budget at an HWLT unit is critical to timing waste applica~-
tions and determining loading rates and storage requirements, Climatic
data can be used in the hydrologic simulation to predict maximum water
application rates, and to design water retention and diversion structures.
A discussion of how the management of the unit can be developed to respond
to climatic influences is included in Chapter 8.
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5.0 CHAPTER FIVE

HAZARDOUS WASTE STREAMS

This chapter presents information to be used in evaluating waste
streams proposed for land treatment. There are three main factors that
need to be considered when evaluating the information on waste streams sub-
mitted with a permit application for an HWLT unit. These three factors are
the characterization of the wastes, the pretreatment options available and
the techniques used for sampling and analysis. Figure 5.1 shows how each
of these topics fits into the decision-making framework for evaluating HWLT
units, first presented in Chapter 2 (Fig. 2.1).

Each section in this chapter focuses on one of the topics shown in
Fig. 5.1. Section 5.1 briefly discusses sources of hazardous waste. A
number of pretreatment options are -available that can reduce the hazards
associated with certain waste streams; Section 5.2 discusses these options.
Finally, in order to accurately predict the fate of a given waste in an
HWLT unit, the permit evaluator must know what analytical techniques were
used by the applicant in performing the waste analysis. Section 5.3
discusses procedures that are appropriate for analyzing hazardous wastes.

5.1 SOURCES OF HAZARDOUS WASTE

The first step in evaluating a waste stream is to determine what the
expected waste constituents are based on what is known about the sources of
the waste. Hazardous waste sources fall into two broad categories as
follows:

(1) Specific industrial sources that generate waste streams
peculiar to the feedstocks and processes used by that
industry, such as leather, rubber or textiles; and

(2) Nonspecific sources of waste that cut across industrial
categories, but may still be characterized according to the
raw materials and processes used, such as solvent cleaning
or product painting.

5.1.1 Specific Sources

Industries that produce a waste unique to that industry are “specific
sources"” of that waste. Examples of "specific” industrial sources are
textiles, lumber, paper, inorganic chemicals, organic chemicals, petroleum
products, rubber products, leather products, stone products, primary
metals and others. Table 5.1 ranks most of the specific sources according
to the volume of hazardous waste each is projected to generate in 1985,
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Figure 5.1. Characterization of the waste stream to be land treated.
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TABLE 5.1 PROJECTED 1985 HAZARDOUS WASTE GENERATION BY INDUSTRY*
Annual Volume of Waste Generatedt
1985 Projection
SIC ‘
Code Industry 1980 Estimate Low' Hight
28 Chemicals & Allied Products 25,509 24,564 30,705
33 Primary Metals 4,061 3,699 4,624
- Nonmanufacturing Industries 1,971 1,882 2,352
34 Fabricated Metal Products 1,997 1,807 2,259
29 Petroleum & Coal Products 2,119 1,789 2,236
37 Transportation Equipment 1,240 1,309 1,636
26 Paper & Allied Products 1,295 1,201 1,501
36 Electric & Electronic Equipment 1,093 1,145 1,431
31 Leather & Leather Tanning 474 342 428
35 Machinery, Except Electrical 322 330 413
39 Miscellaneous Manufacturing 318 299 374
30 Rubber & Miscellaneous Plastic ‘ ‘
Products 249 226 282
22 Textile Mill Products 203 162 203
27 Printing & Publishing 154 145 182
38 Instruments & Related Products 90 99 124
24 Lumber & Wood Products .87 75 94
25 Furniture & Fixtures 36 29 36
32 Stone, Clay & Glass Products 17 15 19
TOTAL 41,235 39,118 48,899

* Booz-Allen and Hamilton, Inc. and Putnam, Hayes and Bartlett, Inc.

(1980).

1 In thousands of wet metric tons.

* Based on a reasonable estimate of the poténtialsreduction (20%) in

waste generation.

* Based on the industrial growth rate used to calculate 1980 and 1981

estimates.
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5.1.2 Nonspecific Sources of Hazardous Waste

There are several hazardous waste generating activities that are not
specific to a particular industry. For instance, many manufactured pro-
ducts are cleaned and painted before they are marketed. Product cleaning
is usually done with solvents and, consequently, many industries generate
spent solvent wastes. Similarly, industrial painting generates paint resi-
dues. Eighteen nonspecific wastes are listed in Table 5.2. There are
three main categories of hazardous constituents generated by these nonspe-
cif§c sources which are solvents, heavy metals and cyanide, and paint (Fig.
5'2 L]

5.1.3 Sources of Information on Waste Streams

The applicant and the permit writer can use published information on
the chemical analysis of similar hazardous wastes to help them determine
the constituents expected in the wastes to be land treated. In some cases,
this information may indicate the presence of constituents which may need
to be pretreated before they are disposed in an HWLT unit.

There 1is little information on the waste streams from the organic
chemicals industry because each plant uses a unique collection of feed-
stocks and unit chemical processes to produce its line of products. How—
ever, some information about the nature of the waste can be gained if
information is known about the chemical feedstocks and unit process used
(Herrick et al., 1979).

A document 1s currently being prepared for EPA by K. W. Brown and
Associates, Inc. that will pull together information on waste streams gen-
erated by the industries that produce hazardous wastes. This document will
present chemical analyses (where available) and information on the hazard-
ous constituents contained in the waste streams of these industries accord-
ing to the standard industrial classification. This document together with
waste analyses supplied to EPA should form a basis for a better understand-
ing of hazardous waste streams.

5.2 WASTE PRETREATMENT

Pretreatment processes may be used to render a waste more amenable to
land treatment. This can be accomplished by altering the waste in a way
that either changes its physical properties or reduces its content of the
waste constituents that limit the land treatment operation. Physical
alterations include premixing the waste with soil and reducing the unit
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TABLE 5.2 POTENTIALLY HAZARDOUS WASTE STREAMS GEHNERATED BY NONSPECIFIC INDUSTRIAL SOURCES
1] 4 n W *
Hazardous LAND 'TREATMENT POTENHTIAL _
Modified Waste Rate (R) or Capacity (C)
SIC Code Number Activity Waste Stream Limiting Components
F0O01 Degreasing opera- Spent halogenated Tetrachloroethylene (C); carbon tetrachloride (C);
tions (halogenated solvents & sludge Trichloroethyllene (C); 1,1,1-trichloroethane (C});
solvent) Hethylene chloride (C); chlorinated fluorocarbons (C)
F002 lalogenated solvent Spent halogenated Tetrachloroethylene (C); methylene chloride (C);
recovery solvents & still Trichloroethylene (C); 1,1,l-trichlorocethane (C);
bottoms 1,1,2-trichloro-1,2,2-fluoroethane (C) Chlorobenzene (C)
o-dichlorobenzene (C); trichlorofluoroethane (C)
F003 Nonhalogenated sol- Spent nonhalogenated Flammable solvents (R)
vent recovery solvents & still
bottoms
F004 Nonhalogenated sol- Spent nonhalogenated Cresols (R) and cresylic acid (R); nitrobenzene (C)
vent recovery solvents & still
bottoms )
F005 Nonhalogenated sol- Spent nonhaolgenated Methanol (R); toluene (R); methyl ethyl ketone (R);
vent recovery solvents & still- ‘Methyl isobutyl ketone (R); carbon disulfide (R);
bottoms Isobutanol (R); pyridine (R)
3471.1 F006 Electroplating Wastewater treatment Cadmium (C); chromium (C); nickel (C);
sludge Cyanide (complexed) (C)
3471.2 F007 Electroplating Spent plating bath Cyanide salts (C)
3471.3 F008 Electroplating Plating bath bottom Cyanide salts (C)
sludges
3471.4 F009 Electroplating Spent stripping & Cyanide salts (C)
cleaning bath
solutions
3398.1 F010 Metal heat treating Quenching oil bath Cyanide salts (C)
sludge
3398.2 FO1l1l Metal heat treating Spent salt bath Cyanide salts (C)
solutions
3398.3 F012 Metal heat treating Wastewater treatment Cyanide (complexed) (C)
sludge
FO13 Metal recovery Flotation trailings Cyanide (complexed) (C) and metals from the ore
FO14 Metal recovery Cyanidation wastewater Cyanide (complexed) (C)
: treatment tailing
pond bottom sediments
FO015 Metal recovery Spent cyanide bath Cyanide salts (C)
solutions
3312.1 FOl6 Operations involving Air pollution control Cyanide (complexed) (C)
coke ovens & blast scrubber sludge
furnaces
3479.1 FO17 Industrial painting Paint residues Cadmium (C); chromium (C); lead (C); cyanides (C);
toluene (R); tetrachloroethylene (C)
FO18 Industrial painting Wastewater treatment Cadmium (C); chromium (C); lead (C); cyanide (C);

3479.2

sludge

toluene

(R); tetrachloroethylene (C)

* Values for waste constituents may vary; hence, loading rates and capacities should be based on the analysis of the

specific waste to be land treated and on the results of the pilot studies performed.

Organic compounds are labeled (C

when it is believed that there may be some soil conditions under which the compound may not degrade rapidly enough to
prevent tosicity hazards, either due to accumulation in soil or migration via water or air.
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NONSPECIFIC WASTE

L6

CATEGORIES
SOLVENT BEARING PAINT BEARING HEAVY METAL OR CYANIDE
WASTES WASTES BEARING WASTES
Degreasing Formulation| Dry cleaning Industrial Electroplating Metal recovery
Wastes and Wastes Palating Wastes wastes
Synthesis Residues
Wastes [
Solvent Recovery Industrial Painting Metal Heat Air Pollution
Sludges Wastewater Treatment Treating Control
Sludges Hastes Scrubber
Sludges

Figure 5.2. Categories of hazardous constituents generated by nonspecific sources.



glze of waste materials. Specific waste constituents can limit the ulti-
mate capacity, yearly loading rate, or the single application dosage of a
waste disposed in an HWLT unit (Section 7.5.1). Pretreatment processes are
available that will reduce the concentration of a limiting constituent.
Pretreatment may improve both the economic and environmental aspects of the
HWLT unit. When waste form or waste constituents warrant examining pre-
treatment options, in-plant process changes should also be explored.

It is beyond the scope of this document to review all the available
pretreatment techniques and their treatment efficiencies for the thousands
of pollutant species. However, EPA (1980a) has recently published a five
volume manual that exhaustively covers the following topics that can be
used to evaluate pretreatment. '

(1) Volume one is a compendium of treatability data, industrial
occurrence data, and pure species descriptions of metals,
cyanides, ethers, phthalates, nitrogen containing compounds,
phenols, mono and polynuclear aromatics, PCBs, halogenated
hydrocarbons, pesticides, oxygenated compounds, and a number
of miscellaneous organic compounds. This volume focuses on
the 129 priority pollutants and other compounds that are
prevalant in industrial wastewaters and that do not readily
degrade or disappear from aqueous environments, which are
the ultimate receivers of leachates generated by land treat-
ment units.

(2) Volume two is a collection of industrial wastewater dis-
charge information and includes data for both raw and
treated wastewaters.

(3) Volume three is a compilation of available performance data
for existing wastewater treatment technologies.

(4) Volume four 1s a collection of capital and operating cost
data for the treatment technologies described in volume
three.

(5) Volume five is an executive summary and describes the use of
information contained in volumes one through four.

To determine the most desirable mix of pretreatments for a land treat-
ment system, total costs should be weighed against the degree of treatment
required. Possible pretreatment steps for enhancing the land treatability
of waste as presented by Loehr et al. (1979), are discussed below.

(1) Preliminary treatment (coarse screening or grinding) is used
to remove large objects such as wood, rags and rocks to
protect plping and spray systems.

(2) Primary treatment usually involves the removal of readily
settleable and floatable solids, The primary treatment
effluent can then be land treated by spray irrigation or
overland flow. Since the removed solids can clog both spray
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nozzles and the soil surface, these solids are usually land
treated by soil incorporation.

(3) Secondary treatment includes several biological treatments
(such as aerated 1lagoons, anaerobic digestion, composting
and activated sludge) and any subsequent solids settling.
Secondary pretreatment systems may be necessary where it 1is
desirable to remove soluble organics or suspended solids
that may clog the soil. Secondary treatment effluents are
usually suitable for spray irrigation while the secondary
.treatment sludges can be incorporated into the soil. Land
treatment of a waste often results in the breakdown of
organics as rapidly as secondary treatment but the addi-
tional treatment may be necessary for some refractory
organics.

(4) Disinfection is the treatment of effluents to kill disease
causing organisms such as pathogenic bacteria, viruses and
amoebic cysts. Chlorination effectively kills pathogens but
may also generate chlorinated organics and have undesirable
effects on cover crops and leachate quality. Ozonation is
more expensive than chlorination, but effectively disinfects
a waste stream without the undesirable effects of chlorina-
tion, Coupling ozonation with irradiation by ultraviolet
light may improve its economic feasibility and enhance over-
all waste treatment. Compounds normally refractory to ozone
alone are rapidly converted to carbon dioxide and water when
subjected to the combination (Rice and Browning, 1981).

(5) Advanced (tertiary) wastewater treatment refers to processes
designed to remove dissolved solids and soluble organics
that are not adequately treated by secondary treatment.
Land treatment wusually exceeds the results obtainable
through tertiary treatment for removal of nitrogen, phos-
phorous and soluble organics. In these cases a tertiary
treatment may not be useful; however, tertiary treatment for
the removal of dissolved salts (such as reverse osmosis or
distillation) may produce an effluent of drinking water
quality and circumvent the need for land treatment.

Table 5.3 lists the different pretreatment methods and their applic-
ability to hazardous waste treatment. Although, in many cases, pretreat-
ment of the waste is not necessary prior to land treatment, pretreatments
with the most potential for enhancing the land treatability of wastes are
examined in the following sections (5.2.1 through 5.2.6). Neutralization,
dewatering, degradation processes, premixing with soil, and size reduction
may greatly increase the effectiveness of land treatment for a given waste;
however, in-plant process changes may also be effective 1in reducing
troublesome waste constituents. In all cases, care must be taken when pre-
treatment processes are being considered to evaluate the cost effectiveness
of the process and to determine if the process (which may have originally
been developed to render a waste compatible with another disposal option)
is appropriate for land treatment operations.
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TABLE 5.3 PRETREATMENT METHODS FOR HAZARDOUS WASTES*

Heavy Waste
Pretreatment Metal Organic Organic Volume
Method Removal Removal Destruction  Reduction Comments Physical Form Treated
Activated Yes Yes Yes Yes Waste must have heavy metal content Liquid, slurry, sludge
sludge less than 1%
Aerated No Yes Yes Yes Used in temperate climates Liquid, slurry, sludge
lagoons
Anaerobic
digestion No Yes Yes Yes Very sensitive to toxic compounds
Composting No Yes Yes Yes Least sensitive method of biological Slurry, sludge, liquid
’ treatment
Enzymatic
biological No Yes Yes No Only works for specific chemicals Liquid, slurry, sludge
treatment
Trickling No Yes Yes Yes Low efficiency for organic removal Liquid, slurry, sludge
filters
Waste
stabhilization No Yes Yes Yes Waste must have dilute conceatrations Liquid, slurry, sludge
ponds of organic and inorganics
Carbon Yes Yes No No Efficient for wastes with less than 1% Liquid
adsorption organics
Resin Possible Yes No No Extracts and recovers mainly organics Liquid
adsorption ganics solutes from aqueous waste
Calcination Possible No Yes Yes Will require volume of nonorganics Liquid, slurry, sludge
and convert them into a form of low
leachability
Catalysis No No Yes No Liquid
Centrifugation Yes No Ho Yes Primarily used for dewatering sludge Slurry
Chlorinolysis No tlo Yes Yes Conversion of chlorinated hydrocarbons Liquid
to carbon tetrachloride
Dialysis Yes RNo* No No Separation of salts from aqueous Liquid
Dissolution Yes No Ho HNo Removal of heavy metals from fly ashes Liquid, slurry, sludge
Distillation No Yes No Yes Recovery of organic solvents Liquid, slurry, sludge
Electrolysis Yes No No No Removal of heavy metals from concen- Liquid

trated agqueous solution

-~-contigued--
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TABLE 5.3 (continued)
Heavy Waste
Pretreatment Metal Organic Organic Volume
Method Removal Removal Destruction Reduction Comments Physical Form Treated
Electrodialysis Possible No No No Recovery of inorgamnic salts Liquid
Evaporation No Possible No Yes Recovery of inorganic salts Liquid
Filtration Yes No No Yes Removal of metal precipitates Slurry
Precipitation,
flocculation,
sedimentation Yes Yes No Yes Removal or recovery of solids from Liquid, slurry
agueous solution
Flotation-~ Yes Ho No No Separation of solid particles sus- Slurry
biological pended in a liquid medium
Freeze ) Yes Yes Ho Yes Desalination of water Liquid, slurry, sludge
crystalization
Freeze drying No No No Yes Separation of pure water from solids Liquid, slurcy
Suspension Yes No No Yes Separation of suspended particles Liquid
freezing magnetic particles from liquids
Hydrolysis No No Yes No May increase toxicity of waste Liquid, slurry, sludge
Ion exchange Yes Yes No No Selective removal of heavy metals and Liguids
hazardous anions
Liquid ion Yes No No No Selective removal and/or separation of Liguid, slurry, sludge
exchange free and complexed metal ions in high
concentrations
Liquid-liquid
extraction of
organics No Yes No Ho Solvent recovery Liquid
Microwave No Possible Yes Yes Developmental stages; primarily for Liquid
discharge amall quantities of toxic compounds
Heutralization No No No No Renders waste treatable by other Liquid, slurry, sludge
Chemical Possible No Yes No Detoxification of hazardous materials Liquid
oxidation
Ozonolysis No No Yes No May be used to make toxic wastes more Liquid

susceptible to biological action,
especially chlorinated hydrocarbons

--continued--



01

TABLE 5.3 (continued)

Heavy Waste
Pretreatment Metal Organic Organic Volume
Method Removal Removal Destruction Reduction Comments Physical Form Treated

Photolysis No o Yes No Degradation of aromatic and Liquid '
chlorinated hydrocarbons

Chemical Possible No No No Detoxification of hazardous materials Liquiad

reduction

Reverse osmosis Yes Yes No Yes Purification dilute wastewaters Liquid

Size reduction No Ho No No For spill debris such as contaminated Solid
pallets and lumber

Soil mixing No No No No Volume of waste will increase, this
technique applies to.stick or tarry
waste.

Steam No Yes No Yes Solvent recovery Liquid, slurry, sludge

distillation -

Air stripping No Possible No No Recovery of volatile compounds from Liguid, slurry

N agueous solutions

Steam stripping No Yes No No Recovery of wvolatile compounds from Liquid, slurry
aqueous solutions

Ultra Yes Yes No No Separation of dissolved or suspended Liquid

filtration particles from a liquid stream

Zone refining Yes Yes No No Purification technique for obtaining Liquiad

high-purity organic and inorganic
materials

* De Renzo (1978).



5.2.1 Neutralization

Neutralization (pH adjustment) may be a desirable pretreatment for
strongly acidic or alkaline wastes being land treated. Biological
treatment systems, such as land treatment, rely on microblal degradation as
the major treatment mechanism for organic constituents 1in the waste.
Microbial growth and, hence, treatment efficiency are optimized by
maintaining the pH near neutral.

Neutralization involves the reaction of a solution with excess hydron-
ium or hydroxide ions to form water and neutral salts (Adams et al., 1981).
Care should be taken to select a neutralizing agent that will not produce a
neutral salt that 1s detrimental to the land treatment process. For
instance, lime (CaCOj3) 1is vastly preferable to caustic soda (NaOH) as an
agent to neutralize an acidic waste., Lime adds calcium to the waste which
will improve the workability of the treatment soil. Calcium 1s also an
essentlal nutrient for cover crops and microbes. Conversely, caustic soda
adds sodium which can decrease the workability of the soil and, at high
concentrations, sodium 1s toxic to cover crops and microbes.

It should be noted that the biological treatment process that occurs
in land treated soils may itself change the pH of a waste-soll mixture.
The pH of treated soil is reduced by the following (Adams et al., 1981):

(1) Hydroxide alkalinity is destroyed by the bliochemical produc-
tion of COj5;

Carbohydrate + (n)0y —» Bé;ggggggl —> (n) COp + (n) H50

COy + OH™ > HCO3~

(2) Reduced forms of sulfur can be blochemically oxidized to
sulfuric acid; and

Biochemical
HzS + 202 —_—> oxidation —> H9804

(3) Oxidation of ammonium releases hydrogen ions.
NH,t + 209 ————> NOo3~ + 2H' + Hy0

The pH of treated soll is increased by the biochemical oxidation of organic
aclds as follows (Adams et al., 1981).

- Biochemical
R - COOH + (n)0y —> onidation —>(n) COg + (n)Hy0
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5.2.2 Dewatering

Dewatering is a broad term referring to any process that reduces the
water content and, hence, the volume of a waste which increases the solids
content of the remaining waste. The oldest, simplest and most economical
method of dewatering a waste uses shallow evaporation ponds. However, for
such a system to be feasible, adequate land area must be available and
evaporation rates must exceed precipitation rates (Adams et al., 1981).

Evaporative rates can be increased by placing spray aerators on the
surface of the pond. Spray aeration has the added advantages of increasing
waste decomposition by exposing the wastewater to ultraviolet rays present
in sunlight and encouraging aerobic decomposition using oxygen adsorbed
during spraying.

A wastewater can be signficantly dewatered through freeze crystaliza-
tion. This process is used to segregate a liquid waste stream into fresh-
water ice cyrstals and a concentrated solution of the remaining heavy
metals, cyanides and organics. The ice crystals can then be removed *Fv
mechanical means (Metry, 1980). Freeze crystalization i1s an especiai v
attractive dewatering technique in northern sections of the U.S. wh:
evaporative rates are low and the cold climate provides cost-fr.e
freezing.

Drying beds are, shallow impoundments wusually equipped with sand
bottoms and tile drains. Typically, sludge 1s poured over the sand to a
depth of 20 to 30 cm. Free drainage out of the tile drains occurs for
several days and drying time ranges from weeks to months, depending on the
weather and sludge properties (Ettlich et al., 1978).

Filtration is the mechanism used in several dewatering processes. It
involves the separation of liquids and solids by forcing liquids through
porous membranes (screen or cloth) or media as in the drying beds discussed
above. Liquids are forced through by pressure, vacuum, gravity or centri-
fugal force and the dewatered solids can then be land treated.

Various processes are used to increase the ease or extent to which
sludge dewaters. The most widely used of these processes involves two
steps. First, a chemical conditioner (such as lime, ferric chloride,
aluminum chloride or a variety of organic polymers) 1s added to the
wastewater that causes dissolved or suspended solids to clump together into
suspended particles. Then these suspended particles clump together into
larger particles which either settle out of solution or can be more easily
removed by filtration.

5.2.3 Aerobic Degradation

Several aerobic degradation processes are used to pretreat ihnd
treated wastes. These processes can effectively reduce the quantity of
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volatile and highly mobile organic specles in a waste stream. Aerobic
processes discussed below are composting, activated sludge and aerated
lagooning.

Composting involves the aerobic degradation of a waste material placed
in small piles or windrows so that the heat produced by microbial action is
contained. Maintenance of an abundant supply of oxygen 1in the compost
pile, coupled with elevated temperature and sufficient moisture, results in
a degradation process which 1s much more rapid than that which would
otherwise occur. Pretreatment by composting can result in a product that
can be easily stored until land treated. This 1is a particularly useful
approach where a continuous stream of waste cannot be continuously land
treated due to frozen or wet soll conditions.

The Beltesville method of composting uses forced aeration through
windrows and has been used for composting olly wastes (Epstein and Taffel,
1979; Texaco Inc., 1979). In these studies, the oily waste is first mixed
with a bulking agent, such as rice hulls or wood chips, to reduce the mois-
ture content to 40-60%. Aeration of the mixed waste is maintained by draw-
ing air through a perforated pipe located under the waste pile using an
exhaust fan. The waste pile is covered with previously composted material
which acts as an 1insulator and helps to maintain an elevated temperature.
Alr which has passed through the pile is filtered through another smaller
pile of previously composted waste to reduce odors. Epstein and Taffel
(1979) noted that composting of sewage sludge almost completely degraded
the polycyclic aromatic hydrocarbons.

Activated sludge uses an aerobic microbial population that is accli-
mated to the particular waste stream to increase the rate of degradation.
The acclimated population i1s recycled and kept 1in constant contact with
incoming wastewater. Activated sludge has been extensively applied to
industrial wastewaters for the degradation of organic wastewaters that have
low heavy metal content. Tucker et al. (1975) demonstrated that PCBs can
be degraded in the activated sludge process, but others have found heavily
chlorinated molecules to be resistant to microbial degradation by this
method. Use of microorganisms acclimated to these chlorinated waste con-
stituents may improve efficiency of the activated sludge process for pre-
treatment of wastes containing these types of resistant compounds.

As with activated sludge, aerated lagoons are used for the treatment
of aqueous solutions with a low metals content. Aerobic lagooning 1s cur-
rently used by industry in temperate climates where sufficient land is
available. This method of aerobic degradation 1is land intensive and slow
compared to composting and activated sludge processes; however, it may be
less expensive and 1t serves as a convenlent method for storing wastes
until weather or other limiting conditions are sultable for the waste to be
land treated. A major drawback of aerated lagooning is that it presents a
considerable risk of groundwater contamination. This risk has prompted
regulatory requirements (discussed in Section 5.2.4) for lagoons.
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5.2.4 Anaerobic Degradation

Anaerobic degradation involves microbes that degrade organics in the
absence of oxygen. These microbes use metabolic pathways that differ from
the pathways used by aerobic microbes and can, therefore, more effectively
degrade some organics that are resistant to degradation in the aerobic
solls of a land treatment unit. Two widely used methods for this type of
degradation are anaerobic lagooning and anaerobic digestion.

Anaerobic and aerobic lagooning of wastes has been widely used for
pretreatment and storage of wastes to be land treated. While the technique
has been inexpensive, recent regulatory requirements for lining, monitoring
and closing these facilities will increase the cost of lagooning hazardous
waste. Other disadvantages associated with both types of lagooning include
the following:

(1) wastes often require retention times of several months for
effective treatment;

(2) due to the long retention times, large amounts of land may
be required to handle all the waste; and

(3) there may be significant long-term liability associated with
lagoons due to their potential for groundwater contamina-
tion.

Anaerobic digestion of waste uses enclosed tanks to anaerobically
degrade waste under controlled conditiomns. Initially, the technique 1is
capital intensive; however, there are several advantages compared to
anaerobic lagooning, as follows: 5

(1) since the treatment process is completely enclosed, there
would be few, if any, long—term liabilities;

(2) retention time for waste, although dependent on waste
composition, may be less than 10 days (Kugelman and Jeris,
1981);

(3) short retention times mean less waste volume oh hand at any
time and consequently less land is required for treatment
facilities; and

(4) wuseful by-products, such as methane and carbon dioxide, can
be obtained from the process.

5.2.5 Soil Mixing

Several industries produce tarry wastes that may be too sticky or
viscous to be easily applied to land. Examples of this physical state are
coal tar sludge and adhesives waste. Mixing of these wastes with soil-is
difficult because the sticky wastes tend to ball-up or stick to the surface
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of discing implements. A treatment that eliminates most of these difficul-
ties is the premixing of soil with the waste in a pug mill. Pug mills cut
up the sticky mass as it combines with the soil, producing a soil-waste
mixture that can be easily applied to land.

5.2.6 Size Reduction

Often bulky materials are contaminated with hazardous waste during
production processes or accidental spills., Examples of contaminated bulk
materials are pallets, lumber and other debris saturated or coated with
hazardous materials. A common approach to making these wastes suitable for
land treatment is to grind or pulverize the debris.

5.3 WASTE CHARACTERIZATION PROTOCOL

A waste characterization protocol serves an important function to pre-
vent adverse health, safety, or environmental effects from land treatment
of hazardous waste. It 1s required for the following reasons:

(1) to evaluate the feasibility of using land treatment for a
particular waste;

(2) to define waste characteristics indicative of changes in
composition;

(3) to evaluate results generated in pilot studies;
(4) to define management and design criteria;

(5) to determine application, rate, and capacity limiting con-
stituents (These design parameters are further discussed in
Chapter 7.);

(6) to determine if the treatment medium is effectively render-
ing the applied waste less nonhazardous; and

(7) to effectively monitor any environmental impact resulting
from the HWLT unit.

To satisfy these requirements, the applicant needs to provide an
acceptable characterization of the waste. Additionally, the permit writer
needs to be able to evaluate the results of the analyses to determine if
the appropriate parameters have been addressed or if additional analyses
are required. This section provides the information needed to evaluate the
waste characterization phase of the design process for HWLT,

Because of the complexity involved in both the characterization of
hazardous waste and the evaluation of the results submitted by the appli-
cant, a set of guidelines or analytical requirements are appropriate. The
following step-by-step approach to waste characterization will provide
guidance to both the permit applicant and permit writer. The following
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sections are designed to reduce and simplify the characterization and
evaluation processes.

5.3.1 Preliminary Waste Evaluation

There are a tremendous number of industrial process wastes which
contain a wide variety of complex chemical mixtures. Initial indicators of
the probable composition of a particular waste include the following:

(1) previous analytical data on waste constituents;
(2) feedstocks used in the particular industrial process; and

(3) products and by-products resulting from production processes.

By examining data presented on waste streams, the analytical requirements
for a particular waste may be sufficiently evaluated by both the permit
applicant and the permit writer to preclude any extensive, unwarranted
analyses. One must realize, however, that there may be toxic or recalci-
trant constituents present in a given hazardous waste that are either new
or previously unnoted. Therefore, all possible means need to be used to
thoroughly characterize the constituents found in waste samples,

5.3.2 Waste Analysis

The analytical chemistry associated with HWLT should include appropri-
ate analyses of the waste in conjunction with preliminary soil studies,
compound degradation determinations, and monitoring needs (Chapters 4, 7,
and 9). Most of the following discussion refers primarily to a general
approach to be used for analyzing the waste itself. Physical, chemical and
biological waste analyses are discussed.

5.3.2.1 Sampling and Preparation

In sampling hazardous waste and otner media relevant to HWLT, one must
continually strive to ensure personal safety while correctly collecting
representative samples that will provide an accurate assessment of the
sample constituents. After obtaining some background information about the.
probable nature of the waste and the associated dangers, the analysis may
then proceed using the appropriate safety measures, as outlined by de Vera
et al. (1980). The person sampling a hazardous material must be aware that
it may be corrosive, flammable, explosive, toxic or capable of releasing
toxic fumes.

Since hazardous waste may be composed of a diverse mixture of organic

and inorganic components present in a variety of waste matrices (i.es,
liquids, sludges and solids), it is necessary to use specialized sampling
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equipment to ensure that the sample is representative of the waste in ques-
tion. For instance, the Coliwasa sampler, which consists of a tube, shaft
and rubber stopper, may be used for sampling layered liquids: after inser-
tion of the tube into the liquid waste, the shaft is used to pull the stop-
per into place and retain the sample. Other examples of appropriate sam-
plers that may be used for sampling various types of wastes are listed in
Table 5.4. Additional information on sampling equipment, methods, and
limitations can be found in EPA (1982a).

TABLE 5.4 SAMPLERS RECOMMENDED FOR VARIOUS TYPES OF WASTE*

Waste Location

Waste type or Container Sampling Apparatus
Free flowing liquids Drums, trucks, tanks Coliwasa
and slurries Tanks, bins Weighted Bottle
Pits, ponds, lagoons Dipper
Dry solids or wastes Drums, sacks, waste Thief, scoops, shovels

piles, trucks, tanks
pits, ponds, lagoons

Sticky or moist solids Drums, trucks, tanks, Trier
and sludges sacks, waste piles,
pits, ponds, lagoons

Hard or packed wastes Drums, sacks, trucks Auger

* EPA (1982a).

It is very important that all sampling equipment be thoroughly cleaned
and free of contamination both prior to use and between samples. Storage
containers should be similarly free of contamination. Plastic or teflon
may be used for samples to be analyzed for inorganic constituents. Glass,
teflon or stainless steel may be used for samples intended for organic
analysis. Caution should be observed that both the sampler and storage
container materials are nonreactive with the waste. Ample room in the
sample container must be left to allow for expansion of water if the sample
is to be frozen in storage.

To ensure that the analytical methods employed in the waste character-
ization do not under or over-estimate either the potential impact or treat-
ment effectiveness, representative samples must be obtained. A representa-
tive sample is proportionate with respect to all constituents in the bulk
matrix. The probability of obtaining a representative sample is enhanced
by compositing multiple samples. These composites can be homogenized prior
to subsampling for subsequent analysis. Table 5.5 may be used to determine
the number of samples to be taken when a waste is sampled from multiple
containers. These numbers should be considered a minimum requirement. If
large variability is encountered in the sample analysis, additional samples
may be required. Similar precautions must be taken to ensure that the
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total waste substrate has been sampled. Table 5.6 suggests appropriate
sampling points to be selected for sampling various waste containments.
Descriptions of detailed statistical analyses for use in sampling can be

found in EPA (1982a).

TABLE 5.5 MINIMUM NUMBER OF SAMPLES TO BE SELECTED FROM MULTIPLE

CONTAINERS*
Number of Number of Samples Number of Number of Samples
Contalners to be Composited Containers to be Composited
l1to 3 all 1332 to 1728 12
4 to 64 4 1729 to 2197 13
65 to 125 5 2198 to 2744 14
126 to 216 6 2745 to 3375 15
217 to 343 7 3376 to 4096 16
344 to 512 8 4097 to 4913 17
513 to 729 9 4914 to 5832 18
730 to 1000 10 5833 to 6859 19
1001 to 1331 11 6860 or over 20

* ASTM D-270

T Numbering the contalners and using a table of random numbers would give
an unbiased method for determining which should be sampled.

Following sampling operations, all samples should be tightly sealed
and stored at 4°C (except, in some cases, solils). Freezing may be required
when organic constituents are expected to be lost through volatilization.
This may be easily accomplished by packaging all samples in dry ice
immediately after <collection 1if other refrigeration methods are
unavailable. Prior arrangements should be made with the receiving
laboratory to ensure sample integrity until the time of analysis.

5.3.2.2 Physical Analysis

The physical characteristic of hazardous waste that 1s most relevant
to land treatment 1s density. Density determinations are required to
convert the volumes of waste which will be treated into their corresponding
masses. The mass measurements will then be used to determine loading rates
and other application requirements (Section 7.5).

The density of a liquid waste may be determined by weighing a known
volume of the waste. A water insoluble viscous waste may be weighed in a
calibrated flask containing a known volume and mass of water. The water
displaced 1s equivalent to the wvolume of waste material added. A similar
technique may be used for the analysis of water soluble wastes by replacing
water with a nonsolubilizing 1liquid for the volumetric displacement
measurement. In this case, a correction must be made for the density of
the solvent used.
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TABLE 5.6 SAMPLING POINTS RECOMMENDED FOR MOST WASTE QONTATNMENTS

Containment type Sampling point
Drum, bung on one end Withdraw sample from all depths through bung opening.
Drum, bung on side Lay drum on side with bung up. Withdraw sample from all depths
through bung opening.
Barrel, fiberdrum, buckets, Withdraw samples through the top of barrels, fiberdrums, buckets,
sacks, bags and similar containers. Withdraw samples through fill openings of

bags and sacks. Withdraw samples through the center of the contain-
ers and different points diagonally opposite the point of entry.

Vacuum truck and similar Withdraw sample through open hatch, Sample all other hatches.
containers
Pond, pit, lagoons Visually inspect the area. If there is evidence of differential

settling of material as it enter the pond, this area needs to be
estimated as a percentage of the pond and sampled separately.

If the remaining area is free of differential settling, divide sur-
face arza into an imaginary surface, one sample at mid-depth or at
center, and one sample at the bottom should be taken per grid.
Repeat the sampling at each grid over the entire pond or site. A
minimum of 5 grids should be sampled.

Waste pile Withdraw samples through at least three different points near the
top of pile and points diagonally opposite the point of entry.

Storage tank Sample all depths from the top through the sampling hole.




5.3.2.3 Chemical Analysis

The chemical characterization of complex mixtures such as hazardous
waste consists of chemically specific analytical procedures which need to
be performed under a strict quality control program by well-trained person-
nel. Procedural blanks defining background contamination should be deter-
mined for all analytical techniques. Maximum background contamination
should not exceed 5% of the detector response for any compound or element
being analyzed. (For instance, if the concentration of a constituent
results in 95% full-scale deflection on a recorder, the background level
found in the analytical blank should not exceed 4.5% full-scale deflec-
tion.) The procedural blank should be taken through the complete analyti-
cal characterization, including all steps in collection and storage,
extraction, evaporative concentration, fractionation, and other procedures
that are applied to the sample. A general reference for the control of
blanks in trace organic analysis is Giam and Wong (1972).

The accuracy and precision of all detailed analytical methodology need
to be evaluated by no less than three reproducible, full procedural analy-
ses of reference standards. All data on procedural recovery levels
(accuracy) and reproducibility (precision) need to be reported as a mean
plus or minus the standard deviation. Analytical data should be reliable
to at least two significant figures or as defined by the measuring devices
used. Other quality control and assurance guidelines may be found in EPA
(1982a).

If a waste contains other hazardous constituents,' not covered in
either the following general chemical characterization protocol or EPA
(1982a), it is the responsibility of the permit applicant to determine an
appropriate and reliable analytical technique for their determination.
This may be accomplished through a literature search or consultation with
regulatory officials or an analytical service. All techniques need to meet
the quality control requirements of EPA (1982a).

The following sections are designed primarily to provide relevant
information and explanations of chemical analytical techniques applicable
to hazardous waste and land treatment. For the permit applicant, it 1is
intended to provide some guidance and understanding of analytical chemistry
and the role it plays in HWLT. For the permit writer, these sections
should provide aid in understanding and evaluating the analytical data sub-
mitted by the permit applicant.

In providing a general overview of the analytical chemistry, refer-
ences are provided which describe specific methods which may be used for
analyzing waste and other media relevant to HWLT. The U.S. EPA in Test
Methods for Evaluating Solid Waste (EPA, 1982a) has developed detailed
methodologies which may be acceptable by the EPA as methods for analyzing
hazardous waste and used by the EPA in conducting regulatory investiga-
tions. However, many of the analytical methods described have not yet been
tested on actual waste samples. Therefore, it is the responsibility of the
individual laboratories to test all specific analytical methodologies under
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strict quality control and assurance programs to ensure that the analysis
is providing an acceptable chacterization of the specific waste in
question.

5.3.2.3.1 Inorganic Analysis. The inorganic chemical characterization of
hazardous waste and other samples will cover a diverse range of elements
and other inorganic parameters. Standard techniques that may be used for
inorganic analyses are presented 1in the following sections and are dis-
cussed in more detail by the EPA (1982a).

5.3.2.3.1.1 Elements, present in the waste, may include a large variety of
heavy metals and nutrients. Elemental analysis 1s necessary to determine
the numerical values needed to calculate the constituents that limit the
land treatment process (Section 7.5). The general method for determining
metals, nutrients and salts consists of appropriate sample digestion fol-
lowed by atomic absorption (AA) spectrophotometry or inductively coupled
plasma are spectrometry (ICP). Specific techniques may be found in EPA
(1982a), EPA (1979¢) and Black (1965). Halides may be determined by vari-
ous techniques (EPA, 1979¢ and 1982a; Stout and Johnson, 1965; Brewer,
1965)., Boron may be determined by colorimetric techniques (EPA, 1979c;
Wear, 1965). Total nitrogen may be analyzed by a Kjeldahl technique (EPA,
1979a; Bremner, 1965).

5.3.2,3.1.2 Electrical conductivity (EC) determination 1s necessary
because it provides a numerical estimation of soluble salts which may limit
the treatment process. EC may be directly determined on a highly aqueous
waste., For organic wastes an aqueous extract may be analyzed, and with
highly viscous or solid wastes, a water—-saturated paste may be prepared and
the aqueous filtrate analyzed for EC. Specific methods applicable to waste
and other samples may be found in EPA (1979a) and Bower and Wilcox (1965).

5.3.2,3.1.3 _pH and titratable acids and bases may be determined by various
methods. The determination of hydrogen ion activity and the concentration
of inorganic acids and bases 1is important to the treatment processes of
HWLT due to possible adverse effects on soil structure, soil microbes, and
constituent mobility. The measurements of pH may be made on aqueous waste
suspensions and other samples according to procedures outlined in EPA
(1979a) and Peech (1965). Titratable acids and bases may be determined on
aqueous waste suspensions according to EPA (1979c). The use of indicators
to determine equivalence points may result in erroneous values unless
caution is taken to ensure that the titration is performed in a way which
would be sensitive to all acid and base strengths (Skoog and West, 1979).
This measurement may also determine titratable strong organic acids and
bases.

5.3.2.3.1.4 Water may be a limiting constituent in the land treatment of
certain wastes and so it 1s necessary to estimate the percent water (wet
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weight) of highly aqueous wastes. Determinations by such techniques as
Karl Fischer titrations (Bassett et al., 1978) are unnecessary because
water content is important only when it is present as an appreciable com-
ponent of the waste. In an organic waste, water may be present as a dis-
creet layer and thus may be easily quantitated. If water is present in an
emulsion, salts may be added to disrupt the emulsion to determine the quan-
tity of water. If water is the carrier solvent for a dissolved inorganic
waste, water concentration may be estimated as 100%. For viscous inorganic
wastes, in which water is present at a level comparable to the other inor-
ganic constituents, heavy metals or sludge-like materials may be filtered
from the aqueous phase following precipitation with a known amount of KOH,

5.3.2.3.2 Organic Analysis. The determination of organic constituents
present in waste and other samples may be reported with respect to the fol-
lowing sample classes and constituents:

(1) Total organic matter (TOM);
(a) Volatile organic compounds;

(b) Extractable organic compounds (acids, bases, neutrals
and water solubles); and

(2) Residual solids (RS).

The mmerical concentrations should be reported on a wet weight basis for
both gravimetric determination of each individual class and specific deter-
mination of each compound contained in each class.

5.3.2.3.2.1 Total organic matter derived from this determination will
indicate the amount of organic matter available for microbial degradation
in HWLT. The percent TOM (wet weight) may be used for estimating organic
carbon necessary to calculate the C:N ratio. The percent TOM will be
numerically equal to the sum of the gravimetric determinations of percen-
tage of volatiles and extractables (acids, bases, neutrals, and water
solubles).

5.3.2.3.2.1.1 Volatile organic compounds are sample constituents that are
amenable to either purge and trap or head space determinations and gener-
ally have boiling points ranging from less than 0°C to about 200°C. This
upper limit is not an exact cut-off point, but techniques that rely on
evaporative—concentration steps may result in appreciable losses. Examples
of typical organic compounds which may be found as volatile constituents in
hazardous wastes are given in Table 5.7.

A gravimetric estimation of the concentration of these compounds
should be reported as percent wet weight for calculating total organic
matter (TOM). This may be accomplished by bubbling air through a vigorous-
ly stirred aqueous sample. The percentage loss in sample weight may be
used to estimate percent volatiles. A highly viscous or solid waste may be
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TABLE 5.7 PURGABLE ORGANIC COMPOUNDS.*T

I.

II.

Hydrocarbons

A.

B,

C.

D.

Alkanes (Rn) #—'—C]_-C]_O
Alkenes (R=R')--Ci—Cjq
Alkynes (R=R")--C;-Cjg

Aromatics (Ar)#--benzene, ethylbenzene, toluene, styrene

Compounds containing simple functional groups

A,

c.

D.

E.

Organic halides (R-X, Ar-X)*--chloroform, 2-dichlorobenzene,
trichlorofluoromethane, tetrachloroethylene, trichloroethylene,
vinyl chloride, vinylindene chloride

Alcohols (R-OH; OH-R-R-OH)--methanol, benzyl alcohol, ethylene
glycol, dichloropropanol

Phenols (Ar-OH)--phenol, cresols, o-chlorophenol

Ethers (R-O-R', Ar-O-R', C4HgO)-—ethyl ether, anisole,
ethylene oxide, dioxan, tetrahydrofuran, vinyl ether, allyl
ether, bis(2-chloroethyl)ether

Sulfur-containing compounds

l. Mercaptans (R-SH)--methylmercaptan

2. Sulfides (R-S-R', C4H,S)--thiophene, dimethyl sulfide

3. Disulfides (R-SS-R')--diethyldisulfide, dipentyldash
disulfide

4, Sulfoxides (R-SO0-R')--Dimethyl sulfoxide
5. Alkyl hydrogen sulfates (R-0-SO03H)--methyl sulfate
Amines

1. Alkyl (R-NH;, RR'-NH, RR'R"-N)--methylamine, triethylamine,
benzylamine, ethylenediamine, N-nitrosoamine

2. Aromatic (Ar-NHj, etc.)--aniline, acetanilide, benzidine

3. Heterocyclic (CgHgN)—-pyridine, picolines

——continued—

115



TABLE 5.7 (Continued)

111, HCompounds containing unsaturated functional groups

A. Aldehydes (R-CHO, AR-CHO)--formaldehyde, phenylacetaldehyde,
benzaldehyde, acrolein, furfural, chloroacetaldehyde,
paraldehyde

B. Ketones (R-CO-R')--acetone, methyl ethyl ketone, 2~hexanone
C. Carboxylic acids (R-COOH)--C;~Cs carboxylic acids

D. Esters (R-COO-R', AR-COO-R)--methylacetate, ethyl formate,
phenylacetate

E. Amides (R-CO-~NHR')--acrylamide

F., Nitriles (R-CN, Ar-CN)--acetonitrile, acrylonitrile, benzonitrile

* Hendrickson et al. (1970); Morrison and Boyd (1975).

T The following compound classes are not expected due to their
instabilities either in air and/or water:
acid halides and anhydrides
imines
oximes

# R= alkyl groups, eg., CH3, CH3CHp-, etc.
Ar= aromatic groups, eg., CgHs-
X= halogen, eg., Cl, Br, etc.
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suspended in a known weight of previously boiled water and similarly ana-
lyzed. If a 10 g sample is used (and suspended in perhaps 100 g of water),
an accuracy to the nearest 0.1 g may be acceptable.

The two methods recommended for the specific determination of 1indi-
vidual volatile sample constituents are head space analysls and purge—and-
trap techniques (EPA, 1982a). In head space analysis, the sample is
allowed to equilibrate at 90°C, and a sample of the head space gas is with-
drawn with a gas-tight syringe (EPA, 1982a). The gaseous sample is then
analyzed by gas—chromatography (GC) and/or GC-mass spectrometry (GC-MS).
The major limitations to the method appear to be variability in detection
limits, accuracy, and precision caused by the equilibrium requirement. For
instance, detection limits may be reduced with both increasing boiling
point and affinity of the compound for the sample matrix (EPA, 1982a).

The alternate technique using purge-—-and-trap methods appears to be the
most reliable of the two. It requires more sophistication, but can be
applied to a greater number of sample types and a larger range of compound
volatility (EPA, 1982a). The major limitation 1s that only one analysis
may be performed per sample preparation. Thus, if analysis by several GC
detectors 1s required, several samples may need to be prepared.

A simplified example of the purge—and-trap technique follows. An
aliquot of a liquid waste may be placed into an ailrtight chamber which 1is
connected to a supply of 1nert gas and an adsorbent trap. The carrier gas
is bubbled through the waste of room temperature and passes out of the
chamber through an adsorbent specific for volatile organics. Following
this purge step, the adsorbent trap may be flushed for a few minutes with
clean carrier gas to remove any residual water and oxygen, attached to the
injection port of a GC or a GC-MS, and heated to desorb the organics. As
the carrier gas passes through the heated trap, the volatiles are trans-—
ferred onto the cooled head of the analytical GC columm. Following heat
desorption, the GC is temperature-programmed to facilitate resolution of
all volatile compounds collected from the sample.

A variety of adsorbents may be used 1in this analysis (EPA, 1982a;
Namiesnik et al., 1981; Russell, 1975), but Tenax-GC (reglstered trademark,
Enka N.V., the Netherlands) appears to be the most widely used (Bellar and
Lichtenberg, 1979; Dowty et al., 1979). It 1is a hydrophobic porous polymer
which has a high affinity for organic compounds. Because of its high ther-
mal stability (maximum 375°C), it can be easily cleaned before use and
regenerated after use by heating and flushing with an inert gas. However,
there are some problems with Tenax-GC due to its instability under certain
conditions (Vick et al., 1977). Other general I1nformation concerning
Tenax~GC may be found 1in "Applied Sclence Laboratories Technical Bulletin
No. 24."

Tenax-GC has been shown to be an effective adsorbent for collection
and analysis of volatile hazardous hydrocarbons, halogenated hydrocarbons,
aldehydes, ketones, sulfur compounds, ethers, esters and nitrogen compounds
(Pellizzari et al., 1976). Technical descriptions of usable techniques may
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be found in Pellizzari (1982), Reunanen and, Kroneld (1982), Pellizarri and
Little (I980), EPA (1982a and 1979b), Pellizzari et al. (1978), Bellar and

Lichtenberg (1979), and Dowty et al. (1979).

These methods may be used for a variety of hazardous wastes. Soils
may be analyzed by the procedure for solid wastes. Air samples for moni-
toring activities may be taken directly by pulling 4 known volume of air
through a similar adsorbent trap and analyzing it following heat desorption
(Brown and Purnell, 1979; Pellizzari et al., 1976).

To accurately analyze the different classes of volatile organics pre-
sent in samples, different GC detectors may be required. A flame ioniza-
tion detector (FID) may be used for hydrocarbons, a flame photometric
detector (FPD) for sulfur and/or phosphorus—containing compounds,. an elec-
tron capture detector (ECD) for halogenated hydrocarbons and phthalates,
and a nitrogen-phosphorus detector (NPD) for nitrogen and/or phosphorus-
containing compounds. There are several other GC detectors on the market
available for analyzing different classes of organics. The final confirma-
tion, or even the complete analysis, of volatiles present in samples may be
determined by GC-MS computer techniques. Some general references dealing
with organic mass spectrometry are Safe and Hutzinger (1973), Middleditch
et al. (1981) and McLafferty (1973).

5.3.2.3.2.1.2 Extractable organic compounds are organic constituents that
are amenable to evaporative—concentration techniques and may be analyzed by
methods based on the classical method of isolation according to functional
group acid-base reactions. Other methods have been developed for 'the
chromatographic fractionation of complex organic mixtures into individual
compound classes (Miller, 1982; Boduszynski et &4l. 1982a ahd b; later et
al. 1981; Crowley et al., 1980; Brocco et al., 1973), but the liquid-liquid
acid/base extraction method appears to be the easiest and least instru-
mentally intensive. This technique has been used in the analysis of a
variety of complex organic mixtures (Colgrove and Svec, 1981), ircluding
fossil fuels (Buchanan, 1982; Matsushita, 1979; Novotny et al., 1981 and
1982) and environmental samples (Adams et al., 1982; Stuermer et al., 1982;
Hoffman and Wynder, 1977; Grabow et al., 1981; Iundi et al., 1977)., This
method is also the basic technique recommended by the U,S. EPA (EPA, 1982a;.
Lin et al., 1979). Fractions derived from this analysis may be used in
biological assays and other pilot studies (Grabow et al., 1981).

The liquid-liquid acid/base extraction method is based on the acidity
constants (pK,s) of organic compounds. Compounds characterized by low
PKys are acidic; compounds with high pK,s are basic. If a complex mlx-
ture is equilibrated with an aqueous inorganic acid at low pH (<2), the
organic bases should protonate to become water soluble positively—charged
cations, while the organic acids remain unaffected and water insoluble (and
thus extractable by an organic solvent). The neutral organics, which are
not affected by either aqueous acids or bases, will remain in the organic
solvent phase at all times. Similarly, if an aqueous inorganic base at
high pH (>12) is added to a complex organic mixture, the organic acids
should deprotonate to become water soluble negatively-charged anions, while
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the organic bases remain unaffected and water insoluble. Thus by selec-
tively adjusting the pH of the aqueous phase, a complex mixture may be
separated into its acidic, basic and neutral organic constituents. Table
5.8 lists some common organic chemicals and their pKgs.

TABLE 5.8 SCALE OF ACIDITIES*

Conjugate Acid PK, Conjugate Base
R-NH3+ R-NH,
RR'-NHo+ 10 RR'-NH
RR'R"~-NH+ RR'R"-N
Ar-0H 10 Ar-0~

HCN 9.1 CN~™
CsHgN-H+ 5.2 CgHsgN

RCOOH 4,5 RCOO™

HCOOH + 3.7 HCO0™
Arg-NHg+ 1.0 Ar )-NH
2,4,6-Trinitrophenol 0.4 (NOy) 3-Ar-0~

* Hendrickson et al. (1970). Note: the most acidic compound is the con-
jugate acid with the lowest pK, (i.e., 2,4,6-trinitro-phenol). Con-
versely, the most basic compound is the conjugate base with the highest
pKg (i.e., alkyl amines). Thus, at neutral pH, compounds with pKzs > 9
9 should predominantly exist as their conjugate acids, and compounds with
pPKys < 5 should predominantly exist as their conjugate bases.

Figure 5.3 outlines the steps which may be taken in this initial class
separation scheme. Table 5.9 lists typical organic compounds that may be
present in hazardous waste and other samples which are amenable to this
type of separation. Air samples collected on Florisil (registered trade-
mark, Floridin°Co.), glass fiber filters, or polyurethane foam may be first
extracted with appropriate solvents and then the extract may be similarly
analyzed by the above procedures (EPA, 1980b; Adams et al., 1982; Cautreels
and van Cauwenbergh, 1976). Either diethylether or dichloromethane may be
used as the organic solvent in the extraction procedures. Dichloromethane
has been recommended (EPA, 1982a) and has the advantage that it is denser
than water. Thus, it can be removed from the separatory funnel in the
extraction procedure without having to remove the aqueous phase. However,
it may be prone to bumping in evaporative concentration procedures (Adams,
1982), Ether, however, is more water soluble, and extra time is required
in the extraction procedure to allow the phases to completely separate.
Either solvent must be dried with an hydrous Na,;S0; prior to evapora-
tive concentration. For either solvent, a few grains of NajSO4 in the
evaporation—concentration flask should facilitate boiling and reduce bump-
ing (Adams et al., 1982). The EPA (1982a) has recommended the use of
Kuderna-Danish evaporative concentrators equipped with three-ball Snyder
columns for concentrating solvents, For the higher molecular weight
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0Tt

SAMPLE
A
organic solvent plus
aqueous acid

NEUTRALS

(pH<2)*
aq. phase
(plus sample residue) org. phase
organic solvent aqueous base
(pH>12) (pH>12)
aq. phase org. phase aq. phase l_ org. phase
i 3 a ,
n-bE;anol ORGANIC BASES | organic solvent
(pH<2)
aq. phase - org. phase
| ] ag. phase org. phase
evaporation [WATER SOLUBLES | B ]
| discard [ORGANIC ACIDS]

[RESTDUAL SOLIDS |

*Initial acidic extraction may lessen severity of emulsions (Mousa and Whitlock, 1979).

Figure 5.3. Typical acid-base extraction scheme for isolating organic chemical classes.



TABLE 5.9 TYPICAL HAZARDOUS ORGANIC CONSTITUENTS AMENABLE TO ACID-BASE

EXTRACTION TECHNIQUES

Extractable Neutral Organic Compounds

1,2-Dichlorobenzene
1,3-Dichlorobenzene
1,4~-Dichlorobenzene
Hexachloroethane
Hexachloropentadiene
Hexachlorobenzene
1,2,4-Trichlorobenzene
bis(2-Chloroethoxy)methane
Naphthalene
2-Chloronaphthalene
Isophorone

Nitrobenzene
2,4-Dinitrotoluene
2,6-Dinitrotoluene
4-Bromophenyl phenyl ether
bis (2-Ethylhexyl)phthalate
Di-n-octyl phthalate
Dimethyl phthalate
Diethyl phthalate
Di-n-butyl phthalate
Acenaphthylene
Acenaphthene

Butyl benzyl phthalate
Fluorene

Fluoranthene

Chrysene

Pyrene

Phenanthrene

Anthracene
Benzo(a)anthracene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Indeno(l,2,3~c,d)pyrene
Dibenzo(a,h)anthracene

Benzo(g,h,i)perylene
4-Chlorophenyl phenyl ether
bis(2-Chloroethyl)ether
Hexachlorocyclopentadiene
bis (2-Chloroisopropyl)ether

Pesticides/PCB's

o~Endosulfan

R~Endodsulfan

Endosulfan sulfate

o.~BHC

B~BHC

§-BHC

Y=BHC

Aldrin

Dieldrin

4,4'-DDE

4,4'DDD

4,4'DDT

Endrin

Endrin aldehyde

Heptachlor

Heptachlor epoxide

Chlordane

Toxaphene

Aroc¢lor 1016

Aroclor 1221

Aroclor 1232

Aroclor 1242

Aroclor 1248

Aroclor 1254

Aroclor 1260

2,3,7,8-Tetrachlorodibenzo-p-
dioxin (TCDD)

Extractable Basic Organic Compounds

3,3'=Dichlorobenzidine
Benzidine
1,2-Diphenylhydrazine
N-Nitrosodiphenylamine
N-Nitrosodimethylamine
N-Nitrosodi-n~propylamine

Quinoline
Isoquinoline
Acridine
Phenanthridine
Benz[c]acridine

—=continued--



TABLE 5.9 (continued)

Extractable Acidic Organic Compounds

Phenol

2-Nitrophenol
4-Nitrophenol
2,4-Dinitrophenol
4,6-Dinitro—-o-cresol
Pentachlorophenol
p—-Chloro—-m-cresol
2-Chlorophenol
2,4-Dichlorophenol
2,4,6-Trichlorophenol
2,4-Dimethylphenol

Abietic acid

Dehydroabietic acid
Isopimaric acid

Pimaric acid

Oleic acid

Linoleic acid
9,10-Epoxystearic acid
9,10-Dichlorostearic acid
Monochlorodehydroabietic acid
3,4,5-Trichloroguaiacol

Tetrachloroguaiacol
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compounds, this method should provide an easy, efficient and reproducible
method for concentrating solvents. However, some researchers (Adams et
al., 1982) have found that for microgram quantities of some lower molecular
welght extractables (i.e., 2- and 3-ringed aza-aromatics), optimum recover-
ies in the concentration step were achieved by using a vacuum rotary evapo-
rator at 30°C; the solvent receiving flask was immersed in an ice bath, and
the condenser was insulated with glass wool and aluminum foil. In any
case, samples for specific compound determination should not be evaporated
to dryness as this may cause significant losses of even high molecular
weight compounds such as benzo(a)pyrene (Bowers et al., 1981).

For each of the following classes isolated by this method, a separate
aliquot of the sample extract may be analyzed gravimetrically for use in
determining total organic matter, In this case, the solvent may be evapo-
rated to dryness at room temperature. To minimize losses, the wvaporation
should be allowed to occur naturally without externally applied methods to
increase solvent vaporization (e.g., Ny blow-down, heat, etc.) as in
Bowers et al. (1981).

The following sections describe specific methods which may be used in
the analyses of the various classes obtained from the acid-base fractiona-
tion. Some general references which may be useful are McNair and Bonelli
(1968), Johnson and Stevenson (1978), Packer (1973), Holstein and Severin
(1981), Hertz et al. (1980), and Bartle et al. (1979).

Organic Acids. This class of compounds may include a variety of car-
boxylic acids, guaiacols, and phenols (Claeys, 1979). They frequently are
determined following derivitization (Francis et al., 1978; Shackelford and
Webb, 1979; EPA, 1982a; Cautreels et al., 1977). With diazomethane, the
relatively non-volatile carboxylic acids are converted into esters which
may be determined by gas chromatography. Diazomethane similarly converts
phenols into their corresponding anisoles (ethers). Pentaflourobenzylbro-
mide converts phenols into their pentafluorobenzyl (PFB) derivatives.

Whereas carboxylic acids require derivitization prior to GC analysis,
phenols may be determined directly by GC (EPA, 1982a; Shackelford and Webb,
1979; Mousa and Whitlock, 1979). The direct determination of phenols
appears to be preferable because of problems encountered with both diazo-
methane and pentafluorobenzylbromide derivitization techniques (Shackelford
and Webb, 1979). Guaiacols may be determined as in Knuutinen (1982).

These compounds may be characterized by GC with either capillary or
packed columns. For packed-column GC, the polarity of these compounds
requires the use of specially deactivated supports and 1liquid phases.
SP-1240A (manufactured by Supelco, Inc., Supelco Park, Bellefonte, PA
16823) has been recommended for use (EPA, 1982a; Shackelford and Webb,
1979), Detection may be accomplished by either flame ionization or elec-
tron captdre, depending on the compounds being determined. GC-MS may be
used for further identification and/or confirmation.

Organic Bases. This fraction may contain a variety of nitrogen con-
taining compounds including alkyl, aromatic, and aza-heterocyclic amines,
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These compounds may be directly characterized by GC with either FID or
nitrogen-specific detection. As with the organic acids, either capillary
or packed-column gas chromatography with specially deactivated packing
materials may be used. For organic bases, Supelco, Inc. also manufactures
a packing material, SP-2250 DB, which provides good packed-column resolu-
tion with a minimum of peak tailing. The analysis of this class of com-
pounds should be performed soon after isolation because they tend to decom-
pose and polymerize with time (Tomkins and Ho, 1982; Worstell and Daniel,
1981; Worstell et al. 1981). Additional GC-MS confirmation and identifica-
tion may be performed.

Neutrals. This fraction may be composed of a variety of organic com-
pounds including aliphatic and aromatic hydrocarbons, oxygenated and chlor-
inated hydrocarbons. This class may require further fractionation depend-
ing on whether the sample is to be analyzed for either hydrocarbons and
more polar compounds by flame ionization, flame photometric, or nitrogen-
phosphorus detection GC, or for chlorinated hydrocarbons and phthalic acid
esters by electron-capture detection GC. ‘

For FID, FPD or NPD-GC analysis, an aliquot of the neutral fraction
may be separated into aliphatics, aromatics, and other semi-polar compounds
and polar compounds by column chromatography. Lin et al. (1979) used 5%
deactivated silica gel to separate neutral compounds isolated from drinking
and waste treatment water: hexane eluted aliphatics; hexane/benzene eluted
aromatics; dichloromethane eluted phthalic and fatty acid esters; methanol
eluted aldehydes, alcohols, and hetones. Anders et al. (1975), using
washed alumina, eluted hydrocarbons with pentane, moderately polar com-
pounds with benzene, and more polar compounds with methanol. The polar
fraction was then further characterized by chromatography on silica gel
using increasing ratios of ethyl ether in pentane. Other researchers have
used similar chromatographic methods for separating this class of compounds
into its constituents (Giam et al., 1976; Gritz and Shaw, 1977). A good
general review of methods applicable for this type of separation is
(Altgelt and Gouw, 1979).

Since esters and other hydrolyzable compounds may be present 1in the
aromatic and later fractions, the sample fractions may be analyzed prior to
and following alkaline hydrolysis. (Hydrolyzable compounds may not with-
stand the original acid-base extraction and perhaps may be determined by
other procedures). Alkaline hydrolysis may easily be accomplished by plac-
ing a small sample aliquot into a tightly capped vial containing 2% metha-
nolic KOH and heating on a steam bath. After cooling, water is added to
solubilize the resulting carboxylic acids and alcohols, and the organic
phase is brought to original volume with solvent., The organic phase is
then reanalyzed. The hydrolyzable compounds are thus confirmed through

their disappearance, and interference in the analysis of the aromatics is
removed.

For ECD-sensitive compounds, it may be possible to reduce analytical
requirements if the previously described alumina/silica chromatographic
separations can be co-adapted for use with halogenated hydrocarbons and
phthalates (Holden and Marsden, 1969; Snyder and Reinert, 1971).
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Additionally, with appropriate technology, it may be possible to simultane-
ously detect both FID- and ECD-sensitive compounds 1in the GC analysis
(Sodergren, 1978).

However, a separate aliquot of the neutral fraction may be analyzed
for halogenated hydrocarbons and phthalates. (Some of these compounds may
not withstand the original acid-base extraction and perhaps may be deter-
mined by other methods.) This procedure typically requires the use of
Florisil to separate different polarities of halogenated compounds and
phthalates (EPA, 1980b, 1979b and 1982a). If needed, clean mercury metal
may be shaken with the various fractions to eliminate sulfur interference.

For compound confirmation these samples also may be analyzed by ECD-GC
prior to and following alkaline hydrolysis. 1In this case, alkaline hydrol-
ysis saponifies the phthalic acid esters and dehydrochlorinates many of the
chlorinated organics. Table 5.10 lists compounds which can be confirmed by
alkaline hydrolysis. The experimental conditions must be carefully con-
trolled for obtaining reproducible results. Additional GC-MS confirmation,
using selective ion monitoring (SIM) if necessary, may be performed.

Water Solubles. This class of compounds may consist of constituents
which were not solvent extractable In any of the previously isolated
organic fractions. The use of n-butanol as extracting solvent may serve to
isolate this class of compounds (Stubley et al., 1979). Since further
characterization of this class may be difficult, results of pilot studies
may be used to determine further analytical requirements.

5.3.2.3.2.2 Residual solids may be determined by evaporating the water
(110°C) from the original aqueous fraction 1solated in the acid-base
extraction procedure (Fig. 5.3). Residual solids (RS) may consist of both
inorganics and relatively non-degradable forms of carbon such as coke,
charcoal, and graphite. This value may be used 1In waste loading calcula-
tions and for determining the rate of waste solids bulldup. A buildup of
solids may increase the depth of the treatment zone.

5.3.2.4 Biological Analysis

A primary concern when disposing any waste material is the potential
for adverse health effects. Toxic effects resulting from Iimproper waste
disposal either may be acute, becoming evident within a short period of
time, or they may be chronic, becoming evident only after several months or
years. Before a hazardous waste 1s disposed in an HWLT unit, biological
analyses should be performed to determine the potential for adverse health
effects. The complex interactions of the components of a hazardous waste
make it impossible to predict the acute or chronic toxicity of any waste by
chemical analysis alone. A solution to this problem is to use a series of
biological test systems that can efficiently predict the reduction of the
acute and chronic toxic characteristics of the waste. Biological systems
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TABLE 5.10 REACTONS OF VARIOUS COMPOUNDS TO ALKALINE HYDROLYSIS*

Compound

Chromatographic Appearance
After Hydrolysis

Esters (phthalic and fatty acid)

PCBs

Heptachlor

Aldrin

Lindane, other BHC isomers
Heptachlor epoxide
Dieldrin

Endrin

DDE

DDT

DDD

Chlordane

HCB

Mirex

Endosulfan I and II
Dicofol

Toxaphene
Alkylhalides
Nitriles

Amides

Disappear

Unchanged

Unchanged (under mild conditions)
Unchanged

Disappear

Unchanged (under mild conditions)
Unchanged

Unchanged

Unchanged

Disappears as DDE appears
Disappears as DDE appears
Unchanged

Unchanged

Unchanged (under mild conditions)
Disappear

Disappears

Changed (other peaks appear)

DisappearT
T

1.

Disappear
Disappear

* EPA (1980c).

T Predicted according to reactions typical of these compound types.

126



can be used to determine the toxicity and treatability of the waste and to
monitor the environmental impact of land treating the waste.

5.3.2.4.1 Acute Toxicity. The acute toxicity of a hazardous waste should
be evaluated with respect to plants and microbes endemic to the land treat-
ment site. This evaluation will indicate the effects on the immediate
environment of the land treatment unit. Obviously, a waste which 1s toxic
to microbes will not be degraded unless it 1is applied at a rate that will
diminish these acute toxlc effects. The acute toxicity of a waste with
respect to soil bacteria and plants can be evaluated in treatability
studies as described in Chapter 7. Specific methods for measuring acute
toxicity are presented in Section 7.2.4.1.

5.3.2.4.2 Genetic toxicity. Hazardous wastes should be managed so that
the public is protected from the effects of genotoxic agents in a waste.
Genotoxic compounds in a hazardous waste should be monitored to minimize
the accidental exposure of workers or the general public to mutagenic,
carcinogenic, or teratogenic agents, and to prevent transmission of related
genetic defects to future generations. Genetic toxlcity may be determined
using a series of biological systems which predict the potential of waste
constituents to cause gene mutations and other types of genetic damage. A
list of some of the prospective test systems and the genetic events which
they can detect 1s given in Table 5.11. These are test systems for which a
standardized protocol has been developed, and the genetic events detected
are clearly understood.

The test systems used to detect gene mutations should be capable of
detecting frameshift mutations, base-pair substitutions, and deletions.
The systems that are used to detect other types of genetic damage should
exhibit a response to compounds that inhibit DNA repair and to those that
cause various types of chromosome damage. A minimum of two systems should
be selected that will respond to the types of genetic damage described
above and which can incorporate metabolic activation into the testing
protocol. All systems should include provisions for solvent control and
positive controls to demonstrate the sensitivity of the test systems and
the functioning of the metabolic activation system, and to act as an Inter-
nal control for the biological system. Samples should be tested at a mini-
mum of four equally spaced exposure levels, all of which will yield between
10 and 1007% survival. Cell survival should be estimated by plating exposed
cells on a supplemented minimal medium. The data from waste analysis
should be in the form of mutation induction per survivor or per surviving
fraction i1f the waste 1s overly toxic.

Typical results from mutagenicity testing using the Salmonella/micro-
some assay (Ames et al., 1975) on the subfractions of a wood-preserving
bottom sediment and the liquid stream from the acetonitrile purification
column are presented in Figs. 5.4 and 5.5 (Donnelly et al., 1982). These
results demonstrate that constituents of these wastes have the ability to
induce point mutations in bacteria; such constituents may be mutagenic,
carcinogenic, or teratogenic (Kada et al., 1974).
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TABLE 5.11. BIOLOGICAL

SYSTEMS WHICH MAY BE USED TO DETECT GENETIC TOXICITY OF A HAZARDOUS WASTE

Genetic Event Detected

Other Types of Metabolic
Organism Gene Mutation Genetic Damage Activation References
PROKARYOTES
Bacillus subtilis Forward, DNA repair Mammalian Felkner et al., 1979; Kada
reverse et al., 1974; Tanooka, 1977;
Tanooka et al., 1978.
Escherichia coli Forward, DNA repair Mammalian Green et al., 1976; Mohn et
reverse plant al., 1974; Slater et al.,
1971; Speck et al., 1978;
Scott et al., 1978.
Salmonella Forward, DNA repair Mammalian Ames et al., 1975; Plewa and
typhimurium reverse plant Gentile, 1976; Skopek et
al., 1978.
Streptomyces Forward DNA repair Not Carere et al., 1975.
coelicolor Developed
EUKARYOTES
Aspergillus nidulans Forward, DNA repair, Mammalian Bignami et al., 1974; Roper,
reverse chromosome plant 1971; Scott et al., 1978;
aberrations Scott et al., 1980.
Neurospora crassa Forward Not developed Mammalian DeSerres and Mailing, 1971;

—— continued

Ong, 1978; Tomlinson, 1980.
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TABLE 5.11 (continued)
Genetic Event Detected
Other Types of Metabolic
Organism Gene Mutation Genetic Damage Activation References
Saccharomyces Forward Mitotic gene Mammalian Brusick, 1972; Loprieno et
cervisiae conversion al., 1974; Mortimer and
Manney, 1971; Parry, 1977.
Schizosaccharomyces Forward Mitotic gene Mammalian Brusick, 1972; Loprieno et
pombe conversion al., 1974; Mortimer and
Manney, 1971; Parry, 1977.
PLANTS
Tradescantia sp. Forward Chromosome Plant Nauman et al., 1976;
aberrations Underbrink et al., 1973,
Arabidopsis Chlorophyll Chromosome Plant Redei, 1975.
thaliana mutation aberrations
Hordeum vulgare Chlorophyll Chromosome Plant Kumar and Chauham, 1979;
mutation aberrations Nicoloff et al., 1979,
Pisum sativua Chlorophyll Chromosome Plant Ehrenburg, 1971.
mutation aberrations
Triticum sp. Morphological Chromosome Plant Ehrenberg, 1971.
mutation aberrations
Glycine max Chlorophyll Chromosome Plant Vig, 1975.
mutation aberrations

—-— continued —-
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TABLE 5.11 (continued)
Genetic Event Detected
Other Types of Metabolic
Organism Gene Mutation  Genetic Damage  Activation References
Vicia faba Morphological Chromosome Plant Kihlman, 1977,
mutation aberrations
Allium cepa Morphological Chromosome Plant Marimuthu, et al., 1970.
mutation aberrations
INSECTS
Drosophila Recessive Non- Insect Wurgler and Vogel, 1977,
melanogaster lethels disjunction,
deletions
Habrobracon sp. None Dominant Insect Von Borstel and Smith, 1977.
developed lethels
MAMMALIAN CELLS IN CULTURE
Chinese hamster Forward, Chromosome Mammalian Neill et al., 1977; Beek
ovaries reverse aberrations et al., 1980.
V79 Chinese hamster Forward, Chromosome Mammalian Artlett, 1977; Soderberg et
cells reverse aberrations al., 1979.
Chinese hamster Forward Chromosome Mammalian Dean and Senner, 1977.
lung cells aberrations
Human fibroblasts Forward DNA repair Mammalian Jacobs and DeMars, 1977.
Human lymphoblasts Forward DNA repair Mammalian Thilly et al., 1976.

-— continued —
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TABLE 5.11 (continued)

Genetic Event Detected

Other Types of Metabolic
Organism Gene Mutation  Genetic Damage  Activation References
L5178Y mouse Forward Chromosome Mammalian Clive and Spector, 1975; Clive
lymphoma cells aberrations et al., 1972; Clive, 1973.
P388 mouse lymphoma Forward Chromosome Mammalian Anderson,
cells aberrations
Human peripheral Forward Chromosome Mammalian Evans and O'Riordan, 1975.
blood lymphocytes aberrations
Various organisms None Sister Mammalian Perry and Evans, 1975; Stretka
developed chromatid and Wolff, 1976.
exchange
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Figure 5.4. Mutagenic activity of acid, base, and neutral fraction of wood-
preserving bottom sediment as measured with S. typhimurium TA 98
with metabolic activation (Donnelly et al., 1982).
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The presence of genotoxic compounds in a waste indicates the need for
monitoring land treatment units using biological analysis when genotoxic
compounds are present in a waste stream. Bioassays can also be performed
at various stages of the waste-site interaction studies to determine the
reduction of genotoxic effects along with the other treatability data col-
lected. The data obtained from biological analyses of waste-soll mixtures
can be compared with the toxicity of the waste alone to determine the
degree of treatment (see Section 7.2.4).

5.3.3 Summary of Waste Characterization Evaluation

To adequately address the needs of both the permit applicant and the
permit writer, a standardized waste evaluation data processing procedure
should be devised. For instance, Table 5.12 gives an example summary of
the type of information (and appropriate section references to this manual)
needed to fulfill initial analytical requirements for an HWLT permit. The
preface of this document references guidance documents being prepared by
the EPA to help the applicant prepare a RCRA permit application. Ideally,
all permit applicants and officials would have access to a computerized
data bank containing a compilation of data describing standard waste
streams and analytical results derived from in-coming permit applications.
Thus, as analytical needs are evaluated and fulfilled, future permit appli-
cants and regulatory agencies would have a continuous up-date on toxic or
recalcitrant compounds determined in the wastes and analytical procedures
acceptable for their determination. This should reduce the necessity for
extensive analytical requirements in the future, as monitoring could be
limited to those compounds either found to restrict rate, application or
capacity of the HWLT unit, or to adversely affect environmental quality.

5.3.4 Final Evaluation Process

A critical question within the broad scope of waste stream character-
istics 1is whether all wastes are land treatable, given the proper design
and operation, or if there are any waste streams which should be unequivoc-
ably prohibited from land treatment. In view of this, one must be cogni-
zant of the acceptable treatment processes for HWLT units: degradation,
transformation and immobilization (EPA, 1982b).

Few compounds remain unchanged when incorporated into the active sur-
face horizons of soils. As previously established (Section 4.1.3), the
primary pathway of organic waste degradation in soils 1s biological, sup-
plemented by chemical alteration and photodecomposition. In contrast, many
inorganic waste constituents are adsorbed, complexed or precipitated to
innocuous forms within reasonable limits. Any given waste can, however, be
unacceptable for land treatment if proposed soils or sites lack the ability
to render the constituents less hazardous. For example, a highly volatile
waste may not be adequately treated in a coarse textured soil, or the
application of an acidic waste to an already acidic soil may present a high
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TABLE 5.12 HAZARDOUS WASTE EVALUATION

I. Applicant's Name
II. Waste SIC Code or Description of Source Process
III. Analytical Laboratory
A, Person Responsible for Analyses
B. Quality Control Certification
IV. Analytical Results
A, Method of Collection and Storage (5.3.2.1)
B. Density and Method of Measurement (5.3.2.2)
C. Chemical Analyses
1. Brief Description of Analytical Methods
2. Recoveries & Reproducibilities of Methods
3. Inorganics (6.1 and 5.3.2.3.1)
a. Elements (5.3.2.3.1.1)
(1) Metals (6.1.6)
(2) Nutrients (6.1.2)
(a) Nitrogen (N)
(b) Phosphorus (P)
(c) Sulphur (8)
(d) Boron (B)
(3) Salts (6.1.4)
(a) Calcium (Ca)
(b) Magnesium (Mg)
(¢) Potassium (K)
(d) Sodium (Na)
(e) Sulfate (504~2)
(f) Bicarbonate (CO3'2)
(4) Halides (6.1.5)
(a) Flouride (F7)
(b) Chloride (Cl17)
(c¢) Bromide (Br™)
(d) 1Iodide (I7)
b. EC (5.3.2.3.1.2)
c. pH and Titratable Acids & Bases (5.3.2.3.1.3)
d. Water (6.1.1 and 5.3.2.3.1.4)
4. Organics (6.2, Table 6.53 and 5.3.2.3.2)
a. Total Organic Matter (TOM) (5.3.2.3.2.1)
b. Volatiles (5.3.2.3.2.1.1)
c. Extractables (5.3.2.3.2.1.2)
(1) Organic Acids
(2) Organic Bases
(3) Neutrals
(4) Water solubles
d. Residual Solids (RS) (5.3.2.3.2.2)
D. Biological Analysis
1. Acute Toxicity (5.3.2.4.1 and 7.2.4)
2. Genetic Toxicity (5.3.2.4.2)
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mobility hazard for toxic constituents. In addition, some compounds, such
as hexachlorobenzene, may not be altered within a reasonable time by soil
processes or may be mobile and subject to volatilization or leaching.

Dilution 1s not an acceptable primary treatment process for 1land
treatment. Dilution may in some cases serve as a secondary mechanism
associated with degradation, transformation or immobilization. Volume
reduction (i.e., evaporation of water) is also not acceptable as the pri-
mary treatment process in a land treatment system. Although evaporation
may be an important mechanism, application of hazardous waste to land
purely for dewatering should, in general, be restricted to lined surface
impoundments which are designed with ground and surface water protection in
mind. In an acceptable HWLT design, evaporative losses should, therefore,
be of secondary i1mportance and only one among several mechanisms
operating. ‘

In any case, one must be hesitant to set arbitrary prohibitions on
particular waste streams until their unacceptability has been adequately
demonstrated. Where dilution is functioning, supportive to treatment, the
question of what constitutes adequate dilution also requires restraint to
avoild setting arbitrary standards. y

Due to the myriad of components and the complexities associated with
possible interactions, chemical analytical data may not adequately predict
acceptability of land treatment for a waste liquid, slurry or sludge.
Acceptability 1s perhaps best derived empirically. Thus, the final deci-
sion as to the acceptability of a waste needs to be based on evaluations
derived from the integrated results of waste analysis, preliminary experi-
ments such as waste degradability, sorption and mobility 1in soils, toxic-
ity, mutagenicity, and field pilot studies, and the ultimate design and
monitoring criteria relevant to HWLT. The following chapters are designed
to aid the evaluation and decision processes by addressing the integration
of these parameters.
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6.0 CHAPTER SIX

FATE OF CONSTITUENTS IN THE SOIL ENVIRONMENT

An understanding of the behavior of the various waste streams in the
soil environmment at an HWLT unit may be derived from a knowledge of the
specific constituents that compose the waste. Chapter 5 provided general
information on the characterization of waste streams. After determining
the constituents present in the waste, this chapter can be used to gain a
better understanding of the fate of the wastes disposed by HWLT.

Knowledge about the specific components expected to be found in a
given waste stream can be gained from information on the sources of the
waste, any pretreatment or in—-plant process changes, and waste analyses.
Although only hazardous constituents are regulated by EPA; there may be
other waste constituents, not listed as hazardous, that are nevertheless
significant. Once waste characterization (Section 5.3) has confirmed the
presence of a specific compound or element, this chapter will serve as a
source of information on the environmental fate, toxicity and land treat-
ability of individual components of the waste. Figure 6.1 indicates the
topics discussed and the organization of the material presented in this
chapter. Additional literature references are cited which can be used when
more detailed information 1s desired.

6.1 INORGANIC CONSTITUENTS

Although inorganic chemical soil reactions have been more thoroughly
studied than organic, comprehensive information is still limited on the
behavior of some inorganic chemicals in the heterogeneous chemical, physi-
cal and biological matrix of the soil. Agriculturally important compounds
have received greater scrutiny than others. For instance, metals have only
recently begun to attract widespread interest as the use of land treatment
for municipal wastes has increased. The information developed from treat-
ing municipal wastes does not, however, address the entire range of con-
stituents that may be present in hazardous industrial wastes.

6.1.1 Water

Water is practically ubiquitous in hazardous waste streams and often
constitutes the largest waste fraction. In a land treatment system, water
has several major functions. As a carrier, water transports both dissolved
and particulate matter through both surface runoff and deep percolation.
Water also controls gas exchange between the soil and the atmosphere.
Thus, water may be beneficial by controlling the release rate of volatile
waste constituents. For example, where aeration is poor due to high soil
water content, biological decomposition of waste constituents 1s inhibifed
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and may be accompanied by acute odor problems. A lack of soil water can
also inhibit waste degradation.

Since the application of waste may contribute significant amounts of
water in addition to precipitation inputs, a complete hydrologic balance
including the water content of the waste must be developed. Techniques for
calculating the hydrologic balance are presented in Section 8.3.1; these
calculations are used to estimate waste storage requirements, waste appli-
cation rates, and runoff retention and treatment needs.

6.1.2 Plant Nutrients

Many of the elements essential to plant growth may have detrimental
effects when excessive concentrations are present in soil. Some may be
directly toxic to plants, while others may induce toxic responses in ani-
mals. Further problems may involve damage to the soil physical properties
or to surface water ecosystems. Consequently, plant nutrients, present in
significant concentrations in the waste, that may adversely affect the
environment should be considered in determining the feasibility of 1land
treatment and appropriate waste loading rates. This section deals with the
plant essential elements not classified and discussed as metals or halides,
which may cause problems in an HWLT unit.

6.1.2.1 Nitrogen (N)

Land application of a waste high in nitrogen requires an understanding
of the various forms of N contained in the waste, the transformations that
occur in soils, and the rates associated with these transformations. A
knowledge of N additions to and losses from the disposal site can then be
used to calculate a mass balance equation which is used to estimate the
amount and rate of waste loading.

Wastes high in N have typically included sewage sludges, wastewaters,
and animal wastes. Table 6.1 lists the N content of several sewage types
and Table 6.2 gives the N analysis of manure samples. Pharmaceutical and
medicinal chemicals manufacturing generate wastes high in ammonia,
organonitrogen and soluble inorganic salts. In sewage and animal manure, N
is usually found as ammonium or nitrate. Industrial wastes often contain N
in small quantities incorporated in aromatic compounds, such as pyridines.
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TABLE 6.1 CHEMICAL COMPOSITION OF SEWAGE SLUDGES*T

Concentration#
Coefficient of
Number of Range Median Mean Variability
Component Samples ¢3) (%) (% (%)t
Total N 191 0.1 - 17.6 3.3 3.9 85
NH4~N 103 0.1 - 6.8 0.1 0.7 171
NO3~-N 45 0.1 - 0.5 0.1 0.1 158

* Sommers (1977).

! Data are from numerous types of sludges (anaerobic, aerobic, activated,
lagoon, etc.) in seven states: Wisconsin, Michigan, New Hampshire, New
Jersey,., Illinois, Minnesota, Ohio.

# Oven—-dry solids basis.

Standard deviation as a percentage of the mean. Number of samples on
which this 1s based may not be the same as for other columns.

TABLE 6.2 CHEMICAL ANALYSES OF MANURE SAMPLES TAKEN FROM 23 FEEDLOTS IN

TEXAS*!
Range Average

Element (%) (%)

N 1.16 - 1.96 1.34
P 0.32 -~ 0.85 0.53
K 0.75 - 2.35 1.50
Na 0.29 - 1.43 0.74
Ca 0.81 - 1.75 1.30
Mg 0.32 - 0.66 0.50
Fe 0.09 - 0.55- 0.21

Zn 0.005 - 0.012 0.009
HoO 20.9 - 54,5 34.5

* Mathers et al. (1973).
T A1l values based on wet weight.

Precipitation adds to the N that reaches the surface of the earth and
several attempts have been made to quantitate this. Additions of N from
precipitation are greater in the tropics than in humid temperate regions
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and larger in humid temperate regions than in semiarid climates. Table 6.3
lists N values in precipitation from various locations. A study by Gamble
and Fisher (1964) revealed that most of the N reaching the earth is in the
NO3 Tand NH,t forms. Concentrations of N in the rain resulting from a
thunderstorm are shown in Fig. 6.2. The initial concentrations of NO3~
are 8 ppm and decrease sharply as the precipitation cleanses the air of N
containing dust, eroded soil, and incomplete combustion products.

TABLE 6.3 AMOUNTS OF NITROGEN CONTRIBUTED BY PRECIPITATION*

kg/ha/yr
Years

of Rainfall Ammoniacal Nitrate

Location Record (cm) Nitrogen Nitrogen
Harpenden, England 28 73.2 2,96 1.49
Garford, England 3 68.3 7.20 2.16
Flahult, Sweden 1 82.6 3.72 1.46
Groningen, Holland ‘ - 70.1 5.08 1.64

Bloemfontein and Durban,

South Africa 2 - 4,50 1.56
Ottawa, Canada 10 59.4 4,95 2,42
Ithaca, N.Y. 11 . 74.9 4,09 0.77

* Lyon and Bizzell (1934).

Nitrogen exists in waste, soll and the atmosphere in several forms.
Organic N, such as alkyl or aromatic amines, is bound in carbon-containing
compounds and is not available for plant wuptake or leaching wuntil
transformed to inorganic N by microbial decomposition. Humus and crop
residues in the soil contain organic N.

Inorganic N is found 1in various forms such as ammonia, ammonium,
nitrite, nitrate and molecular nitrogen. Ammonium (NH4+) can be held in
the soil on cation exchange sites because of its positive charge. Ammonium
is used by both plants and microorganisms as a source of N. Ammonia (NHj)
exists as a gas, and NH4+ may be converted to NH3 at high pH values.
(NOZ') is a highly mobile anion formed in solls as an intermediate in
the nitrification process discussed in Section 6.1.2.1.3., Nitrite is toxic
to plants in small quantities. Nitrate (NO3™) is a highly mobile anion
readily used by plants and microorganisms. Nitrates may be readily leached
from the soil and may present a health hazard. (The term NO3-N is read
nitrate-nitrogen and is not the same as NO3 (10 mg/l NO3-N = 44.3 mg/l
NO3). Molecular nitrogen (N;) is a gas comprising nearly 80% of the
normal atmosphere.
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The nitrogen cycle (Fig., 6.3) is often used to illustrate the addi-
tions and removals of N from the soil system and the subsequent changes in
form due to the prevailing soil environment. In addition to the N added to
the soil by wastes and precipitation (discussed previously), the nitrogen
cycle is affected by the processes of mineralization, nitrogen fixationm,
nitrification, plant uptake, denitrification, volatilization, storage in
the soil, immobilization, runoff, and leaching. The amount of N added or
removed by each of these mechanisms, the rate at which they occur, and the
optimum soil conditions for each are discussed below.

6.1.2.1.1 Mineralization. The process of mineralization involves the con-
version of the plant unavailable organic forms of N to the available inor-
ganic state by microbial decomposition. Mineralization includes the ammon-
ification process which oxidizes amines into NO3~ or NO3 . Organic
N contained in wastes is not available for plant uptake or subject to other
losses until mineralization occurs. Only a portion of the organic N in the
waste will be converted to the available inorganic form during the first
year after application, and only smaller amounts will be mineralized in
subsequent years.

Table 6.4 shows an estimated decay serles, or fractional mineraliza-
tion, for a given waste application. The table also shows a ratio of N
inputs necessary to supply a constant mineralization rate. The table,
developed by Pratt et al. (1973), 1is an estimate of decomposition based on
the type of animal waste and amount of weathering the waste has undergone.
For example, dry corral manure containing 2.57 N has an estimated decay
series of 0.40, 0,25, and 0.06 which means that at any given application,
40%7 of the N applied will be mineralized the first year, 257 of the remain-
ing N will become available the second year, and 6% of the remaining N will
be mineralized in the third and all subsequent years, If 22.5 metric
tons/ha of this manure (dry weight basis) were applied, of the 560 kg total
N, 224 kg would be mineralized the first year, 63.75 kg the second, 12.4 kg
the third, 11.6 kg the fourth, 10.9 the fifth, and 10,2 the sixth year
(Pratt et al., 1973). The ratios shown in Table 6.4 are useful for esti-
mating the amount of N that will be available given a decay series. In the
example above, 2.5 kg of total N must be added to furnish 1 kg of available
N the first year. If manure is added to the same field next year, only
1.82 kg must be added to provide 1 kg of available N, and so on.

Research by Hinesley et al. (1972) shows that considerable amounts of
organic N in sludge and soll organic matter are mineralized during a grow-
ing season. This research indicates that about 25% of the organic N in
sludge is mineralized in the first year of application, and 3-5% of the
organic N is converted to inorganic N during the next three years.

Another decay series of mineralization is glven in Table 6.5 where the
values are calculated on the basis of having 3% of the remaining or resid-
ual organic N released as available inorganic N during the second, third,
and fourth growing seasons. For example, if 5 metric tons/ha of sludge
containing 3.5% (175 kg) of organic N were applied to a soil one year, dur-
ing the following growing season, 0.9 kg/metric ton of sludge would become
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TABLE

6.4 RATIO OF YEARLY NITROGEN INPUT TO ANNUAL NITROGEN MINERALIZATION RATE OF ORGANIC WASTES*!

Time (years)

Typical

Decay Series Material¥ 1 2 3 4 5 10 15 20
N input/mineralization ratio

0.90, 0.10, 0.05 Chicken manure 1.11 1.10 1.09 1.09 1.08 1.06 1.05 1.04
0.75, 0.15, 0.10, 0.05 Fresh bovine

waste, 3.5%Z N 1.33 1.27 1.23 1.22 1.20 1.15 1.11 1.06
0.40, 0.25, 0.06 Dry corral

manure, 2.5% N 2.50 1.82 1.74 1.58 1.54 1.29 1.16 1.09
0.35, 0.15, 0.10, 0.05 Dry corral

manure, 1.57 N 2.86 2.06 1.83 1.82 1.72 1.40 1.23 1.13
0.20, 0.10, 0.05 Dry corral

manure, 1.0%Z N 5.00 3.00 2.90 2.44 2.17 1.38 1.13 1.04
0.35, 0.10, 0.05 Liquid sludge,

2.5% 2.86 2.33 2.19 2.03 1.90 1.45 1.22 1.11

it

Pratt et al. (1973).

This ratio is for a constant yearly mineralization rate for six decay series for various times

after initial application. The ratio equals kilograms of N input required to mineralize 1 kg of N

annually.

The N content is on a dry weight basis.



available. Therefore, for a 5 metric ton/ha rate, 4.3 kg N/ha would be
mineralized to the inorganic form (Sommers and Nelson, 1976).

TABLE 6.5 RELEASE OF PLANT~AVAILABLE NITROGEN DURING SLUDGE DECOMPOSITION
IN SOIL*

Organic N Content of Sludge, %

Years After
Sludge Application 2.0 2.5 3.0 3.5 4.0 4.5 5.0

kg residual N release per metric ton sludge added

1 0.5 0.6 0.7 0.85 0.95 L.1 1.2
2 0.45 0.6 0.7 0.8 0.9 1.05 1.15
3 0.45 0.55 0.65 0.75 0.85 1.0 1.1

* Sommers and Nelson (1976).

Microbial degradation of complex aromatic compounds containing N
depends on the structure, nature, and position of functional groups. Gen-
eral results of many investigations are summarized as follows: short chain
amines are more resistant to mineralization than those of higher molecular
weight; unsaturated aliphatic amines tend to be more readily attacked than
saturates; resistance to decomposition increases with the number of chlor-
ines in the aromatic ring; and branched compounds are more resistant than
unbranched compounds (Goring et al., 1975).

6.1.2,1.2 Fixation. The process by which atmospheric nitrogen (Nj) is
converted to available inorganic N by bacteria is called nitrogen fixation;
it may either be symbiotic or nomsymbiotic. Symbiotic N fixation is the
conversion of N to NH4+ by Rhizobium bacteria, which 1live in root
nodules of leguminous <plants. Nonsymbiotic fixation involves the
conversion of N by free-living bacteria, Clostridium and Azotobacter.
Fixation by leguminous bacteria accounts for the great majority of N
fixation (Brady, 1974). Table 6.6 reports the N fixation of wvarious
legumes in kg/ha/yr.
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TABLE 6.6 NITROGEN FIXED BY VARIOUS LEGUMES*

Crop (kg/ha/yr) Crop (kg/ha/yr)
Alfalfa (Medicago sativa) 281 Soybeans (Glycine max) 118
Sweet clover (Melilotus sp.) 188 Hairy vetch (Vicia villosa) 76
Red clover (Trifolium Field beans (Phaseolus
(pratense) 169 vulgaris) 65
Alsike clover (Trifolium Field peas (Pisum arvense) 53
hybridum) 158

* Lyon and Bizzell (1934).

The amount of N fixed by Rhizobium depends on many factors. Soil
conditions favorable for microbial populations include good aeration,
adequate moisture, and a near neutral pH. A high N containing waste or
fertilizer may actually discourage nodulation and thereby reduce fixation
(Fig. 6.4). Therefore, N input from N-fixing bacteria 1is of minor
significance on land receliving waste applications.

The exact amount of N fixed by nonsymbiotic bacteria in soils is very
difficult to determine because other processes involving N are taking place
simultaneously. Experiments in several areas of the U.S. indicate that
20-60 kg N/ha/yr may be fixed by nonsymbiotic organisms (Moore, 1966).
Table 6.7 lists amounts of N fixed nonsymbiotically.

TABLE 6.7 NITROGEN GAINS ATTRIBUTED TO NONSYMBIOTIC FIXATION IN FIELD

EXPERIMENTS*
Period Nitrogen Gain
Location (years) Description (kg/ha/yr)
Utah 11 Irrigated soil and manure 49
Missouri 8 ' Bluegrass (Poa sp.) sod 114
California 10 Lysimeter experiment 54
California 60 Pinus ponderosa stand ‘ 63
United Kingdom 20 Monoculture tree stands 58
Australia 3 Solonized soil 25
Nigeria 3 Latosolic soil 90
Michigan 7 Straw mulch 56

I
1

* Moore (1966).
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Figure 6.4. Influence of added inorganic nitrogen on the total
nitrogen in clover plants, the proportion supplied
by the fertilizer and that fixed by the rhizobium
organizations associated with the clover roots.
Increasing the rate of nitrogen application de-
creased the amount of nitrogen fixed by the organ-
isms in this greenhouse experiment (Walker, 1956).
Reprinted by permission of the author.
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6.1.2.1.3 Nitrification. The process of mnitrification involves the
conversion of NH4T to NO2~ by Nitrosomonas and the conversion of NOj™ to
NO3~ by Nitrobacter via reactions that occur in rapid sequence and preclude
any great accumulation of NO3™. These nitrifying organisms are auto-
trophic (obtaining energy from oxidation or inorganic NH Y or NO»™) in con~
trast to the heterotrophic organisms involved in the mineralization proc-
ess. These organisms are strictly aerobic and can not survive in saturated
soils. The optimum temperature for nitrification is in the range of
30-36°C (Downing et al., 1964)., Maximum oxidation rates for Nitrosomonas
are found at pP 8.5-9.0 (Downing et al., 1964) and at pH 8.9 for Nitro-
bacter (Lees, 1951), The activity of these bacteria may cease altogether
where the pH is 4.0-4.5 or below., Nitrification occurs at a very rapid
rate under conditions ideal for microbial growth. Daily rates of 7-12 kg
N/ha have been found when 110 kg ammonium nitrate/ha were added (Broadbent
et al., 1957).

The nitrification curves for most soils are sigmoid-like curves when
NO3™ production is plotted agalnst time. A typlcal nitrification pattern
is shown in Fig. 6.5. The NH3-N concentration decreases sigmoidally
until it disappears. The NO3™ and NO3~ concentrations start rising from
the first day, but by the fourth day, the concentration of NO9-N more
than doubles that of the NO3-N. A steady state 1s reached after the
seventh day when the NO9-N concentration approaches zero and the NO3-N
approaches total nitrogen.

6.1.2.1.4 Plant Uptake. Crop uptake of N by harvestable crops constitutes
a significant removal of N. Table 6.8 lists the N uptake for various crops
in kg/ha. Nitrogen is returned to the soil by crop residues (Table 6.9).
The fraction of total NO3~ in the soil that is assimilated by the roots
of growing plants varies depending on the depth and distribution of root-
ing, nitrogen loading rate, moisture movement through the root zone, and
species of plant. In general, the efficiency of uptake is not high, and
grasses tend to be more efficient than row crops. Excess available N in
the soil does not cause phytotoxicity, yet corn silage and other grass
forages that contain greater than 0.25% NO3-N may cause animal health
problems (Walsh et al., 1976).
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Reprinted by permission of the American
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TABLE 6.8 REMOVAL OF NITROGEN FROM SOILS BY CROPS AND RESIDUES*T

Annual Crop Yield

Nitrogen Uptake

Crop (metric/tons/ha) (kg/ha/yr)

Corn (Zea mays). 9.4 207#
Soybeans (Glycine max) 3.4 288
Grain sorghum (Sorghum bicolor) 9 7280
Peanuts (Archis hypogaea) 2.8 105
Cottonseed (Gossypium hirsutum) 2 69
Wheat (Triticum aestivum) 4,3 140
Rice (Oryza sativa) 6.7 87
Oats (Arena sativa) 3.6 168
Barley (Hordeum vulgare) 5.4 168
Corn silage (Zea mays) 71.7 224
Sugarbeets (Beta vulgaris) 56 24#
Alfalfa (Medicago sativa) 17.9 504
Alfalfa hay (Medicago sativa) 15,7 372
Coastal bermuda hay 21.3 272

(Cynodon dactylon)
Orchard grass (Dactylis glomerata) 13.4 336
Bromegrass (Bromus sp.) 11.2 186
Tall fescue (Festuca arundinacea) 7.8 151
Reed canary grass 13.4 493

(Phalaris arundinacea)
Reed canary grass hay 15.7 189

(Phalaris arundinacea)
Bluegrass (Poa sp.) 6.7 224
Tomatoes (Lycopersicon esculentum) 44.8 80
Lettuce (Lactuca sativa) 28 38
Carrots (Daucus carota) 44.8 65
Loblolly pine (Pinus taeda) annual growth 10

* Hart (1974).

Where only grain is removed, a significant proportion of the nutrients

is left in the residues.
#

While legumes can get most of their N from the air, if mineral nitrogen

is available in the soil, legumes will use it at the expense of fixing N

from the air.
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TABLE 6.9 THE NITROGEN RETURNED TO THE SOIL FROM UNHARVESTED OR UNGRAZED
PARTS OF STUBBLE ABOVE THE GROUND#*

Nitrogen Returned to Soil

Crop (kg/metric ton)
Corn (Zea mays) 9
Wheat (Triticum aestivum) 7
Rye (Secale cereale) 7
Oats (Avena sativa) 6
Alfalfa (Medicago sativa) 24

* McCalla and Army (1961).

6.1.2.1.5 Denitrification. The microbial process whereby NO3~ is
reduced to gaseous N compounds such as nitrous oxide and elemental nitro-
gen is termed denitrification. This reaction is facilitated by heterotro-
phic, facultative anaerobic bacteria living mainly in soil micropores where
oxygen is limited. As a waste is applied on land, the rate and extent of
denitrification is 1likely to be governed by the organic matter content,
water content, soil type, pH, and temperature of the soil. The degree of
water saturation has a profound influence on the rate of denitrification.
The critical moisture level is about 607 of the water holding capacity of
the soil, below which practically no denitrification occurs, and above this
level denitrification increases rapidly with increases in moisture content.
The amount of N lost through denitrification as a function of water content
(described as percentage of the water holding capacity) is illustrated in
Fig., 6.6 (Bremner and Shaw, 1958).

The rate of denitrification is also greatly affected by the pH and
temperature of the soil. It tends to be very slow at pH below 5.0. The
rate increases with increasing soil pH and is very rapid at pH 8-8.5. The
optimum temperature for denitrification is about 25°C. The rate of deni-
trification increases rapidly when the temperature is increaed from 2° to
25°C. Figure 6.7 illustrates the effect of temperature on N lost as gas
over time.

Organic matter content also affects the amount and rate of denitrifi-
cation. Denitrification of NO3_ by heterotrophic organisms cannot
occur unless the substrate contains an organic compound that can support
the growth of the organisms. The rate of denitrification for these materi-
als varies with their resistance to decomposition by soil microorganisms
(Table 6.10). The rate is most rapid with cellulose and slowest with
lignin and sawdust.
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with 5 mg. NO3~N (as KNO3) and 15 mg. C (as glucose) dissolved
in different volumes of water. Water content of soil is
expressed on each graph as percentage of waterholding capacity
of soil (Bremmer and Shaw, 1958). Reprinted by permission of
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5 g. samples of soil were incubated at
various temperatures with 11 ml. water
containing 5 mg. NO3.N (as KNO3) and 15
mg. C (soil 1) or 25 mg. C (soil 6) as
glucose (Bremmer and Shaw, 1958).
Reprinted by permission of the Journal
of Agricultural Science.
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TABLE 6.10 PERCENTAGE OF ADDED NITROGEN LOST DURING INCUBATION OF WATER-
LOGGED SOIL WITH NITRATE AND DIFFERENT AMOUNTS OF ORGANIC

MATERIALS AT 25°C#*

N Lost (% of added NO3-N)

Organic 50 mg added 100 mg added 200 mg added
Maiiiiils 4t 12t 20t 30t 4t 12t 200 30t a4t 12T 20t 30t
Lignin 2 3 6 8 5 6 8 11 7 7 9 15
Sawdust 5 8 9 6 9 10 12 9 11 16 18
Grass 6 8 11 13 14 27 30 36 27 37 49 60
Straw 7 10 12 14 16 28 33 37 20 44 56 84
Cellulose 5 29 83 90 5 37 87 91 5 39 88 90

* Bremner and Shaw (1958).
Length of incubation period in days.

Denitrification can be a major source of N removal from an HWLT unit
containing a high inorganic nitrogenous waste or an organic nitrogenous
waste that has been mineralized. Under the optimum conditions of neutral
to alkaline pH, high soil water or small pores filled with water, warm
temperatures, and the presence of easily decomposable organic matter,
almost 90% of the NO3-N in the waste can be converted to gaseous N and
lost from the system (Bremner and Shaw, 1958).

6.1.2.1.6 Volatilization. Another mechanism for N loss is volatilization.
Ammonium salts such as (NH4)7CO03 can be converted to gaseous ammonia
(2HN3 + H9C003) when sludge is surface applied to coarsely textured alkaline
soils. The magnitude of such losses is highly variable, depending on the
rate of waste application, clay content of the soil, soil pH, temperature,.
and climatic conditions. In a greenhouse study, Mills et al. (1974)
reported that when pH values were above 7.2, at least half of the N applied
to a fine sandy loam was volatilized as NH3, generally within two days of
the application. 1In a laboratory study, Ryan and Keeney (1975) reported
NH3 volatilization from a surface applied wastewater sludge contalning
950 mg/1 of ammonium-nitrogen. Volatilization values ranged from 11 to 60%
of the applied NH3-N. The greatest losses occurred in low clay content
soils with the highest application rate. Incorporating the sludge into the
soil decreases volatilization losses.

6.1.2.1.1 Storage in Soil. Both the organic and inorganic soil fractions
have the ability to fix NH4+ in forms unavailable to plants or even
microorganisms. Clay minerals with a 2:1 type structure have this
capacity, with clays of the vermiculite group having the greatest capacity,
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followed by illite and montmorillonite. Ammonium ions fixed into the cry-
stal lattice of the clay do not exchange readily with other cations and are
not accessible to nitrifying bacteria (Nommik, 1965). The quantity of
NH4+ fixed depends on the kind and amount of clay present. Figure 6.8
illustrates the amount of NH4+ fixed by three soils receiving five con-
secutive applications of a 100 mg/l solution of NH4+-N. The Aiken
clay, primarily kaolinite, fixed no NH4+ and the Columbia and Sacra-
mento soils containing vermiculite and montmorillonite were capable of
NH4+ fixation (Broadbent et al., 1957).

Like other cations in the waste, NH4+ can be adsorbed onto the
negatively charged clay and organic matter colloids in soil. Retention in
this exchangeable form 1is temporary, and NH4+ may become nitrified when
oxygen and nitrifying bacteria are available.

6.1,2,1.8 Immobilization. The process of immobilization is the opposite
of mineralization; it is the process by which inorganic N is converted to
an unavailable organic form. This requires an energy source for micro-
organisms such as decomposable organic matter with a carbon to N ratio
greater than 30 to 1., This condition may exist with certain industrial
wastes or cannery wastes and some crop residues, straws or pine needles.
In a study of immobilization of fertilizer N, only 2.1 kg/ha was immobil-
ized during the first 47 days after fertilization with 328 kg/ha. As soil
temperature increased above 22°C, the rate increased to an additional 60
kg/ha immobilized by day 107 (Kissel et al., 1977).

6.1.2.1.9 Runoff. At an HWLT unit containing a nitrogenous waste, the
runoff water may remove a significant amount of N, potentially polluting
adjacent waterways. However, a well designed and managed disposal site
should have minimum runoff since waste application rates would not exceed
soll infiltration capacity. Though surface runoff from HWLT units is col-
lected, it may be important to keep the runoff water of high quality if the
facility has a discharge permit. Soil and cropping management practices,
rate of. waste application, and the time and method of application control
the amount of runoff. Of these factors, a highly significant correlation
between N loading rate and its average concentration in runoff water was
shown in a linear regression analysis (Khaleel et al., 1980). Application
of waste during winter and on the surface results in less rapid decomposi-
tion and high concentrations of N in runoff water. Reincorporation of
plant material into the soll decreases N concentrations in runoff by one-
third over areas where all plant residues are removed at harvest (Zwerman
et al., 1974). Table 6.11 provides a summary of N concentrations in runoff
from areas receiving animal waste.
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TABLE 6.11 TRANSPORT OF TOTAL NITROGEN IN RUNOFF WATER FROM PLOTS
RECEIVING ANIMAL WASTE#*

Type of Total N Total N
Location Manure Applied Runoff Remarks Reference
Wisconsin Fresh dairy 120 12.7 8 Plots, 10- Minshall et
liquid 17% slope, al. (1970)
95 3.6 silt loam
Alabama Liquid dairy 5661 13.8 12 Plots, 3.3% McCaskey et
3774 al. (1971)
1782
Dry dairy 7769 18.3
5179 17.7
2590 7.5
N. Carolina Swine 1344 23.4 9 Plots, 1-3% Khaleel et
lagoon slope, sandy al. (1980)
loam, coastal
effluent bermuda
New York Dairy 478 18.4 24 Plots corn, Klausner et
continuous al. (1976)
study

* Total N = organic N+NH4-N + NO3-N in ppm.

6.1.2.1.10 Leaching. Of all the losses of N from an HWLT unit, leaching
is the potentially most serious. Groundwater can become contaminated, and
drinking water containing greater than 10 mg/l nitrate-nitrogen may cause
human health problems. Not only should high concentrations of N in leach-
ate be avoided, but also large amounts of leachate with a low concentration
of N. Methemoglobinemia, a reduction in the oxygen—carrying capacity of
the blood, can develop in infants when nitrate-nitrogen levels in drinking
water are greater than 10 ppm (or greater than 45 ppm nitrate).

Most studies of N leachate agree that the amount of N in percolating
water 1s site-dependent and difficult to extrapolate from one site to
another. Parameters that have the most direct effect on N content in
leachate are N application rate, cropping system, soll water content, soil
texture, and climate. A number of these parameters can be controlled or
modified by management practices.

A study by Bielby et al. (1973) investigates the quantity and concen-
tration of NO3~ in percolates from lysimeters receiving liquid poultry
manure over three years. Nitrogen removal by corn (522 mazs), plus that in
the leachate, accounts for less than 25% of the amount applied to the soil.
The average concentration of NO3™ in percolates from all treatments
exceeded the drinking water standard (10 ppm).
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6.1.2.2 Phosphorus (P)

Phosphorus is a key eutrophication element and may be transported in
such forms as adsorbed phosphate and soluble phosphate by surface runoff
and groundwater, respectively. Enrichment of lake waters and sediments
with high P concentrations may create a potential for water quality
impairment and eventual extinction of aquatic life in a lake or streanm.
The critical level above which eutrophication may occur has been set at
0.0l mg/l of P. This level may be exceeded when surface runoff levels are
greater than 10 kg/ha/yr (Vollenweider, 1968). Runoff P concentrations
from well-managed agricultural lands are typically less than 0.1 kg/ha/yr
(Khaleel et al., 1980). Municipal wastewaters generally have total P
concentrations ranging from 1.0 to 40 mg/l (Hunter and Kotalik, 1976;
Bouwer and Chaney, 1974; Pound and Curtis, 1973), while concentrations of
less than 20 mg/l are average (Ryden and Pratt, 1980).

Phosphorus concentrations in waste streams that range from 0.0l to 50
mg/l P pose little runoff or leachate hazard. However, P concentrations
found in waste from rock phosphate quarries, fertilizers and pesticides are
high enough to potentially contaminate runoff water or leach into the
groundwater beneath a soil with low P retention capacity. Once the
waste-soil parameters of P are adequately assessed, land treatment of P
laden hazardous wastes may be managed to successfully reduce soluble P
concentrations to the levels usually found in soil.

The soluble P concentration in the unsaturated zone of normal soil
ranges between 3 and 0.03 mg/l (Russel, 1973), where the lower value is at
the normal level of groundwater (Reddy et al., 1979). Barber et al.
(1963) report that this value generally decreases with depth in the soil
profile. Surface soil layers tend to have a greater P adsorption capacity
than lower levels of the profile (Fig. 6.9).

Decomposition of organic wastes and dissolution of inorganic fertil-
izers provide a variety of organic and soluble forms of P in soil, Phos-
phorus may be present in such forms as soluble orthophosphate, condensed
phosphate, tripolyphosphate, adsorbed phosphate or crystallized phosphate,
thus, reflecting the chemical composition of the source and its phosphorus
content, Hydrolysis and mineralization convert most of the condensed and
polyphosphate forms to the soluble phosphate ion which is readily available
to plants and soil microorganisms. Hence, soluble orthophosphate 1is
released from organic wastes and soil humus through weathering and mineral-
ization, On the other hand, it is expected that organic compounds resis-
tent to decomposition will immobilize P, especially when the carbon:phos-
phorus ratio exceeds 300:1.

Given sufficient time, net mineralization will release P from organic
substrates and this solubilized P generally may be used as a mnutrient
source by microbial populations degrading other carbonaceous substrates.
Degradation of organic P compounds accounts for only 10-15% of the removal
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Figure 6.9.

Phosphate distribution with depth in non-
flooded soil and soil flooded with sewage
water (Beek and de Haan, 1973). Reprinted
by permission of the Canadian Society of
Soil Science.
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efficiency; however, microbes appear to be highly efficient in mobilizing
the natural P reservoir in soil. Phosphorus concentrations in soil in
quantities greater than the nutrient requirements for growth and substrate
decomposition will be attenuated on the adsortion sites in the soil profile
or reduced by dilution in the groundwater. Given sufficient retention
time, P will precipitate as iron, aluminum or calcium phosphate (Ballard
and Fiskell, 1974). The iron and aluminum oxides and hydrous oxides (e.g.,
hematite and gibbsite) are of primary importance since they have extremely
high absorptive capacities (Ryden and Pratt, 1980).

Retention efficiency of the soil for P is related to the soil pH,
cation exchange capacity, clay content and mineralogical composition. The
equilibrium time for soil-phosphorus interactions 1s influenced by the
retention time of the waste in soil, which is dependent on the soil infil-
tration capacity and permeability. The presence of organic anions and high
pH will tend to decrease P sorption (Ryden and Syers 1975). Subbarao and
Ellis (1977) and John (1974) report precipitation of calcium phosphates
following liming usually control the solubility of P in acidic soils.

Phosphorus released from point sources will move radially by diffusion
(Sawhney and Hill, 1975), thus increasing the P adsorption capacity through
additional underground travel distance. Retention time may be positively
influenced when waste leachate is slowed by the increased tortuosity or
some relatively impermeable layer. If insufficient soil volume is avail-
able above the water table, the equilibration time in shallow soil can be
drastically reduced and penetration to groundwater is likely to occur.

Phosphorus supplied 1in waste applications augmented over time may
saturate the P adsorption capacity of the soil, thus creating the potential
for extreme discharges to the groundwater. Adriano et al. (1975) showed
evidence of perched water table contamination by P from daily application
of food processing waste in quantities that exceed the adsorption maxima.
Lund et al. (1976) observed that coarsely textured soil is enriched with P
to a depth of 3 meters below sewage disposal ponds. Since soil has a
finite capacity to fix P, attention should be directed to the long-term
effect of waste applications containing P on the adsorption mechanisms.

The Langmuir isotherm has been used to estimate the P adsorption maxi-
mum of several soils (Table 6.12). To prepare a Langmuir isotherm test,
standard amounts of soil are shaken with a known concentration of KHyPO4
over a dilution range of O to 100 mg/l of P. When the mass of the P
adsorbed per gram of soil is linear with the equilibrium concentration of
the P remaining in solution, the sorption maximum can be calculated from
the slope. The Langmuir equation is:

C/b = C/bpay + (1/Kbpay) (6.1)
where
C = equilibrium P concentration (Ug/ml);
b = P adsorbed on soil surface (ug/g soil);
bpax = adsorption maximum of the soil (ug/g soil); and
K = constant related to the bonding energy.

172



The Langmuir adsorption maximum must be evaluated with the mineralogy,
since P retention is known to improve when aluminum and iron are present in
the soil. Successive P sorptions (Fig. 6.10) have been found to decrease
the P sorption capacities of the soil (Sawhney and Hill, 1975). After
wetting and drying treatments, the P sorption capacity may be reestablished
in some soils such as the Merrimac sandy loam. In the Buxton silty clay
loam the P sorption capacity was only partially reestablished. Thus, P in
waste leachate in quantities that exceed the adsorption capacity can be
expected to pass through the profile to groundwater.

TABLE 6.12 SUMMARY OF PHOSPHORUS ADSORPTION VALUES*

Sorption Capacity

Compound No. of or b max.
Location Soil Samples Notes mgP/100 g soil
Michigan 29-100 Average for 1 m depth 1.81-49.0
Florida 6 Average for 50 cm depth nil - 28,0
New Brunswick 24 Soils from upper B 227-1760
horizon
New Jersey 17 A, B and C horizons 0.165-355
Maine 3 From column tests 26-71
" " " 13.3-25.9
5 " " " 3.8-51.0
31 Average for 31 soils 12.0
New York 240 A, B and C horizonmns 0.3-278
and deeper
Wisconsin 5 A, B and C horizoms 2.5-20

* Tofflemire and Chen (1977).

Harvested forage crops may be used to remove as much as 50 to 607% of
the P applied (Russel, 1973), however, annually harvested crops normally
remove less than 10% of the annual P application (Ryden and Pratt, 1980).
Furthermore, as the application of P increases, crop removal of the element
decreases (Ryden and Pratt, 1980). Maximum crop removal is dependent on
crops having a large rooting mass such as various grasses (Table 6.13).
Moreover, studies have shown that P is the most limiting plant nutrient for
production of legumes (Vallentine, 1971; Brady, 1974; Heath et al., 1978;
Chessmore, 1979). A grass-legume mixture with legume species dominating
may be a viable alternative to enhance P uptake in many land treatment
units. Various herbaceous species may be clipped either two or three times
a year, thus allowing significantly greater P removal.
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Figure 6.10. General Langmuir isotherms of Merrimac
sandy loam and Buxton silt loam after
successive P sorptions and following
wetting and drying treatments for regen-
eration of P sorption sites (Sawhney and
Hill, 1975). Reprinted by permission of
the American Society of Agronomy, Inc.
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TABLE 6.13 REMOVAL OF PHOSPHORUS BY THE USUAL HARVESTED PORTION OF

SELECTED CROPS

Crop Annual Crop Yield Phosphorus Uptake
(Metric tons/ha) (kg/ha/yr)
Corn (Zea mays) 11 35
Cotton (Gossypium hirsutum)

Lint and seed 4,1 19
Wheat (Triticum aestivum) 5.2 22
Rice (Oryza sativa) 7.8 22
Soybeans (Glycine max) 3.0 25
Grapes (Vitus sp.) 27 11
Tomatoes (Lycopersicon esculentum) 90 34
Cabbage (Brassica oleracea) 78 18
Oranges (Citrus sp.) 60 11
Small grain, corn-hay

rotation -— 32
Reed canary grass -—- 45

(Phalaris arundinacea)

Corn silage (Zea mays) - 30-40
Poplar trees (Populus sp.) -— 26-69
Barley (Hordeum vulgare)-

sudan grass (Sorghum sudanense)

rotation for forages* - 84-95
Johnson grass (Sorghum halepense) 27 94
Guinea grass (Panicum maximum) 26 50
Tall fescue (Festuca arundinacea) 7.8 32

* Unpublished data for barley in the winter followed by sudan grass in the
summer. P.F. Pratt and S. Davis, University of California, and USDA-ARS,

Riverside, California.
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Application of P from wastewater may be described as either a 1low
application rate system, usually less than 10 mg/l or a high rate applica-
tion system, consisting of greater than 10 mg/l1 (Ryden and Pratt, 1980).
Low rate systems use crop uptake as a sink for both the P and wastewaters
applied. The P rates applied and the crop yields are comparable to those
attained under good agronomic management of intensive cropland. Movement
of P in this type of system is generally very slow since the P is retained
near the zone of incorporation. The essential features of a low rate
system are removal of a large amount of P by a forage crop, control of
surface runoff to prevent erosion, and reduction of P concentrations to a
desirable level by using a long pathway of highly sorptive  materials
between the soil surface and the discharge point of water into surface or
groundwaters (Ryden and Pratt, 1980). ‘

High-rate wastewater treatment systems usually have large quantities
of water moving through the soil profile and the quantities of P applied
are higher than those normally used on intensively farmed croplands. Thus,
this system usually requires coarse gravelly soills which can maintain high
infiltration rates (Ryden and Pratt, 1980). Generally, a cycle of flooding
and drying is used to maintain the infiltration capacity of the system and
increase the P sorptlion capacity by enhancing the oxidation-reduction
cycle. Soils with a high sand or organic content that have low contents
of iron and aluminum hydrous oxides associated with a low surface area are
most likely to have the greatest leaching of P (Syers and Williams, 1977).
Ryden and Pratt (1980) report P removal by harvested crops, in a high rate
system, to be insignificant unless P concentrations are less than 1 mg/l.

6.1.2.3 Boron (B)

The B concentration in rocks varies from 10 ppm in igneous rocks to
100 ppm in sandstones. The average soil concentration of B is 10 ppm
(Bowen, 1966). High levels of B are most likely to occur in soil derived
from marine sediments and arid soils. 1In most humid region soils, B is
bound in the form of tourmaline, a borosilicate that releases B quite
slowly. Most of the available soil B is held by the organic fraction where
it 1s tightly retained. Boron 1s released as the organics decompose and is
quite subject to leaching losses. Some B is adsorbed by iron and aluminum
hydroxy compounds and clay minerals. Finer textured soils retain added B
longer than do coarse, sandy soils. Therefore, less B can be applied to
sandy soil than to fine-textured soil (Tisdale and Nelson, 1975). Boron
sorption by clay minerals and iron and aluminum oxides is pH dependent,
with maximum sorption in the pH range 7-9. The amount of B adsorbed
depends on the surface area of the clay or oxide and this sorption is only
partially reversible, indicating the retention is by covalent bonding.

Boron is frequently deficient in acid soils, light-textured sandy
soils, alkaline soils, and soils low in organic matter. Boron availability
to plants 1is decreased by liming, but the increase of pH alone is oot
sufficient to decrease B absorption. Fox (1968) found that both high
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levels of calcium and high pH values reduced B uptake by cotton by nearly
50%, but that high calcium concentrations or high pH studied separately had
little influence on reducing B uptake,

Boron in plants 1s involved in protein synthesis, nitrogen and carbo-
hydrate metabolism, root system development, fruit and seed formation, and
the regulation of plant water relations (Brady, 1974). The symptoms of B
deficiency vary somewhat from one plant species to another. Symptoms often
include dieback, chlorotic spotting of leaves and necrosis in fruits and
roots (Bradford, 1966).

The difference between the amount of B which results in deficiencies
and that which is toxic is very small. Boron-sensitive plants can tolerate
between 0.5 and 1.0 ppm available B in soils while boron-tolerant plants
usually show toxicity symptoms at 10 ppm B (Bingham, 1973). Table 6.l4
shows the tolerance limits of several plant species to boron. The first
symptoms of B injury are generally leaf-tip yellowing, followed by a pro-
gressive necrosis of the leaf. Leaching of B below the root zone is recom-
mended in the case of moderate toxicity. Moderate liming of the soil or
liberal application of nitrogen fertilizers may be beneficial (Bradford,
1966).

If B can be leached from the soil at concentrations acceptable for
groundwater discharge, B may be applied continously in small amounts as
long as it does not accumulate to toxic levels. No drinking water stand-
ard has been set for human consumption; however, water used for cattle
should contain less than 5 ppm B.

6.1.2.4 Sulfur (S)

The earth's crust contains about 600 ppm S and soils have an average S
content of 700 ppm (Tisdale and Nelson, 1975). Since S is a constituent of
some amino acids, it is an important plant nutrient. The widespread occur-
rence of S in nature ensures that it will be a common industrial waste
product. Wastes from kraft mills, sugar refining, petroleum refining, and
copper and iron extraction all contain appreciable amounts of S (Overcash
and Pal, 1979).

Because of its anionic nature and the solubility of most of its salts,
leaching losses of S can be quite large. Leaching is greatest when mono-
valent cations such as potassium and sodium predominate and moderate leach-
ing occurs where calcium and magnesium predominate. When the soil is
acldic and appreciable levels of exchangeable iron and aluminum are pres-
ent, S leaching losses are minimal (Tisdale and Nelson, 1975).

Land application sites where wastes containing large amounts of S are
disposed must be well drained. The hydrogen sulfide formed in reducing
conditions is toxic and has an unpleasant odor. Since acid is formed by
oxidation of S compounds, the pH of the site must be monitored and regu-
lated. 1In the soil under aerobic conditions, bacteria oxidize the more
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TABLE 6.14 CROP TOLERANCE LIMITS FOR BORON IN SATURATION EXTRACTS OF SOIL*T

Tolerant

Semitolerant

Sensitive

4.0 ppm B

2.0 ppm B

1.0 ppm B

Athel (Tamarix aphylla)
Asparagus officinalis
Palm (Phoenix canariensis)
Date palm (P. dactylifera)
Sugarbeet (Beta vulgaris)
Mangel (Beta wvulgaris)
Garden beet (Beta wvulgaris)
Alfalfa (Medicago sativa)
Gladiolus (Gladiolus sp.)
Broadbean (Vicia faba)
Onion (Allium cepa)
Turnip (Brassica rapa)
Cabbage (Brassica oleracea
var. capitata)
Lettuce (Lactuca sativa)
Carrot (Daucus carota)

Sunflower (Hellanthus annus)

Potato (Solanum tuberosum)

Cotton, Acala and Pima
(Gossypium sp.)

Tomato (Lycopersicon esculentum)

Sweetpea (Lathyrus odoratus)

Radish (Raphanus sativus)

Field pea (Pisum sativum)

Ragged-robin rose (Rosa sp.)

Olive (Olea europaea)

Barley (Hordeum vulgare)

Wheat (Triticum aestivum)

Corn (Zea mays)

Milo (Sorghum bicolor)

Oat (Avena sativa)

Zinnia (Zinnia elegans)

Pumpkin (Cucurbita spp.)

Bell Pepper (Capsicum annuum)

Sweet potato (Ipomoea batatas)

Lima bean (Phaseolus lunatus)

Pecan (Carya illnoensis)

Walnut, Black and Persian, or
English (Juglans spp.)

Jerusalem artichoke
(Hellanthus tuberosus)

Navy bean (Phaseolus vulgaris)

American elm (Ulmus americana)

Plum (Prunus domestica)

Pear (Pyrus communis)

Apple (Malus sylvestris)

Grape, Sultanina and Malaga
(Vitus sp.)

Kodata fig (Ficus carica)
Persimmon (Diospyros virginiana)
Cherry (Prunus sp.)

Peach (Prunus persica)

Apricot (Prunus armeniaca)
Thornless blackberry (Rubus sp.)
Orange (Citrus sinensis)
Avocado (Persea americana)
Grapefruit (Citrus paradisi)
Lemon (Citris limon)

2.0 ppmn B

1.0 ppm B

0.3 ppm B

* Bresler et al. (1982).

' For each group, tolerant, semitolerant, and sensitive, the range of tolerable boron is indicated;
tolerance decreases in descending order in each column.
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reduced forms of S to form sulfate which will decrease the pH. In water-—
logged soils, anaerobic bacteria reduce sulfides, generating hydrogen
sulfide.

Some soils have the capacity of retain sulfates in an adsorbed form.
At a given pH, adsorption is least when the cation adsorbed on the clay is
potassium, moderate when the adsorbed cation is calcium, and greatest when
the adsorbed cation is aluminum (Tisdale and Nelson, 1975). Adsorption by
clay minerals is ranked as kaolinite<illite<bentonite (Chao et al., 1963).

When soils contain large amounts of carbon and nitrogen, but little S,
immobilization of added S may occur when S is incorporated into proteins by
soll microorganisms. Organic S may also be mineralized in which the organ-
ic form becomes the plant available S04 (Brady, 1974). Sulfur behaves
much like nitrogen as it is absorbed by plants and microorganisms and moves
through the S cycle.

Management techniques for land treatment systems receiving large
amounts of S can improve the S assimilation capacity of soils. A slightly
acidic pH will minimize leaching losses, but it must not be so much below
neutral that mineralization and plant uptake are reduced. The amount of S
which can be applied to a particular soil depends on the ability of that
soll to neutralize the acidity resulting from the addition. If acid-toler-
ant plants are chosen, a larger addition is possible. Active pH monitoring
and pH correction, when required, is essential.

6.1.3 Acids and Bases

Waste acids and/or bases can be disposed by land treatment. These
wastes should, if at all possible, be neutralized before they are applied
to the soil. According to the Lowry-Bronsted theory of acid-base reac-
tions, an acid 1is any material which produces hydronium (H3O+) ions
when dissolved in water, Conversely, a base is a material which produces
hydroxyl (OH™) ions in water. Thus, when an acid and base are combined,
the net neutralization reaction can be expressed as:

H30 + OH™ &= 2H,0

As the neutralization reaction occurs, the cations and anions from the
original acidic and basic species combine to form a salt. With strong
acids and bases, the aqueous reaction equilibrium strongly favors dissocia-
tion into hydronium and hydroxyl ions. With weaker species, however, the
dissociation equilibrium will depend on the strengths of the ionization
constants (Bohn et al., 1979).

The buffering capacity of the soil should be determined and used as a
guide to loading rates. If the buffering capacity is exceeded, the soil pH
must be adjusted by appropriate liming or addition of acid. When both
acidic and basic wastes exist, the basic waste should be applied first and
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mixed with the soil, then the acidic waste can be applied. This method
will prevent the solubilization and leaching of metals in the soil. Addi-
tion of acids and bases to the soil can increase the concentration of solu-
ble salts in the system. For a discussion of salts, refer to Section
6.1.4. Management of soil pH is discussed in Section 8.6.

6.1.4 Salts

By definition, a salt is any substance that yields ions upon dissolu-
tion other than hydrogen ions or hydroxyl ions. For all practical purposes
in agriculture and land treatment, this definition has been narrowed to
include only the major dissolved solids in natural waters and soils. The
principal ions involved are calcium, magnesium, sodium, potassium, chlor-
ide, sulfate, bicarbonate and occasionally nitrate. Salts occur naturally
in many soils and are a common constituent of hazardous and nonhazardous
wastes. Salt inputs to the soil may occur from fertilizer applications,
precipitation, and irrigation. Typical irrigation practices may result in
annual salt applications to soil which exceed 4000 kg/ha. Table 6.15 lists
the salinity classes of water.

The behavior of salts in soll and their influence on plant growth has
been studied by agricultural scientists for many years and 1s still the
topic of extensive research. The U.S. Salinity Laboratory Staff (USDA,
1954) and Bresler et al. (1982) have reviewed various aspects of soil
salinity, including diagnosis and management of salt affected soils.
Salinity problems may result from the bulk osmotic effects of salts on the
soil-plant system and the individual effects of specific ions, especially
sodium.

6.1.4.1 Salinity

The concentration of salt in water can be expressed in terms of elec-
trical conductivity (EC), total dissolved solids (IDS), osmotic pressure,
percent salt by weight, and normality. Electrical conductivity in mmhos/cm
is the preferred measurement for solutions of common salts or combinations
of salts. The following factors are useful for obtaining an approximate
conversion of units. '

(0.35) x (EC mmhos/cm) = Osmotic pressure in bars
(651) x (EC mmhos/cm) = TDS mg/l

(10) x (EC mmhos/cm) = Normality meq/1

(0.065) x (EC mmhos/cm) = Percent salt by weight

Measuring the concentration of salts in soil first requires that an
aqueous soll extract be obtained. Extracts taken from soils at field mois-
ture content will seldom provide a sufficient quantity for analysis. On
the other hand, exhaustive leaching or extraction at very high moisture
contents will yield a sample that is not typical of the soil solution
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TABLE 6.15 WATER CLASSES IN RELATION TO THEIR SALT CONCENTRATION*

Electrical
Class Conductivity
of micromho Milligrams Kilograms
Water per cm at 25°C per liter per hectare-30 cm Comments
Low 0- 400 0- 250 0- 800 These waters can be used for irrigat-
salinity ing most crops with a low probability
water that salt problems will develop. Some
leach is required, but this generally
occurs with normal irrigation prac-
tices.
Moderate 400-1, 200 250- 750 800-2,200 These waters can be used if a moderate
salinity amount of leaching occurs. Plants
water with moderate salt tolerance can be
grown in most instances without spe-
cial practices for salinity control.
High 1,200-2,250 750-1,450 2,200-3,300 These waters should not be used on
salinity soils with restricted drain age. Spe-
water clal management is required even with
adequate drainage. Plants tolerant to
salinity should be grown. Excess
water must be applied for leaching.
Very high 2,250-5,000 1,450-3,200 3,300-9,600 These waters are not suitable for
salinity irrigation except under very special
water circumstances. Adequate drainage 1is

essential. Only very salt-tolerant
crops should be grown. Considerable
excess water must be applied for
leaching.

* Bresler et al. (1982).



because of the effect of ion exchange and mineral dissolution. As a com-
promise, soil saturation has been selected for obtaining aqueous extracts
(USDA, 1954). A sufficient amount of solution can usually be extracted
with vacuum from 200-300 grams of soil. The concentration of salts in soil
is, therefore, commonly expressed as the EC of a saturated soil paste
extract. The relationship of salt concentration in the soil to the EC of a
saturation extract is influenced by the moisture holding capacity of the
soil as illustrated in Fig. 6.11. The EC of a saturation extract does not
directly reflect the salinity of the soil solution, but the saturation
extract is the best practical means to obtain such a measurement. Under a
typical irrigated crop system, the average salinity of the soil solution is
approximately twice the salinity of the saturation extract (Rhoades, 1974);
however, use of the saturation extract is so widely practiced that it is
the measure best correlated in the literature to plant growth responses,
soil structure, and other observations of soil condition.

In the absence of adequate rainfall or irrigation and subsequent
drainage, applied or naturally occurring salts can accumulate on the soil
surface and in upper horizons of the soil. Salt concentrations in the soil
that exceed 4 mmhos/cm can inhibit growth of sensitive plants and may
retard microbial activity. Physical and chemical characteristics of the
soil are also affected by salt accumulation. Severe salt accumulation can
be disastrous to a land treatment system and may require costly remedial
action. Furthermore, soluble salts are relatively mobile in the soil and
can easily migrate to ground or surface waters, resulting in pollution.
Management of salts applied in irrigation water or waste materials there-
fore requires that salt accumulation be controlled, while at the same time
pollution of ground or surface waters is prevented.

Many schemes for managing salt accumulation and migration assume
steady state conditions and that applied salts do not interact with the
soil matrix. Salts do, however, interact with the soil matrix. They may
be precipitated as insoluble compounds, sorbed by soil colloids, or dis-
solved in the soil solution. The extent of precipitation, sorption and
dissolution depends upon the salt concentration in the soil, the ionic
species present, soil physical and chemical properties, and the moisture
content of the soil. Predicting the concentration of salts in the soil
solution at any given time for a particular soil is therefore difficult.
The assumptions of steady state and no interactions may be valid in an
irrigated crop system, but is not applicable to many land treatment
systems, especially those receiving relatively heavy and infrequent waste
applications. Understanding soil and salt interactions may, and should,
be quantified and included in the waste application rate design.

Where inadequate water or poor soil drainage prevent leaching of salts
from the treatment zone or the plant root zone, salts will concentrate in
the soil through evaporation. The soil surface behaves like a semi-per-
meable membrane allowing soil water to enter the atmosphere through. evapo-
ration while leaving dissolved salts at or near the soil surface. Once
salts are deposited at the soil surface in this manner, additional soil
water and its dissolved salts are driven to the surface by osmotic forces
in addition to evaporative demand. For this reason, many saline soils will
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Figure 6.11. Correlation of salt concentration in the soil to the EC of
saturation extracts for various soil types (USDA, 1954).
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appear to be moist, when in reality there is little or no water available
for plants or waste decomposing microbes.

Soil salinity inhibits plant growth by restricting plant uptake of
water. As the osmotic gradient between the soil solution and plant roots
increases, the plant uptake of water and nutrients decreases. This same
mechanism may also adversely affect the growth of soil microbes. Crop
sensitivity to salt damage varies between different species and varieties
depending on the specific salts present. See Table 6.16 for general crop
response to soil salinity and Table 6.17 for the salt tolerance of various
crops. For specific choice of the proper plant species, other factors,
such as drought tolerance and regional adaptation, must be considered.
Additional guidance on species selection is provided in Section 8.7.

TABLE 6.16 GENERAL CROP RESPONSE AS A FUNCTION OF ELECTRICAL CONDUCTIVITY*

EC (mmhos/cm) Degree of Problem
0-2 None
2-4 Slight to none
4-8 Many crops affected
8~-16 Only tolerant crops yleld well
greater than 16 Only very tolerant crops yield well

* USDA (1954).

Salts that accumulate in surface soils may be reduced. by precipita-
tion, irrigation, and to a small extent by crop uptake. In the presence of
adequate precipitation or irrigation, the salts dissolve and are then car-
ried away in runoff or are leached into the subsoil., Leached salts may be
transported back to the soil surface as a result of evaporation if subse-
quent precipitation or irrigation does not occur. If a sufficient quantity
of drainage water passes through the soil profile, leached salts may be
carried farther into the subsurface and may intercept groundwater. The
concentration and quantity of salts present in drainage water and that re-
maining in the surface soll may be approximated by a mass balance approach
such as that proposed by Rhoades (1974).

In general, management of the soil-plant system to prevent damaging
salt accumulation in surface soils includes the following:

(1) limiting the amount of salt applied to the soil in
irrigation water or waste;

(2) wusing salt tolerant crops;

(3) maintaining a healthy vegetative cover or mulching;

(4) properly scheduling irrigation and waste applications; and
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TABLE 6.17 THE RELATIVE PRODUCTIVITY OF PLANTS WITH INCREASING SALT
CONCENTRATIONS IN THE ROOT ZONE*t1

I Productivity

Relative Productivity, I at Selected EC swhw/cm decresse per Selinicy
wudvy/cm Threshold
Plant 1 2 3 & 5 [ ] 7 10 1 12 1 s 13 16 17 18 19 0 21 2 23 2% increase 4
SENSITIVE:
Algecrisn tvy
(Beders canariessis) 100 (1} 62 33 o -_— 1.0
Almo
(Prunus dulcis) 100 L)} n 3s % 1L} [} 18 1.5
Apple
(Malus sylveserie)? 100 91 73 —_ 1.0
Apricot
(Pruous sreentiaca) 100 " 68 4 2 o 2 1.6
Avocs
(Perses americsna) 100 90 70 -— 1.0
Besn
(Phaseolus vulgaris) 100 8 62 43 3 6 Q 18.9 1.0
lhaﬁrry
(Rubus epp.) 100 89 67 L) 2 0 22.2 LS
Boysenberry
{Rubus ursiove) 100 89 &7 o 22 0 2.2 [ 183
Burford bolly
- (Ilex corouta) 100 a2 39 % 14 ] -_ 1.0
Carrot
{Daucus carota) 100 86 72 58 o 0 s 14.1 1.0
Calery
(Apius graveolens)? 100 90 735 — 1.0
Grapefrutlt
(Citrus paradiel) 100 ” 8l (3] 48 32 16 16.1 1.8
lhlveniy basboo
(Handine dowestics) 100 ] 75 61 &7 34 20 -— 1.0
Hibiscue (Hibisces
rosa-sinensis 100 86 2 58 42 » 15 -— 1.0
Lewon (Citrus Mwon) 100 91 75 —_ 1.0
Okes ( woschus
esculentus 100 90 - - _
Onion {Alllum caps) 100 a7 n 35 » 23 6 16.1 1.2
Orsnge
(Citrus sinensis) 100 93 g 63 48 32 16 15.9 1.7
Peach ( s pergica) 100 " 7 52 n 10 o 10.8 3.2
Pear (Enu lpp.i’ _ 100 L1} 75 _— L0
Pinapple guava
(Feijoa sellowians) 100 n 34 0 -—_ 1.2
Plus
(Prunus domestica) 100 1 L 55 3% 18 0 18.2 1.5
Prune
(Prunus domastica)’ 100 ”n 75 _— 1.0
Pittosporum
(Pittosporum tobira)* 100 89 79 € 60 0 & — 1.0
Raspbercy
(Rubus_idueus)’ 100 80 62 — 1.0
Rose
(Rosa spp-) 100 74 36 0 _— 1.0
Stra: rry
(Fragaria sp.) 100 67 b3} 0 313 1.0

~-cont irued—-
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TABLE 6,17 (coatinued)

Relative Productivity, I at Selected EC mmho/cm

Plant 1 2 b} 4 5 6 7 8 3 1 u 12 13 14 ' 15 16 17 18 19 20 21 22 23 24

I Productivity
decrease per
muho/ca
increase

Saliafty
Threshold
EC

Star Jassmine
(Iracheloapersum
Jaswinoides) 100 a3 61 40 18 [}

MODERATELY SENSITIVE:

Alfalfs

(Medicago mativa) 100 100 9 85 78 n 64 56 49 A2 M 27 20 12
Arborvitae

(Thuja orientsus »* 100 100 9 [1} n 62 52 41 33 24
Bottlebrush

(Callistewon

viminslis)?* 100 9% 85 17 68 59 50 41 »

100 96 86 76 63 54 43 32 21 It [}
8roadbesn (Vicla faba) 100 36 87 7 67 58 48 I3 B 19 10 o
Canl{Flower

(Brassics olexsce ’ 100 100 93 85

(Bragsica oleracea

" var. &pluui - ‘100 98 L] ” 69 59 50 4 30 20 11 1 [}
Clover, slsike, ladino

ted, strawberry

(Trifolioa spp.) 100 94 82 7 58 40 3 22 10 o

Cotn, forage :
(Zea mays) 100 9 91 84 76 69 61 % &7 ¥ 32 24 17 10
Corn, grain, sweet N

(Zea ways) 100 9 8 12 60 &8 ¥ 24 12 0

Cowpea

(Vigns ongutculata) 100 30 76 31 &7 » 19 4 0

Cucumber .

{Cuncunis estivue) 100 100 9% 81 68 S5 42 29 16 3 [}
‘Dodoues (Dedonia -

viscoss var. N

Atropurpures) 100 9% 86 ” 68 59 51 42 33 25 17 9 [}
Flax

(Vinum usitatissimcom) 100 96
Crape ‘ivltl-‘-py.’ 100 95
Joulper

(Juniperus chinensis) 100 9 a1 n 63 54 45 ¥ U 18 9 L]
Lantana ) )

(Lantans cemera) 100 92 02 n 62 St 41 36 2 9 0
Lettace

{Latuca sativas) 100 91 m 63 52 9 26 ‘13 L]
"Lovegrass -

(Eragroslis spp.) 100 100 92 83 75 66 58 49 41 32 24 15 70
Headow foxtatl

(Alopecurus
pratensis ] 100 95 a5 76 66 36 47 Ny 7 17 8 0

tHuekmelon
(Cucunts melo)? 1000 100 9 80

72 60 o8 E] 26 12 o
76 65 s? 47 » 28 18 9 0

33

==-contlmued——

12.0

7.4
12.0
14.3

13.0

2.0

2.0
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TAME 6.17 (coatloued)

I Productlvity

——continued—

Relative Productivity, I at Selected EC mmho/cm decresse per Salinitcy
wsho /ca Threshold
Plant 1 2 3 & 5 6 7 8 9 10 11 12 u 14 15 i6 17 |L] 19 20 21 22 23 24 focrease EC

Oleander

(Nertum oleander)* 100 100 93 86 79 72 65 S8 SI &% 37 30 24 — 2.0
Pea

(Pllun_--tl!!_-__)' 100 100 90 - 2.5
Pesnut

(Arachis hypogaca) 100 100 100 77 49 20 [} 28.6 3.2
Pepper

(Capsicum annum} 100 9 9 65 st 37 23 8 0 18,1 1.3
Potato

(Solanum tuberosum) 100 96 84 2 60 LL] 36 24 12 0 12.0 1.7
Pyracantha

{Pycacantha braperi) 100 99 90 81 72 62 5] 4) M 24 th 6 [ 9.1 2.0
Radish

(Raphanus sativus) 100 90 n 64 51 38 25 12 [} 13.0 1.2
Rice, Paddy

(Oryza sativa) 100 100 100 88 76 63 b1} 3 27 15 2 [} » 12.2 3.0
Sesbania

(Sesbanis exaltata) 100 100 95 as 81 74 67 60 53 47 40 33 26 19 1.0 .3
Spinach

(Spinacia oleracea) 100 100 92 85 7 10 62 55 &7 ¥ N 2 17 9 7.6 2.0
Squash .

(Cucurbica maxima)? 100 100 %0 T4 - 2.5
Sugercane (Saccharum

officinarum) 100 98 92 86 a1 75 69 63 57 51 L3 2. ) E LI ] 5.9 1.7
Sllverarry |

(Elseagnus pungens) 100 o5 87 78 69 59 50 41 32 23 15 16 0 _ 1.6
Sueet potato

(lpowces batatas) 100 95 84 n 62 st 40 9 13 7 0 11.0 .5
Texas privet

(Ligustrum lucidum) 100 94 L} 75 66 56 46 3 26 16 7 o 9.1 2,0
Tomato il.ycoprnlrm

esculentus) 100 00 95 13 ] 75 65 55 46 36 2 16 6 [} 9.9 2,3
Trefoll, Big

(Lotus uligivosus) 100 100 a7 68 49 30 1n [ 18.9 2.3
Vetch, Common

(Vicia sativa) 100 100 100 89 7 67 56 (13 3B 22 11 [} 1.1 3.0
Viburnun

(¥iburnua spp.) 100 90 n 58 L1 k1 20 10 0 1.2 L4
Xylosma

(Xylosma senticosa) 100 9% a1 &7 L13 40 27 14 0 13.3 1.5

MODERATELY TOLERANT:

Alkalt sacaton

(Spotobolus

airoides) 100 100 _— —_—
Barley, forage

(Hordeum vulgare) 100 100 100 100 100 100 k2 86 7% 72 65 S8 51 44 7 Jo 23 135 8 1.0 6.0
Beet, garden

(Beta vulgaris) 100 100 100 100 9 82 7 64 55 46 38 2 20 11 2 o 9.0 4.0
Broccoll

(Brassica oleraces

var, Capitata) 100 100 9 89 8o 7 61 52 O 3% 25 16 L ] .1 2.8
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TABLE 6.17 (coatinwed)

X Productivity

Relative Productivity, X at Selacted EC mmho/cm decresse per Salinity
wmho /e Threshold
Plant 1 2 ) 4 5 6 7 8 L4 10 11 12 13 34 15 16 17 8 14 20 21 22 23 2% increase BC
Matal Ploe
(Cartoss gremdtiflors)’? 100 82 -— 6.0
Rosemary (5*(1-3
lockwoods 100 95 85 75 &8 -— A5
Sogarbeet
(Bets vulgsris) 100 100 100 100 9% 88 B2 76 7L 6% 39 351 &7 A1 33 29 24 18 12 [ 0 5.9 7.0
Wheatgrass, crested
(Agropyron desartorwm) 98 %% 90 86 82 78 74 70 66 62 38 S& 50 A6 A2 38 34 30 26 22 18 4.0 3.5
Uhestgrass, fairvay
(Agropyron cristatum) 100 100 100 100 97 %0 B3 76 69 62 355 48 AL 34 2@ 21 14 7 [] 6.9 7.3
Wheatgraes, call
(?mmon elongatum) 100 100 100 100 98 94 6% 85 81 77 73 6B 6h 60 36 352 &7 4) 19 35 3 4.2 7.5
Wildcye, tal
(Biywus sogustus) 100 100 100 — -

* Bresler et al. (1982).
1 Balt coacentrstion Le shown ss tha electrical

ductivity of

¥ Tabled values are Mmeed on three data points svailable in the literature.

ed soil extracts (EC).
? Yabled wsloan sre estimates hmeed on the EC for a relative yleld of 90T and yield reductions for similar crops as EC increases.
+ The lower part of the ylald corve spproaches zaro asyeptotically to tha absicisss; only linesr data are shown.

*& Tebled valuas are bassd on thru'd-n poiats, productivity drope sharply towsrds sero for the lowsr 30X productivicy.



(5) prudent leaching of salts below the root =zone through
irrigation.

In addition, migration of unacceptable quantities of salts to ground or
surface waters may be controlled by:

(1) wusing soil erosion and runoff control practices;
(2) avoiding locations with shallow unconfined aquifers;

(3) 1limiting the amount of applied salt through optimum waste
application rates in conjunction with soil, soil water, and
groundwater monitoring; and

(4) wusing effective irrigation practices.

Where salts are anticipated to be a problem in a given waste, choice of a
site having at least moderately well drained soils is essential to maintain
the usefulness of the land treatment unit. In soils where a high water
table causes continued capillary rise of salts, subsurface drainage (e.g.,
drain tile or ditches) can be installed to lower the water table and the
associated capillary fringe.

Aside from these general guidelines, there is no reliable and widely
available means to quantify acceptable salt loading rates and management
practices. The approach described by the Salinity Laboratory Staff (USDA,
1954) is inappropriate to the case of intentional salt applications, and,
even if it were modified to better fit the given case, the method 1is too
simplistic to reliably yield results that are accurate enough for design
purposes. Therefore, it is recommended that this simplistic approach not
be patently applied to all situations. Some, more complex, computer models
which show promise are in developmental or modification stages (Dutt et
al., 1972; Franklin, personal communication). These models, however, would
require considerable alteration to apply generally and in a land treatment
context. Based on the current lack of a definitive solution to the prob-
lem, salt management questions in a land treatment 'system should be
referred to a soil scientist having specific experience regarding saline
and sodic soils. Other useful information can be found in a book by
Bresler and McNeal (1982).

6.1.4.2 Sodicity

Sodium, as a constituent of soluble salts contained in applied waste
or irrigation water, deteriorates soil structure and exhibits direct toxic
effects on sensitive crops. When soluble salts accumulate in the surface
soil, sodium salts may be preferentially concentrated in the soil solution
because of their higher solubility in comparison to the corresponding cal-
cium, magnesium, or potassium salts, Sodium 1ions are, therefore, more
available for plant uptake and to compete in cation éxchange reactions with
goil colloids. Sodic effects on soils and crops can be minimized by limit-
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ing the amount of applied sodium and by maintaining a favorable balance
between sodium ions and other basic cations in the soil solution.

Sodium affects soil structure by dispersing flocculated organic and
inorganic soil colloids. Dispersion occurs when sodium ions are adsorbed
to clay surfaces and colloidal organic matter causing individual particles
to repel one another, In addition, sodium ions can hydrolyze water mole-
cules resulting in elevated soil pH and dissolution of soil organic matter
that holds soil aggregates together (Taylor and Ashcroft, 1972). As soil
aggregates are collapsed by raindrop impact and tillage, the infiltration
capacity and hydraulic conductivity of the soil decrease significantly.
Air and water entry into soll is then restricted so runoff increases, soil
erosion increases, plants die, and oxidative waste degradation processes in
the soll are slowed. Sodium affected soils can be reclaimed by adding
various soil amendments and intensively managing the site. Reclamation
efforts, however, can be costly and are often ineffective. The threshold
sodium concentration of the soil solution. that results in dispersion of
s80oll colloids is influenced by several factors including the following:

(1) the relative concentration of sodium to calcium and magne-
gsium is commonly expressed as the sodium adsorption ratio
(SAR) where concentrations are expressed in normality

(meq/1)
[Na]

[Ca] + [Mg])l/2
2

SAR = (6.2)

(2) the salinity of the soil solution;

(3) physical and chemical soil properties;
(4) cropping and tillage practices; and

(5) 4irrigation and waste application methods.

Prediction of a threshold value in terms of sodium application to the soil
is therefore difficult. The USDA (1954) states that soil sodicity occurs
when the “percentage of exchangeable sodium exceeds 15 or the SAR of a
saturated soil paste extract exceeds 12. Other researchers, however, have
observed decreased infiltration rates when SAR values are as low as 5
(Miyamoto, 1979). Permeability is also decreased when the exchangeable
sodium percentage (ESP) increases. Figure 6.12 illustrates that hydraulic
conductivity is decreased by over 507% when the ESP is raised from 5 to 10%.
As with soil salinity, management schemes for predicting and controlling
sodicity have been developed for irrigated agriculture and assume steady
state conditions. To the extent that these schemes apply to land treatment
systems, the general approach assumes that the SAR should be maintained at
or preferably below 12. Management to achieve this objective would
logically fall into one of the following approaches:

(1) waste pretreatment or addition of calcium or magnesium salts
to maintain the SAR of the waste below the critical level;
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Figure 6- 12 .

HYDRAULIC CONDUCTIVITY
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Effect of increasing ESP upon hydraulic conductivity
(Martin et al., 1964). Reprinted by permission of
the Soll Science Society of America.



(2) calcium or magnesium salts (e.g., gypsum) amendements to
solils;

(3) applications of waste to larger areas of land; and

(4) allow SAR to exceed critical levels, then take corrective
action (the least attractive alternative).

Detalils of these approaches can be found in Overcash and Pal (1979).
Sodium affected solls can be diagnosed by the occurrence of decreased
infiltration rates, 1low aggregate stability., elevated levels of
exchangeable sodium, and elevated soil pH.

The phytotoxicity of sodium to various crops is listed in Table 6.18.
Sodium toxicity can occur through direct plant uptake of sodium and through

nutrient imbalance caused by an unfavorable calcium to sodium ratio (USDA,
1954).

TABLE 6.18 SODIUM TOLERANCE OF VARIOUS CROPS*

Tolerance Range Crop

Extremely Sensitive

(Exchangeable Na = 2-107%) Deciduous fruits

Nuts

Citrus

Avocado (Persea americana)
Sensitive
(Exchangeable Na = 10-207%) Beans (Phaseolus spp.)

Moderatley Tolerant
(Exchangeable Na = 20-40% Clover (Trifolium spp.)
Oats (Avena fatua) ’
Tall fescue (Festuca arundinacea)
Rice (Oryza sativa)
Dallis grass (Paspalum dilatatum)

Tolerant

(Exchangeable Na = 40-60%) Wheat (Triticum aestivum)
Cotton (Gossypium hirsutum)
Alfalfa (Medicago sativa)
Barley (Hordcum vulgare)
Tomatoes (Lycopersicon esculentum)
Beets (Beta vulgaris)

Most Tolerant

(Exchangeable Na exceeds 60%) Crested wheatgrass (Agropyron desertorum)
Fairway wheatgrass (Agropyron cristatum)
Tall wheatgrass (Agropyron elongatum)
Rhodesgrass (Chloris gayana)

* Pearson (1960).
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6.1.5 Halides

The halides are the stable anions of the highly reactive halogens,
fluorine (F), chlorine (Cl), bromine (Br) and iodine (I). Although halides
occur. naturally in soils, overloading a land treatment facility with wastes:
high in halides poses a toxic threat to soll microbes, cover crops and
grazing animals. Chloride, iodide, and probably fluoride are essential
nutrients to animals, however, only chloride is essential to plants. Each
of the halides is discussed below with respect to its sources in wastes,
background levels, mobility in soils, and plant and animal toxicity. The
fate of halogenated organic compounds 1s discussed in Section 6.2.3.4.

6.1.5.1 Fluoride

Fluoride is present in many industrial wastes including the process
wastes from the production of phosphatic fertilizers, hydrogen fluoride,
and fluorinated hydrocarbons and in certain petroleum refinery waste
streams. Fluorides occur naturally in soils at levels ranging from 30-990
ppm (Table 6.19).

TABLE 6.19 TYPICAL TOTAL HALIDE LEVELS IN DRY SOIL

PPM (Dry Weight)

Halide (Mean) (Range)‘ Reference
Bromide 10 (2-100) Bowen (1966)
(10-40) Martin (1966a)
Chloride 100 Bowen (1966)
Fluoride 200 (30-300) Bowen (1966)
240 Brewer (1966a)
345 (70-990) Gilpin and Johnson (1980)
Iodide 5 Bowen (1966)
2.83 (2.5-3.9)%* Aston and Brazier (1979)
(0.1-10) Martin (1966b)

* Todide deficient soils.

The mobility of fluoride in soil depends on the percentage of the
total fluoride that is water soluble. Fluoride solubility is dependent on
the kind and relative quantity of cations present in the soils that have
formed salts with the fluoride ion (F~). Sodium salts of fluoride (NaF)
are quite soluble and result in high soluble fluoride levels in soils low
in calcium. Calcium salts of fluoride (CaFy) are relatively insoluble
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and serve to limit the amount of fluoride taken up by plants or leached
from the soil.

Fluoride 1s not an essential nutrient to plants but may be essential
for animals; however, soluble fluorides are readily taken up by plants at
levels that may be toxlic to grazing animals. The upper level of chronic
lifetime dietary exposure of fluoride (dry weight concentration in the
diet) that will not result in a loss of production for cattle is 40 ppm and
for swine, 150 ppm (National Academy of Sciences, 1980). Chronic
fluorosis, a disease in grazing animals caused by excess dietary fluoride,
has reportedly resulted from industrial contamination of pastures and
underground water sources. Fluorosis can occur in grazing animals from the
consumption of water containing 15 ppm fluoride (Lee, 1975) or forage con-
taining 50 ppm fluoride (Brewer, 1966).

Phytotoxic concentrations of fluoride based on plant tissue content
and irrigation water fluoride content are given in Table 6.20. A tissue
concentration of only 18 ppm (dry weight) was toxic to elm, a sensitive
plant (Adams et al., 1957), yet, buckwheat survived tissue concentrations
of 990-2450 ppm fluoride (Hurd-Karrer, 1950). Tissue concentrations toxic
to various crops have been determined (Brewer, 1966a).

While liming a soil will temporarily decrease both plant uptake and
leaching of fluoride, the loading capacity allowed for fluoride in a land
treatment unit should take into account that liming will cease following
closure. Soils with high cation exchange capacities (CEC) that are high in
calcium and low in sodium have a higher long-term loading capacity for
fluoride than soils with lower CECs or higher sodium content. Leachate
concentrations of fluoride should not exceed the EPA drinking water stand-
ard. The EPA drinking water standard (Table 6.21) is dependent on climatic
conditions because the amount of water (and consequently the amount of
fluoride) ingested is primarily influenced by ailr temperature. The ration-
ale behind limiting the leachate concentration of fluoride to the drinking
water standard 1s that groundwater is a primary source of drinking water
and since groundwater is likely to remain in the same climatic zone (with
respect to where it may be used as drinking water) a graduated standard is
a reasonable guide for leachate quality.

6.1,5.2 Chloride (Cl)

Chlorides occur to some extent in all waste streams elther as a pro-—-
duction by-product (i.e., chlorinated hydrocarbon production wastes, chlor-
ine gas production, etc.) or as a contaminant in the water source used. A
typical value for chloride in soil is 100 ppm (Table 6.,19). Chloride is
very soluble and will move with leachate water.
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TABLE 6.20 PHYTOTOXICITY OF HALIDES FROM ACCUMULATION IN PLANT TISSUE AND

APPLICATIONS TO SOIL

Tissue Content

Toxic Level

in Tissue
Halide Plant (ppm dry wt.)* Reference
Fluoride Buckwheat (Fagopyrum
esculentum 2450-990 Hurd-Karrer (1950)
Elm (Ulmus sp.) 18 Adams et al. (1957)
Chloride Apple (Malus sp.) 0.24% Dilley et al. (1958)
Alfalfa (Medicago
sativa) 0.27% Eaton (1942)
Bromide Cabbage (Brassica
oleracea) 0.1% Martin (1966a)
Citrus seedling
(Citrus sp.) 0.17% Martin et al. (1956)
Todide Tomato (Lycopersicon
esculentum) 8.05 Newton and Toth (1952)
Buckwheat (Fagopyrum
esculentum) 8.75% Newton and Toth (1952)

Soil Applied in Irrigation Water (IW) or Water Soluble (WS)

Toxic Level

Halide Plant (ppm) Reference
Fluoride Tomato (Lycopersicon
esculentum) 100 (IW) ‘McKee and Wolf (1963)
Red Maple seedlings
(Acer rubrum) 380 (IwW) Maftoun and Sheilbany
(1979)
Chloride Pea (Pisium sativum) 9 (IW) Eaton (1966)
Oats (Avena sativa) 120 (IW) Eaton (1966)
Bromide Bean (Phaseolus
vulgaris) 38 (WS) Stelmach (1958)
Cabbage (Brassica
oleracea) 83 (wWs) Stelmach (1958)
Iodide Tomato (Lycopersicon
esculentum) 5 (WS) Newton and Toth (1952)
Buckwheat ZFagopzrum
esculentum) 5 (WS) Newton and Toth (1952)

* Unless otherwise noted.

1 Possible Cl-salt effect on toxicity.
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TABLE 6.21 EPA DRINKING WATER STANDARD FOR FLUORIDE*

Annual average of maximum daily
air temperatures (Degrees C)T Fluoride maximum (mg/1l)

12 and below 2
12.1 to l4.6 2
14.7 to 17.6 2,
17.7 to 21.4 1
21.5 to 26.2 1
26.3 to 32.5 1

* EPA (1976a).

! Based on temperature data obtained for a minimum of 5 years.

When soils are carefully managed to avoid leachate generation, chlor-
ide concentrations in the soil may increase rapidly. To avoid chloride
buildup in soils, the amount applied in wastes and irrigation water should
be balanced with the amount removed by cover crops and leached through the
soil profile.

Chloride is an essential element to both plants and animals. Al-
though, plants readily take up chloride, animals are generally unaffected
by concentrations in forage. Phytotoxicity generally occurs before plant
concentrations reach levels that would adversely affect grazing animals.
Phytotoxic levels of chloride with respect to its concentration in plant
tissue and irrigation water are given in Table 6.20.

Plant removal of chlorides can be increased by regularly harvesting
the stalk and leafy portion of the cover crop. Corn plants remove only 3
kg/ha/yr of chloride when harvested as corn; however, when the same crop is
harvested for silage over 35 kg/ha/yr of chloride is removed (Kardos et
al., 1974).. The concentration of chloride in soil solutions associated
with yield reductions in various crops have been determined (Van Beekom et
al., 1953; Van Dam, 1955; Embleton et al., 1978).

Loading rate considerations for chloride should include the amount
removed by plant uptake and the amount lost in leachate while keeping the
concentration in the soil below the phytotoxic level. Additionally, the
leachate concentration should not exceed the EPA drinking water standard
for chloride of 250 mg/1l.

6.1.5.3 Bromide

Bromide is present in several industrial wastes including synthetic
organic dyes, mixed petrochemical wastes, photographic supplies, production
wastes, pharmaceuticals and inorganic chemicals. Hydrogen bromide is pro-
duced for use as a soil fumigant in agriculture. Naturally occurring
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bromide concentrations in soil range from 2-100 ppm (Table 6.19). In addi-
tion to the bromide ion, other forms of this element that occur naturally
in soils, though at smaller concentrations, are bromate (Br03‘) and bromic
acid. Most bromide salts (CaBr, MgBr, NaBr and KBr) are sufficiently solu-
ble to be readily leachable in water percolating through soils. Conse-
quently, most of the bromide found in soils is organically combined.

Bromide is not an essential nutrient to plants or animals. Although
bromide is strongly concentrated by plants, reports of toxicity to animals
are scarce. Table 6.20 lists bromide concentrations that are phytotoxic
with respect to plant tissue content and the water soluble content in
soils. The upper level of chronic lifetime dietary exposure of bromide
(dry weight concentration in the diet) that will not result in a loss of
production for cattle and swine is 200 ppm (National Academy of Sciences,
1980). Loading rates for bromide should include consideration of plant
uptake and leachate losses to maintain the concentration in the soil below
phytotoxic levels.

6.1.5.4 Todide

Iodide 1is present in several industrial wastes including those gener-
ated by the pharmaceutical industry and the analytical chemical industry.
Iodides naturally occur in soils at levels ranging from 0.1-10 ppm (Table
6.19). It is only slightly water soluble (0.001 m) and is thought to be
retained in soil by forming complexes with organic matter and possibly by
being fixed with soil phosphates and sulfates (Whitehead, 1975).

Iodide is not essential for plant growth, but it is an essential
nutrient for animals. Soluble iodide in wastes will be readily taken up by
plants and animals consuming large quantities of iodide-rich forage may
ingest toxic levels. Phytotoxic concentrations of ilodide in plant tissues
and of water soluble ilodide in soils are given in Table 6.20. It should be
noted that toxic responses may be partially a result of excess salts not
iodide. The upper levels of chronic lifetime dietary exposure of iodide
(dry weight concentration in the diet) that will not result in a loss of
production for cattle is 50 ppm and swine, 400 ppm (National Academy of
Sciences, 1980). |

Loading rate calcuiations for the land treatment of wastes containing
iodide should include iodide taken up by plants and leached, from the soil
to maintain the concentration in the soil below phytotoxic levels.

6.1.6 Metals

The metallic components of waste are found in a variety of forms.
Metals may be solid phase insoluble precipitates, sorbed or chelated” by
organic matter or oxides, sorbed on exchange sites of waste constituents or
soll colloids, or in the soil solution, If an element 1is essentially
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insoluble at usual soil pH ranges (5.5-8.0) then the metal has a low con-
centration in the soil solution and cannot be absorbed by plants or leached
at an appreclable rate. If the metal 1s strongly sorbed or chelated, even
though it 1s not precipitated, it will have low plant uptake and low leach-
ing potential, If the metal 18 weakly sorbed and soluble, then it 1is
available for plant uptake or transport by leaching or runoff. When
present in this soluble form metals may accumulate in plants to excess.
Little specific information on metal immobilization is available so treata-
bility tests should be designed to determine the mobility of a given metal
in a given waste-site environment (Chapter 7).

Although many HWLT units will not use plants as a part of the ongoing
management plan, plant uptake of metals 1s discussed extensively in this
section since closure of sites generally requires a vegetative cover (EPA,
1982), Metals may be applied 1in excess of the phytotoxic level if they
continue to be immobilized in the treatment zone. However, since a vegeta-
tive cover will be necessary at closure (unless hazardous constituents show
no increase over background), highly contaminated soils may need to be re-
moved and disposed in another hazardous waste facility. This could
increase the cost associated with disposal and make consideration of more
land and lower loading rates a viable option.

Plants do not accumulate metals in a consistent proportional relation-
ship to soil concentrations. Thus, predictions of the plant concentrations
of a metal resulting from growing on metal containing soil is extremely
difficult. Due to the variability of soil properties and conditions, and
plant species, lists are given for each metal, when available, to provide
the broadest range of operating conditions.

The reaction of plants to metals in the growth media depends on
whether or not the element is plant essential. The upper half of Fig. 6.13
shows the response of plants to an essential nutrient. At low concentra-
tions the metal is deficient; at higher concentrations of the element the
plant reaches optimum growth and additional metal concentrations have
little effect; at very high concentrations the metal will become toxic.
The response of plants to nonessential metals, in which no deficiency
results, is shown in the lower half of Fig. 6.13.

Most positively charged metals remain in the treatment zone wunder
aerated conditions where they are immobilized, either temporarily or some-
what permanently, by the properties of the soil itself. The mechanisms of
metal retention by soil are described in Section 4.1.2.1 and include chemi-
sorption and electrostatic bonding. Chemical sorption is a motre permanent
type of metal retention than electrostatic sorption and is primarily due to
the mineralogy of the soil. Electrostatic bonding, or ion exchange,
increases as the CEC of the soil increases and is reversible. A direct
comparison between CEC and the sorption capacity of the soil is not possi-
ble, however, since competition between ions in the waste or present in the
native soil will influence the quantity of metal ions sorbed by the soil.

A variety of mathematical relationships has been used to quantify
sorption of metals to soils. These models, generally called isotherms,
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include the linear, Freundlich, Langmuir, two-surface Langmuir and various
kinetic sorption isotherms. The models provide a reasonably good basis for
interpolation of metal sorption and are extensively reviewed by Travis and
Etnier (1981) who include numerous references for a variety of metals.
Bohn et al. (1979) discuss isotherm theory in detail. Sorption isotherm
experiments may be 1ncluded as part of laboratory analysis for treatment
demonstration of metal immobilization.

The partitioning of metals between various chemical forms is a dynamic
process, regulated by equilibrium reactions. The initial behavior of the
metal after addition to the soil largely depends on the form in which it
was added, which in turn, depends on its source. A complex set of chemical
reactions, physical and chemical characteristics of the soil, and a number
of blological processes acting within the soil govern the ultimate fate of
metallic elements.

This section discusses the sources of metal enrichment to the environ-
ment as well as background soil and plant concentrations. The soll chemis-
try of each metal including solubility, metal specles and soill conditions
governing the predominant form of the metal are presented. Following a
review of metal chemistry, the fate of each metal in the soil, whether bio-
accumulated, sorbed by soil or waste constituents, or transported, is dis-
cussed. Finally, recommendations for metal loading are given based on
accumulation in the soil and plant and animal toxicity. These recommenda-
tions are generally based on the accumulation of the element within the
upper 15 cm (6 1in) of soil, or "plow layer,"” which is estimated to be
2 x 10 1b/acre or 2.2 x 106 kg/ha. In developing the recommendations,
consideration was given to the 20-year irrigation standards developed by
the National Academy of Sciences and National Academy of Engineering
(1972) which are based on the tolerance of sensitive plants, to metal
chemistry, and to other sources of information on plant and animal toxic-
ity. There are more data avallable on plant and animal toxicity to metal
concentrations in the soil than on the ability of the soil to immobilize a
given element. Consequently, treatability studies are generally needed to
determine if adequate immobilization of metals 1s occurring in a given soil
since the factors affecting immobilization are very site-specific.

6.1.6.1 Aluminum (Al)

Hazardous wastes containing Al 1include paper coating pretreatment
sludge and deinking sludge. It 1is one of the most abundant elements in
soils, occuring at an average concentration of 71,000 ppm.

Aluminum exists in many forms in soil. There are several Al oxide and
hydroxide minerals including Al(OH)3 (amorphous, bayerite, and gibbsite)
and A1O0H (diaspore and boehmite) (Lindsay, 1979). In soils with pH less
than 5.0, exchangeable Al is found as the trivalent ion (Bohn et al.,
1979). In an alkaline medium, Al is present as (Al1)OH4;~. Aluminum in
soll may be precipitated as Al phosphates; this reaction removes plant
essential phosphate from the soil solution. Where the NaOH:Al ratio is
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greater than 3:0, polymerization of Al and hydroxide ilons may lead to the
formation of crystalline Al hydroxide minerals (Hsu, 1977).

The most soluble form of Al found in most soils is Al(OH)3 (amor-
phous) and other Al oxides are somewhat less soluble. At pH 4.06, 96 ppm
soluble Al may be found in a particular soil solution, yet when the pH is
raised to 7.23, the Al concentration in the same soil solution is reduced
to zero (Pratt, 1966a). Aluminum i1s highly unstable in the normal pH range
of soils and readily oxidizes to a3t (Lindsay, 1979).

There is no evidence that Al 1s essential to plants. Sensitivity to
Al varies widely and some plants may be harmed by low concentrations of the
element in the growing media (Table 6.22). Very sensitive plants whose
growth is depressed by soil concentrations of 2 ppm Al include barley
(Hordeum vulgare), beet (Beta vulgaris), lettuce (Lactuca sativa) and
timothy (Phleum pratense). Tolerant plants depressed by 14 ppm Al are
corn (Zea mays), redtop (Agrostis gigantea) and turnip (Brassica rapa). An
interégffhg Al indicator plant is the hydrangea which produces blue flowers
if Al is available in the growth medium and pink flowers if Al is not
available (Pratt, 1966a). a

There are some accumulator plants that can tolerate large amounts of
Al. Accumulator plants that transport Al to above-ground parts include
club moss, sweetleaf (Symplocos tinctoria), Australian silk oak, and
hickory (Juncus sp.). Aluminum concentrations of 3.0-30 ppm have been
reported for ash (Fraxinus sp.) and hickory (Pratt, 1966a).

Loehr et al. (1979b) state that Al poses relatively little hazard to
animals. Cattle and sheep can tolerate dietary levels of 1000 ppm Al.
Poultry, considered sensitive to the element, can. tolerate dietary levels
of 200 ppm Al (National Academy of Sciences, 1980).

Aluminum levels in sludge seldom limit application rates, particularly
if the pH is maintained above 5.5 and the soil is well aerated (Loehr et
al., 1979b). With proper pH management, large amounts of Al may be land
applied.

6.1.6.2 Antimony (Sb)

The major producers of hazardous wastes containing Sb are the paint
formulation industry, textile mills, and organic chemical producers.
Concentrations of Sb range from 0.5~5 ppm in coal and 30-107 ppm in
petroleum, and urban air contains 0.05-0.06 ppm Sb (Overcash and Pal,
1979). The average concentration of Sb in plants 1is 0.06 ppm and the
average range of Sb in dry soils 1is 2-10 ppm (Bowen, 1966).

Naturally occurring forms of Sb include Sb sulfides (stibinite) and Sb
oxides (cervanite and valentinite). Antimony in soils usually occurs- as

Sb3t or Sb3t and is very strongly precipitated as Sby03 or Sby0s5 (Overcash
and Pal, 1979).
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TABLE 6.22 PLANT RESPONSE TO ALUMINUM IN SOIL AND SOLUTION CULTURE

Al
Concentration
(ppm) Media Species Effect Reference
1-2 Solution ‘Barley (Hordeum vulgare) 50% yield reduction Pratt (1966a)
1-2 Solution Sorghum (Sorghum bicolor) 50% yield reduction Ibid.
2-5 Solution Corn (Egg mays) 50% yield reduction Ibid.
2-8 Solution Kentucky bluegrass 20% yield reduction Ibid.
(Poa pratensis)
2-8 Solution Yellow foxtail 20% yield reduction Ibid.
4 Soil Sugar beet Significant root Keser et al. (1975)
(Beta vulgaris) growth reduction
6~8 Solution Rye (Secale cereale) 31% yield reduction Pratt (1966a)
6 Solution Wheat (Triticum aestivum) Tolerant Kerridge et al.
(1971)
7 Solution Cabbage No response Pratt (1966a)
(Brassica oleracea)
14 Solution Turnip (Brassica rapa) No response Ibid.
12 Solution Lovegrass (Eragrostis Serious injury Fleming et al.
secundiflora) & (1974)
tall fescue (Festuca
arundinacea)
13 Solution Pea (Pisum sativum) Reduced growth Klimashevsky et al.
(1972)
20 Solution Potato (Solanum No response Pratt (1966a)
tuberosum)
20 Sand Potato (S. tuberosum) Depressed growth Lee (1971a)
25 Acid soil Cotton (Gossypium Damage Velly (1974)
hirsutum)
32-80 Solution Colonial bentgrass 20% yield reduction Pratt (1966a)

(Agrostis fenuis)

——continued——
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TABLE 6.22 (continued)

Al
Concentration
(ppm) Media Species Effect Reference
32-80 Solution Red top (Agrostis 20% Yield reduction Ibid.
gigantea)
60 Solution Wheat (T. aestivum) Chlorosis of leaves Cruz et al. (1967)
100 kg/ha Glacial Barley'zgf vulgare) Significant yield Hutchinson and
till soil reduction Hunter (1979)
(pH 6.5)
120-130 Acid soil Maize (Zea mays) Damage Velly (1974)
2000 Solution Peach seedlings Severe toxicity Edwards et al.

(Prunus persica)

(1976)




Very high concentrations of Sb may present a hazard to plants and ani-
mals, though little information is available. A concentration of 4 ppm Sb
in culture solution has been shown to produce a toxic response 1in cabbage
(Brassica oleracea) plants (Hara et al,, 1977), Bowen (1966) points out
that Sb in industrial smoke may cause lung disease.

6.1.6.3 Arsenic (As)

Arsenic is contained in wastes from the production of certain herbi-
cides, fungicides, pesticides, veterinary pharmaceuticals and wood pre-
servatives. Arsenic levels in municipal sewage are varlable, ranging from
1-18 ppm (Loehr et al., 1979a). In addition, industries manufacturing
glass, enamels, ceramics, oil cloth, linoleum, electrical semiconductors
and photoconductors use As. The element 1is also used to manufacture pig-
ments, fireworks and certain types of alloys (Page, 1974).

In soils, the total As concentration normally ranges from 1-50 ppm,
though it does not generally exceed 10 ppm. Soils producing plants con-
taining As at levels toxic to mammals are found in parts of Argentina and
New Zealand (Bowen, 1966).

Research involving application of As compounds to agricultural soil-
plant systems has dealt primarily with an anions arsenate (AsO4' ) and
arsenite (AsO3‘ ). Arsenate 1is an oxidized degradation product from
organoarsenic defoliants and pesticides. Arsenite may be formed both bio-
logically and abiotically under moderately reduced conditions (Woolson,
1977), The reduced state of As (arsenite) is 4 to 10 times more soluble in
gsolls than the oxidized arsenate and, consequently, more prone to
leaching.

Cycling of As in the environment 1s dominated by sorption to soils,
leaching and volatilization (Fig. 6.14). The most important mechanism for
attenuation 1is sorption by soil colloids (Murrman and Koutz, 1972).
Arsenic movement in solls may be reduced by sorption to, or precipitation
by, iron (Fe) and aluminum (Al) oxides or calcium. The amount of As
sorbed by the soil increases as pH and clay, Al, and Fe content increase
(Jacobs et al., 1970). Movement of As in aquatic systems often results
from As sorption to sediments containing Fe or Al (Woolson, 1977). Wind
borne particles may also carry sorbed As. Reduction of Fe in flooded soils
may resolubilize As from ferric arsenate or arsenite to arsine or
methylarsines (Deuel and Swoboda, 1972).

Reduction of As compounds under saturated conditions can result in As
volatilization. Some As may be reduced to As3~ and then lost as arsine, a
toxic gas (Keaton and Kardos, 1940). 1In a study by Woolson (1977), how-
ever, only 1-2% of arsenate applied at a rate of 10 ppm was volatilized as
dimethyl arsine [(CHj3)9oAsH] after 160 days. High organic matter content,
warm temperatures and adequate moisture are the conditions conducive to
microbial and fungal growth. These conditions may cause the reduction of
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As and can drive the reaction toward methylation and subsequent volatiliza-
tion of As. Reducing conditions may also lead to an Iincrease in As as
arsenite which increases the leaching potential of the element.

Biomagnification through the food chaln does not occur with the arse-
nicals. Lower members of the aquatic food chain contain the highest As
residues (Woolson, 1977); typically brown algae contain about 30 ppm As and
mollusks contain about 0.005 ppm As (Bowen, 1966). 1In plants, the As con-
centration varies between 0.01-1.0 ppm. Even plants grown 1n solls
contaminated with As do not show higher concentrations of As than plants
grown on uncontaminated soil. The toxlcity of As 1limits plant growth
before large amounts of As are absorbed and translocated (Liebig, 1966).

There 1s no evidence that As 1s essential for plant growth. Arsenic
accumulates 1in much larger amounts in plant roots than in the tops.
Arsenic in soills is most toxic to plants at the seedling stage where it
limits germination and reduces viability. The concentration of As that is
toxic to plants was determined to be greater than 10 ppm by the National
Academy of Scilences and National Academy of Engineering (1972). Initial
symptoms of As toxicity include wilting followed by reduction of root and
top growth (Liebig, 1966).

Arsenic at 1 ppm in nutrient solution reduces root and top growth of
cowpeas (Vigna unguiculata) and concentrations of soluble As as low as 0.5
ppm in nutrient solution produce an 80% yield reduction in tomatoes
(Lycopersicon esculentum). Sudan grass (Sorghum sudanense), considered to
be quite tolerant, does mnot show growth reduction wuntil the As
concentration in the soll reaches 12 ppm (National Academy of Sciences and
National Academy of Engineering, 1972). Table 6.23 lists the response of
various crops to As levels iIn soll and solution culture, and it indicates a
wide response to As depending on the plant species.

The toxicity of As to animals results from 1ts interaction with the
sulhydryl groups or SH radicals of some enzymes (Turner, 1965). The inor-
ganlic forms of As are much more toxic than the organic forms which are more
rapldly eliminated by animals. Frost (1967) states that a dietary level of
10 ppm As will be toxic to any animal. There 1s little evidence that As
compounds are carcinogenic in experimental animals (Milner, 1969) although
studies 1indicate that human subjects chronically exposed to As compounds
have a significantly increased incidence of cancer (Yeh, 1973).

The greatest danger from As to livestock is in drinking water where As
is present as inorganic oxides. An upper limit of 0.2 ppm As 1is recom-
mended for livestock drinking water. A concentration of 0.05 ppm 1is the
upper allowable 1limit for As in water intended for human consumption
(National Academy of Sciences and National Academy of Engineering, 1972).

A review by Overcash and Pal (1979) indicates that As is toxic to
plants at soil application rates between 200 and 1000 kg/ha. However,
Table 6.23 indicates that some plant specles may be affected by less than
100 ppm As in the soil. A soil accumulation of between 100 and 300 ppm
appears acceptable for most land treatment units.
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TABLE 6.23 PLANT RESPONSE

TO ARSENIC IN SOIL AND SOLUTION CULTURE

As
Concentration
(ppm) Media Species Effect Reference
2-26 Soil Potatoes (Solanum None Steevens et al. (1972)
tuberosum)
8 Sand Rye (Secale cereale) Translocated to Chrenekova E. (1973)
shoots and leaves
50 Clay loam Horse bean (Vieia faba) Decreased growth Chrenekova C. (1977)
80 Silt loam Maize (Zea mays) Toxic Jacobs and Keeney
(1970)
85 Loamy sand Blueberry Plant injury Anastasia and Kender
(1973)
100 Soil Reed canary grass No effect Hess and Blanchar
(Phalaris arundinacea) (1977)
100 Soil Apple (Malus sp.) trees Decreased size Benson et al. (1978)
450 Soil Apple (Malus ap.) trees Zero growth Benson et al. (1978)




6.1.6.4 Barium (Ba)

Barium is found in waste streams from a large number of manufacturing
plants in quantities that seldom exceed the normal levels found in soil.
Normal background levels for soil range from 100-3000 ppm Ba (Bowen,
1966).

Although Ba is not essential to plant growth, soluble salts of Ba are
found in the accumulator plant Aragalus lamberti. Barium accumulation in
plants is unusual except when the Ba concentration exceeds calcium (Ca) and
magnesium (Mg) concentrations in the soil, a condition which may occur when
sulfate is depleted. Liming generally restores a favorable Ca:Ba balance
in soll (Vanselow, 1966a). All the soluble salts of Ba, which exclude Ba
sulfate, are highly toxic to man when taken by mouth. There 1is 1little
information available on which to base a Ba 1loading rate for HWLT
facilities.

6.1.6.5 Beryllium (Be)

Beryllium may be found in waste streams from smelting industries and
atomlc energy projects. The major source of Be in the environment 1s the
combustion of fossil fuels (Tepper, 1972). Soil concentrations generally
range from 0.1 to 40 ppm, with the average around 6 ppm.

Beryllium reacts similarly to aluminum. It undergoes isomorphic sub-
stitution as well as cation exchange reactions. It 1is strongly immobilized
in soils by sorption. It is present in the soil solution as Be2t and
it may displace divalent cations already on sorption sites. It 1s readily
precipitated by liming.

Beryllium becomes hazardous when found in soll solutions or ground-
water supplies. It may be taken up by plants at levels that result in
yield reduction; phytotoxicity of Be is caused by the inhibition of enzyme
activity (Williams and LeRiche, 1968). The growth inhibiting effects
usually recognized in higher plants are reduced as the pH is raised above
6.0, and it has been proposed that the decreased toxicity i1s caused by Be
precipitation at high pH levels (Romney and Childress, 1965). The response
of plants to Be applied to soil is given in Table 6.24 which indicated that
40 ppm Be in soil did not cause a yleld decrease in neutral pH soils but
substantially decreased plant yilelds in quartz soils. Table 6.25 illus-
trates that a very soluble Be salt will decrease plant ylelds substantially
when present in soil concentrations of 20 ppm.

209



TABLE 6.24 YIELDS OF GRASS AND KALE WITH LEVELS OF BERYLLIUM IN QUARTZ AND

SOIL*
Mean Yield of
Soluble Be Fresh Matter (G)
Soil pH Added (ppm) Grass Kale
Lincolnshire 7.5 0 13.3 36.0
0.4 17.2 v‘46.0
40,0 19.9 42.8
Hertfordshire 7.5 0 21.3 44,8
0.4 31.0 55.6
40.0 25.0 57.0
Quartz t 0 6.4 2,8
0.4 7.9 1.8
40.0 0.1 o.l

* Williams and LaRiche (1968).
t Not available.

TABLE 6.25 YIELD OF BEANS GROWN ON VINA SOIL TREATED WITH BERYLLIUM SALTS
DIFFERING IN SOLUBILITY*

Be Applied to Soil

Solubility of Be Salt Yield Dry Plant

Form ppm g/100 ml1 Cold Water Tops (g)
BeO 2.3 x 1073

0 8.76

10 8.72

20 8.64
(BeOs5) CO, 5H90 Insoluble

0 8.68

10 8.36

20 8.30
BeSO, 4H0 42,5

0 8.81

10 7.03

20 5.92
Be(NO3)2 3H90 Very soluble

0 8.31

10 6.09 .

20 2.97

* Romney and Childress (1965).
210



Beryllium is a suspected carcinogen. Experimental data indicate Be causes
cancer in animals and epidemiological studies report a significant increase
in respiratory cancers among Be workers (Reeves and Vorwald, 1967; Mancuso,
1970).

Recommendations established in the National Academy of Science and
National Academy of Engineering (1972) Water Quality Criteria limit irriga-
tion over the short-term to water containing 0.50 ppm Be; water for long-
term irrigation is limited to 0.20 ppm. The use of irrigation water con-
taining the upper limit of the acceptable Be concentration recommended by
the National Academy of Sciences and National Academy of Engineering (1972)
is equivalent to an accumulation of 50 ppm Be in the soil. Table 6.24 shows
that soil concentrations of 40 ppm do not cause a decrease in plant yields
if applied to a neutral pH soil. Thus, a comparison of the irrigation
water standard and the phytotoxic 1limit appears to provide a reasonable
estimate of the acceptable cumulative soil Be level of 50 ppm.

6.1.6.6 Cadmium (Cd)

Cadmium is used in the production of Cd-nickel batteries, as pigments
for plastics and enamels, as a fumicide, and in electroplating and metal
coatings (EPA, 1980a). Wastes containing significant levels of Cd include
paint formulating and textile wastes. The estimated mean Cd concentration
of soil is 0.06 ppm, ranging from 0.01-0.7 ppm (Siegel, 1974).

The soil chemistry of Cd is, to a great extent, controlled by pH.
Under acidic conditions Cd solubility increases and very little sorption of
Cd by soil colloids, hydrous oxides, and organic matter takes place
(Anderson and Nilsson, 1974). Street et al. (1977) found a 100-fold
increase in Cd sorption for each unit increase in pH.

Solid phase control of Cd by precipitation has been reported under
high pH conditions. Figure 6.15 illustrates that the formation of Cd(OH),
controls the equilibrium concentration of Cd at high pH values. Precipita-
tion of Cd with carbonates (CdCO3) and phosphates (Cd3(P04)9) may regu-
late Cd concentration in the soll solution at low pH values. Under reduc-
ing conditions, such as poorly drained soils, the precipitation of Cd sul-
fide may occur. Since this compound is relatively stable and slowly oxi-
dized, a lag occurs between the formation of Cd sulfide and the release of
Cd to the soil solution,

Cadmium may also be sorbed by organic matter in the soil as soluble or
insoluble organometallic complexes or by sorption to hydrous oxides of iron
and manganese (Peterson and Alloway, 1979). Evidence suggests that these
sorption mechanisms may be the primary source of Cd removal from the soil
solution except at very high Cd levels. Column studies by Emmerich et al.
(1982) show that no leaching of Cd occurred from sewge sludge amended
solls, all of which had CEC values between 5 and 15. Of the 25.5 ppm Cd
applied to the Ramona soil, 24.7 ppm or 97% of the Cd was recovered from
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the columns. Yet, as the equilibrium between sorbed Cd and soil solution
Cd changes, some sorbed Cd may be released to the soil solution.

Land treatment of Cd containing waste can affect microbial populations
as well as plant and animal life. Microorganisms exhibit varying degrees
of tolerance or intolerance toward Cd. Williams and Wollum (1981) found
that 5 ppm Cd in the growing media retards Actinomycete and soil bacteria
growth, but at concentrations greater than 5 ppm, the microorganisms
exhibited a tolerant response and the tolerant population attained domi-
nance in the cultures. Borges and Wollum (198l1) reported Rhizobium
japonicum strains associated with soybean (Glycine max) plants showed
tolerance to Cd and that after time, R. japonuim strains develop the abil-
ity to accomodate the element.

The long~term avallability of Cd to plants is related to several soil
properties, the presence of other 1lons in the soil solution, and the plant
species. Soil organic matter, hydrous oxides, redox potential, and pH (the
dominant factor) influence the concentration of Cd in the soil solution as
well as its availability to plants. Liming reduces Cd uptake by plants and
increases Cd sorption by soil (CAST, 1976), while acidification releases
the Cd bound in hydrous oxides. High organic matter in soil reduces plant
uptake of the element (White and Chaney, 1980).

Cadmium absorbed by plant roots 1s slowly translocated to the leaf and
stem. The metabolic processes responsible for Cd absorption are influenced
by temperature (Schaeffer et al., 1975; Haghiri, 1974) and other minerals
in the nutritive solution (Cunningham et al., 1975; Miller et al., 1977).
Chaney (1974) proposed that zinc-cadmium interactions reduce the amount of
Cd taken up by plants when the concentration of Cd is less than 1% of the
zinc (Zn) content in the sludge. This is due to the competition of Zn and
Cd for -SH groups of proteins and enzymes in plants. Since the content of
Zn and Cd taken up by plants is not always related to the concentration in
waste, the principle of the Zn-Cd interrelatiomnship should not be the sole
basis for determining loading rates. Calcium ‘has been shown to depress Cd
content in plants because these divalent cat;oné compete for adsorption by
Toots.

Crops differ markedly in their Cd accumulation, tolerance and trans-
location. The foliar Cd concentrations assoclated with phytotoxicity wvary
in different crops from 5 to 700 ppm, dry weight (Chaney et al., 1981) yet
the phytotoxicity of Cd does not limit Cd in crops to acceptable limits for
animal consumption. Soil additions of Cd at a rate of 4.5 kg/ha/yr for two
consecutive years raised the Cd content of corn (Zea mays) leaves from 0.15
to 0.71 ppm, while the increase was less significant to grain (Overcash and
Pal, 1979). Cadmium additions ranging from 11 to 7640 ppm in soil resulted
in reduced yields of various forage crops (Table 6.26). Melsted (1973)
suggested a tolerance limit of 3 ppm Cd in agronomic crops. The influence
of Cd concentration on the growth of various plants is given in Table 6.27.
The yield and Cd concentration in the leaves of bermudagrass grown in
sewage sludge containing Cd are given in Table 6.28. Recently, Cd toler-
ance has been found in grasses in some populations from Germany and Belgium
(Peterson and Alloway, 1979). Tomato (Lycopersicon esculentum) and cabbage
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(Brassica oleracea) are considered Cd tolerant and soybean (Glycine max) is
considered rather sensitive.

TABLE 6.26 CADMIUM ADDITION TO A CALCAREOUS SOIL ASSOCIATED WITH A 50%
YIELD REDUCTION OF FIELD AND VEGETABLE CROPS*

Cd Addition rate
reducing yield 50%

Crop mg/kg
Soybean (Glycine max) 11
Sweet corn (Zea mays) 35
Upland rice (Oryza sativa) 36
Sudan grass (Sorghum sudanense) 58
Field bean (Phaseolus sp.) | 65
Wheat (Triticum aestivum) 80
Turnip (Brassica rapa) 100
White clover (Trifolium sp.) 120
Alfalfa (Medicago sativa) 145
Swiss chard (Beta vulgaris var. Cicla) 320
Tall fescue (Festuca arundinacea) 320
Bermudagrass (Cynodon dactylon) 400
Paddy rice (Oryza sativa) 7,640

* Page et al. (1972).

Cadmium can be quite toxic to aquatic organisms, even in concentra-
tions of less than 1 ppm Cd in water; therefore, runoff or movement of
particles containing Cd into water must be avoided. Coombs (1979) reviewed
the Cd content in fish, marine mammals, invertebrates, and plankton‘and
determined the toxic levels of Cd for each species., Experimental +data
indicate that Cd causes cancer in animals (Lucis et al., 1972). However,
there have not been any large scale epidemiological studies to show signif-
icant association between occupational exposure to Cd and cancer in workers
(Sunderman, 1977). Acceptable Cd levels for crops used for animal feed or
human consumption have not. been established although ‘adverse health effects
from prolonged consumption of food grown on Cd enriched soils 1s well
documented (Tsuchiya, 1978; Friberg et al., 1974).

The National Academy of Sciences and National Academy of Engineering
(1972) and Dowdy et al. (1976) suggest maximum cumulative applications of
Cd should not excéed 3 mg/kg or 10 ppm when added in sewage sludge. EPA
cumulative criteria have adjusted  application levels to 5 kg/ha Cd for
soils with a pH less than 6.5 and for soils with a pH greater than 6.5,
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TABLE 6.27 PLANT RESPONSE TO CADMIUM IN SOIL AND SOLUTION CULTURE

Cd
Concentration
(ppm) Media Species Effect Reference
1 Solution Purple nutsedge Growth reduction Quimby et al. (1979)
1 Soil Pin oak (Quercus Chlorosis Russo and Brennan (1979)
palustris) Reduced root Lamoreaux et al. (1978)
2 Rooting Honeylocust growth
medium (Gleditsia triacanthos)
3-5 Soil Soybean (Glycine max) Depressed growth Miller et al. (1976)
4 Sand Soybean (G. max) Severe growth Chaney et al. (1977)
- reduction
5 Solution Rice (Orzya sativa) Growth redution Saito and Takahashi
seedlings (1978)
10 Soil Wheat (Triticum aestivum) Reduced growth Keul et al. (1979)
25 Soil Beans (Phaseolus aureus) Growth inhibition Jain (1978)
25 Soil Maize (Zea mays) Depressed growth Hassett et al. (1976)
30 Soil (Rudbecki hirta) 25% germination Miles and Parker (1979)
reduction
50 Soil Oats (Avena sativa) Chlorsis Kloke and Schenke (1979)
50 Soil Soybean (G. max) Relatively Boggess et al. (1978)
(pH 7.3) resistant
65 Solution Cotton (Gossypium Yield reduction Rehab and Wallace
hirsutum) (1978d)
100 Sandy Little bluestem Tolerant Miles and Parker (1979)
soil (Schizachyrium scoparium)
100 Soil White pine (Pinus strobus) Reduced yield Kelly et al. (1979)
600 Yolo silt Cotton (G. hirsutum) 15%Z yield reduc— Rehab and Wallace
loam tion (1978e)
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TABLE 6.28 CADMIUM CONTENT OF BERMUDAGRASS ON THREE SOILS WITH DIFFERENT APPLICATIONS OF SEWAGE

SLUDGE

Sludge applied
per hectare,

Cd added per
gram of soil

Domino Soil

Harford Soil

Redding Soil

Cd per gram of

Cd per gram of

Cd per gram of

metric tomns mg pH dry matter, mg pH dry matter, mg pH dry matter, mg
80 0.40 6.6 0.41 5.6 0.44 5.6 1.55°
80 0.59 6.7 0.40 5.4 0.49 5.4 2.94
80 1.08 6.8 0.78 S.4 1.60 5.1 5.68
80 1.56 6.8 0.85 5.5 1,73 5.2 4,65
80 2.05 6.8 1.30 5.5 2.95 5.4 4.02
80 3.03 6.8 2.64 5.6 4,00 5.3 6.60
80 4.00 6.7 3.56 5.5 3.52 5.1 8.72

* Page (1974).



maximum cumulative amounts of Cd are allowed to 1increase with CEC
(5 meq/100 g, 5 kg/ha; 5-15 meq/100 g, 10 kg/ha; and >15 meq/100 g,
20 kg/ha) (EPA, 1982). It is recommended that the level of Cd in wastes be
reduced to below 15-20 mg Cd/kg waste by pretreatment if at all possible.
This review indicates soil microbial populations can be affected by soil
concentrations of 5 ppm, but plant populations exhibit a high tolerance for
the element. Therefore, the basis for Cd loading should not be phytotoxic
response but the ability of the soil to immobilize Cd. Liming the soil
supplies carbonates and calcium ions which help immobilize Cd. Liming also
serves to maintain an equilibrium between the soluble and precipitated
forms of Cd in soll, thus reducing the hazard of Cd mobilization.

6.1.6.7 Cesium (Cs)

Cesium metals are used in research on thermoionic power conversion and
ion propulsion. Cesium~137 contamination may occur by nuclear fallout.
Cesium-137 1s a beta emitter with a half life of 33 years. Soil concentra-
tions range from 0.3-25 ppm Cs, with an average of 6 ppm (Bowen, 1966).

Although Cs 1is retained in field crops and grasses over long periods
of time, phytotoxic levels have not been reported. One explanation of Cs
tolerance may be that potassium (K) provides protection against plant con-
tamination by Cs since the two monovalent cations may compete for plant
absorption (Konstantinov et al., 1974). Cesium uptake in plants increases
with nitrogen fertilization, possibly reflecting exchangeable Cs concentra-
tions in soil. Fertilization with phosphorus and potassium decreases Cs
concentrations 1in most plants. Weaver et al. (1981) found that kale
(Brassica campestris) accumulated more Cs-137 in the early stages of growth
than after four weeks of growth. The average concentration of Cs in plants
is 0.2 ppm, and pytotoxicity would not be expected in Cs amended soils 1if
adequate K is available.

6.1.6.8 Chromium (Cr)

The sources of Cr 1in waste streams are from its use as a corrosion
inhibitor and from dyeing and tanning industries. Chromium i1s used in the
manufacture of refractory bricks to line metallurgical furnaces, chrome
steels and alloys, and in plating operations. Other uses of Cr include
topical antiseptics and astringents, defolliants for certain crops and
photographic emulsions (Page, 1974). Chromium is widely distributed in
soils, water, and biological materials. The range of Cr in native soils is
1-1000 ppm with an average concentration of 100 ppm Cr (Bowen, 1966).
Soils derived from serpentine rocks are very high in Cr and nickel.

The Cr in most industrial wastes is present in the +6 oxidation state
as chromate (Cr04’2) or as dichromate (Cr207‘2). In this +6 or hexavalent
form, Cr is toxic and quite mobile in soll. Under acid conditions there is
a conversion from chromate to dichromate. Soluble salts of Cr, such as
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sulfate and nitrate, are more toxic than insoluble salts of Cr such as
oxides and phosphates. This toxicity becomes more important as the acidity
of the soll is increased (Aubert and Pinta, 1977), Overcash and Pal (1979)
state that in an aeroblc acid soil, hexavalent Cr is quickly converted to
the less toxic trivalent Cr or chromic, which is quite immobile; they con-
sider the trivalent form to be relatively inert in soils. The oxidation of
trivalent to hexavalent Cr has not been documented in field studies but
does warrant further consideration because of the extreme toxlcity and
mobility of the hexavalent form.

Downward transport of Cr will be more rapid in coarse-~textured soils
than in fine textured soils because of the larger pores, less clay and
faster downward movement of water. Chromium (III) forms precipitates
readily with carbonates, hydroxides and sulfides and would likely be 3
means of reducing leaching (Murrmann and Koutz, 1972). These precipita-
tion reactions are also favored by a pH>6. Data from Wentink and Edzel
(1972) show that these different soils were capable of almost 100%Z reten-
tion of Cr(III). .

Chromium has been shown to be toxic to plants and animals, and recent
studies indicate it may also be toxic to soil microorganisms. Ross et al,
(1981) found that levels as low as 7.5 ppm in the growth media were toxic
to gram negative bacteria including Pseudomonas and Nocardia. This indi-
cates that soil microbilal transformations such as nitrification and hydro-~
carbon degradation may be adversely affected by Cr, Rudolfs (1950)
reviewed the literature on metals in sewage sludge and recommended a 5 ppm
limit for Cr+6 in sewage sludge which is land treated. Mutations in bac-
terial populations have also been observed in bacteria grown in the
presence of Cr+6 (Petrilli and De Flora, 1977). .

Many investigators have found that Cr is toxic to plants., Dichromate
is apparently more phytotoxic than chromate (Pratt, 1966b) and that both of
these tetravalent forms are more toxic than the trivalent state (Hewitt,
1953).  Application of 75 ppm Cr to soil is not toxic to sweet-orange
(Citrus sinensis) seedlings, but additions of 150 ppm Cr are toxic. In
sand cultures, 5 ppm Cr as chromate ion was toxic to tobacco (Nigotiana
tabacum) and 10 ppm was toxic to corn (Zea mays) (Pratt, 1966b), Plants
affected by Cr toxicity are stunted and frequently have narrow, discolored
and necrotic leaves (Hunter and Vergnano, 1953).

There is some indication that Cr.is accumulated in plant roots, The
influence of plant Cr concentration on plant growth is given in Table 6,29
which indicates that some plants experience decreased yield at soil concen-
trations as low as 0.5 ppm Cr, These data indicate that the phytotoxic con-
centration is greater than 10 ppm. Soane and Saunder (1959) found the Cr
content of tobacco roots to be twenty times higher than in the leaves of
plants showing symptoms of Cr toxicity. They found only slightly higher Cr
levels in the leaves of plants showing toxic symptoms than in leaves of
healthy plants. Therefore, translocation of Cr from roots to the plant
tops apparently is not a serious problem. This does not, however, elimi-~
nate Cr as a toxic element since it has a definite toxic effect on roots,
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TABLE 6.29 PLANT RESPONSE TO CHROMIUM IN SOIL AND SOLUTION CULTURE

Amount of
Cr (ppm) Media Species Effect Reference
.01 Silt soil Fescue (Festuca No increase in Stucky & Newman (1977)
- clatior) & alfalfa plant Cr
(Medicago sativa)
0.5 Solution Soybean (Glycine Reduced yield Turner and Rust (1971)
max)
4.8 Sand Mustard Decreased yield Gemmell (1972)
5.2 Solution Cotton (Gossypium 83% yield reduction Rehab and Wallace (1978b)
hirsutum)
10 Pot experiments Mustard Toxic Andrziewski (1971)
10 Solution Oat (Avena sativa) Iron clorosis Hewitt (1953)
10 Soil Soybean (G. max) Reduced yield Turner and Rust (1971)
25 ‘Pot experiments Mustard o Toxic Andrziewski (1971)
30-60 Solution Soybean (G. max) Toxic Turner and Rust (1971)
52 Pot experiments Potato (Solanum Threshold of Mukherji and Roy (1977)
- tuberosum) toxicity
seedlings
55 Sandy loam Rye (Secale No increase in Kelling et al. (1977)
cereale) plant Cr
100-200 Yolo loam Bush bean Decreased yield Wallace et al. (1976)
(Phaseolus
limensis)
128-640 Sand & peat Mustard Reduced yield Gemmell (1972)
150 Soil Sweet orange Toxic Pratt (1966b)
(Citrus sinensis)
400 Submerged soil Rice (Oryza sativa) Slight yield Kamada and Doki (1977)
reduction
300-500 Soil Rice (0. sativa) Silva and Beghi (1979)

No effect




Chromium is essential for glucose metabolism in animals and its activ-
ity is closely tied to that of insulin (Scott, 1972).  Although Cr is
highly toxic to many invertebrates, it is only moderately toxic to higher
animals, and most mammals can tolerate up to 1000 ppm Cr in their diets,
In animals, however, experimental data have shown conclusively that Cr in
the hexavalent form can cause cancer (Hernberg, 1977). The predilection of
workers in Cr plants to respiratory cancer has been thoroughly documented
in several studies and has been reviewed by Enterline (1974). ‘

The use of irrigation water containing the upper limit of the accept-
able concentration of Cr recommended by the National Academy of Sciences
and National Academy of Engineering (1972) is equivalent to an accumulation
of 1000 ppm Cr in the soil. Information obtained from this study indicates
that the phytotoxic level of Cr in soil is highly variable, depending on
the soil type and plant species, but can be as low as 25 ppm. Therefore, a
more suitable criteria on which to base loading rates would be the amount
of Cr immobilized by the soil as determined from demonstration of treat-
ability tests.

6.1.6.9 Cobalt (Co)

Cobalt is used in the production of high grade steel, alloys, super-
alloys and magnetic alloys. It 1is also used in smaller quantities as a
drier in paints, varnishes, enamels and inks. Compounds of Co are also
used in the manufacture of pigments and glass (Page, 1974). The concentra-
tion of Co in solls ranges from 1-40 ppm with an average of 8 ppm (Aubert
and Pinta, 1977). Extensive areas can be found where the Co level in soil
is deficient for animal health (Bowen, 1966).

The availability of Co is primarily regulated by pH and 1is usually
found in soils as Co4t. At low pH it 1s oxidized to Co3* and often found
associated with iron (Ermolenko, 1972). Adsorption of Co 2t on soil col-
loids is high between pH 6 and 7 (Leeper, 1978), whereas leaching and plant
uptake of Co are enhanced by a lower pH. Cobalt sorbed on soil exchange
sites 1is held more strongly than the common cations and can revert to a
more strongly sorbed form over time (Banerjee et al., 1953). Soils natur-
ally rich in Co have a high pH (Aubert and Pinta, 1977). 1If Co is added to
solls containing lime, precipitation of Co with carbonates can be expected
(Tiller and Hodgson, 1960).

Cobalt is water soluble when in the form of chloride, nitrate and sul-
fate salts. At a pH of 7, Co is 50-80% soluble when it is associated with
cations such as ammonium, magnesium, calcium, sodium and potassium. At pH
8.5 Co becomes less soluble and cobaltous phosphate, a compound which is
relatively insoluble in water, may regulate solubility (Young, 1948). In
soils, Co is bound by organic matter and is very strongly sorbed or copre-
cipitated with manganese oxides (Leeper, 1978).

There is no evidence that Co is essential for the growth and develop-
ment of higher plants. It is, however, required for the symbiotic fixation
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of nitrogen by nodulating bacteria associated with legumes (Ahmed and
Evans, 1960 & 1961; Delwiche et al., 1961; Reisenauer, 1960). Excessive
amounts of Co can be toxic to plants. Symptoms of Co toxicity vary with
species but are frequently described as resembling that of iron deficiency
(Vanselow, 1966b). In solution cultures, Co concentrations as low as 0.1
ppm produce toxic effects in crop plants. Cobalt applications to soil of
0.2 ppm had no effect on bean (Phaseolus sp.) growth in a study by dos
Santos et al. (1979). In greenhouse experiments, Fujimoto and Sherman
(1950) found Sudan grass (Sorghum sudanense) to be unaffected by an appli-
cation rate equivalent to 224 kg/ha which resulted in a Co content in
plants of 3—-6 ppm. Phytotoxicity from soil Co occurs in plants containing
50-100 ppm and follar symptoms are apparent at these levels (Hunter and
Vergnano, 1953).

A recent study indicates that plants grown in a Co contaminated soil
overlain by uncontaminated soil will accumulate large concentrations of the
metal as shown in Fig. 6.16 (Pinkerton, 1982)., This appears to be due to
healthy vigorously growing roots encountering the elevated soil Co as
opposed to having to develop in the high Co soil. This research implies
that proper mixing of the Co waste and the soil is essential to preventing
excessive plant accumulation of Co.

Most plants growing in soils with native Co concentrations do not
accumulate Co and values exceeding 1 ppm are rare. Yet when growing in Co
enriched media, these same speclies may accumulate the element and show
yield reductions (Table 6.30). Yamagata and Murakami (1958) found 600 ppm
Co in alder (Alnus sp.) leaves, while white oak (Quercus alba), chestnut,
saxifrage and dogwood (Cornus florida) growing in the same area had 2-5 ppm
Co in leaf ash. Swamp blackgum (Nyssa sylvatica) has also been found to
contain a higher concentration of Co than grasses growing in the same area
(Vanselow, 1966b). Blackgum is such a good indicator of Co status in a
soll that Kubota et al. (1960) consider an area to be Co deficient for
grazing animals when the concentration of Co in blackgum trees is less than
5 ppm; this method may be used to 1indicate soils suitable for amendment
with Co-rich waste. The level of Co in cucumbers (Cumcumis sativus) and
tomatoes "~ (Lycopersicon esculentum) 1s increased by 1increasing the Co
additions in nutrient solution (Coic and Lesaint, 1978), yet applications
of 0.5-2 kg Co/ha had no effect on the Co concentration of the metal in red
clover (Trifolium pratense) hay (Krotkikh and Repnikov, 1976).
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TABLE 6.30 PLANT RESPONSE TO COBALT IN SOIL AND SOLUTION CULTURE

Co
Concentration
(ppm) Media Species Effect Reference
5 Solution Cabbage 50% yield Hara et al.

(Brassica reduction (1976)
oleracea)

25 Soil Corn seedlings Top injury  Young (1979)
(Zea mays)

40 Soil Oats (Avena Toxic Young (1979)
sativa)

100 Soil General Threshold Allaway (1968)

toxicity

400 Solution White bean 347% yield Rauser (1978)

(Phaseolus sp.) reduction

Cobalt is required by animals because it is the central atom in vita-
min By (Rickles et al., 1948). Although vitamin B;, is synthesized by
microorganisms in the ruminant gut, Co must still be supplied in the diet
(Sauchelli, 1969). Since Co 1is essential for ruminants, pasture plants
deficient in it cause a dietary deficiency of Co which is the cause of a
progressive emaciation of ruminants (McKenzie, 1975). Areas where Co
deficiency in animals was observed had forage which contained less than 2.5
ppm Co. Extremely high Co levels in forage can also result 1in toxicity to
grazing animals; however, Co toxicity in livestock has not been reported
under field conditions. The National Academy of Science (1980) established
100 ppm Co in plant dry matter as the acute level for ruminants.

The use of irrigation water that contains the upper limit of the
acceptable concentration of Co recommended by the National Academy of
Sciences and National Academy of Engineering (1972) is equivalent to an
accumulation of 500 ppm Co in the upper 15 cm of soil. However plant
toxicity results at soil concentrations well below this value, depending on
plant species. Animal health is affected by plants containing 100 ppm Co.,
therefore loading rates should be based on soil concentrations which pro-
duce plants with Co concentrations less than 100 ppm. A conservative
value for cumulative Co of 200 ppm in the soil 1is suggested to immobilize
the element as well as to avoid excess plant uptake.
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6.1.6.10 Copper (Cu)

Significant amounts of Cu are produced in wastes from textile mills,
cosmetics manufacturing, and sludge from hardboard production. Soil Cu
contents range from 2-100 ppm with an average around 30 ppm (Bowen, 1966).

The abundance of Cu enrichment to the environment has prompted studies
of the behavior of the element in relation to soll properties. Copper
retention in soils 1s dependent on pH; sorption of Cu increases with
increasing pH. In kaolinitic soils where clay surfaces have .a net negative
charge with increasing pH, the amount of Cu desorbed increased as the pH
was lowered from 6 to 2 (Kishk and Hassan, 1973)., The lack of adsorption
of Cu at a low pH may be due to competition from Mg 2% Fe 3%, H* and a13+
for sorption sites. Solls selected to represent a broad range of mineral
and organic contents were found to have a specific adsorption maximum at pH
5.5 of between 340 and 5780 ppm Cu in soll (McLaren and Crawford, 1973).
Land treated Cu waste should be limed 1f necessary to maintain a pH of 6.5
or greater to ensure the predominance of 1insoluble forms of Cu, Cu(OH)2
and Cu(OH)3 (Hodgson et al., 1966 and Younts and Patterson, 1964).

Soll organic matter forms very stable complexes with Cu. Carboxyl and
phenolic groups are important in the organic complexing of Cu in soils
(Lewis and Broadbent, 1961). Sorption of Cu to organic matter occurs at
relatively high rates when the concentrations of iron and manganese oxides
in the soll are low. There is some evidence that Cu bound to organic
matter i1s not readily available to plants (Purvis and MacKenzie, 1973).
Organic matter may provide nonspecific sorption sites for Cu; however, the
loss of organic matter through decomposition causes a significant decrease
in this retention mechanism.

Clay mineralogy also plays a significant role in determining the
amount of Cu sorbed. Experiments have sghown that Cu2t g sorbed
appreciably by quartz and even more strongly by clays. The adsorption
capacity of clays increases in the order kaloninte to illite to montmoril-
lonite (Krauskopf, 1972). The strength of Cu sorption of soil constituents
are in the following order:

manganese oxlides < organic matter < iron oxides < clay minerals.

A column study by Emmerich et al. (1982) indicated that Cu applied as
sewage sludge to a concentration of 512 ppm essentialy did not move below
the zone of incorporation and that 94% of that applied was recovered from
the soil. This soil had a pH between 5.2 and 6.7 and a CEC of 4.4 to 9.7
meq/100 g. Soil components which are less significant in Cu attenuation
include free phosphates, iron salts, and clay-size aluminosilicate
minerals.

Cation exchange capacity is a soll property indirectly related to
mineralogy which may influence metal loading. Overcash and Pal (1979) have
suggested that loading rates based on CEC only be used as a suggestion® of
the buffering capacity of the soil and critical cumulative limits have been
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adjusted to soil CEC (0-5 meq/100 g, 125 kg/ha; 5-15 meq/100 g, 250 kg/ha;
15 meq/100 g, 500 kg/ha).

Since the normal Cu concentration in plants (4 to 15 ppm) is lower
than Cu levels found in most soils, the soil Cu content appears to be the
most important factor in controlling plant levels of Cu. Management prac-
tices must be developed considering the chemistry of Cu in soils and Cu
toxicity to plants and animals. The data of Gupta (1979) indicate that the
toxic range of Cu in the leaves of plants is greater than 20 ppm, depending
on species. The influence of soil and solution culture concentration on
plant growth are given in Table 6,31, and indicates a soil concentration of
over 80 ppm is necessary before most plant growth 1is adversely affected.

Copper 1s essential to the metabolic processes common to decomposing
bacteria, plants and animals. Small quantities of Cu activate enzymes
required in respiration, redox-type reactions and protein synthesis.
Copper has been shown to be magnified within the food chain and moderate
levels of Cu ingested by ruminants may be poisonous unless the effect 1is
alleviated through proper diet supplements of molybdenum or sulfate
(Kubota, 1977).

Several researchers have reported a decrease in plant Cu when 1large
amounts of organic matter are present. Goodman and Gemmell (1978) reported
successful reclamation of Cu smelter wastes treated with pulverized f£fly
ash, sewage sludge or domestic refuse. 1In a greenhouse experiment, MacLean
and Dekker (1978) eliminated the toxic effects of Cu on corn (Zea mays) by
applying sewage sludge. Kornegay et al. (1976) found that additions of hog
manure containing 1719 ppm Cu did not affect the Cu content in grain when
compared to- grain from control experiments. Purvis and MacKenzie (1973)
found that the organic form of Cu was not readily taken up by plants when
Cu-laden municipal compost was applied to soll at rates from 50 to 100
metric tons sludge/ha.

A study by Mitchell et al. (1978) evaluated Cu uptake by crops grown
in acidic and alkaline soils (Table 6.32 and Table 6.33). In this study,
wheat and grain growing in an acid soil showed the greatest amount of Cu
accumulation. Copper may be strongly chelated in plant roots; consequent-
ly, root concentrations are usually greater than leaf concentrations.
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TABLE 6.31

PLANT RESPONSE TO COPPER IN SOIL AND SOLUTION CULTURE

Amount of
Cu (ppm) Media Species Effect Reference
.03 Solution Andropogon scoparius Root damage Ehinger and Parker
(1979)
1 Solution Horse bean (Vicia faba) Growth Sekerka (1977)
inhibited
10 Soil Barley (Hordeum vulgare) Stunted growth Toivonen and Hofstra
(1979)
26 Sand Barley (H. vulgare); pea Inhibition of Blaschke (1977)
(Pisim sp.) shoot growth
30 Solution Coffee Toxicity Andrade et al. (1976)
threshold
50-115 Soil of Anthoxanthum odoratum None Karataglis (1978)
mining area
69 Soil Corn (Zea mays) Decreased root Klein et al. (1979)
T weight
91 Soil Barley (H. vulgare) Reduced yield Davis (1979)
100 Rooting media Barley (H. vulgare) Stunted growth Toivonen and Hofstra
(1979)
100 Soil Green alder Seedling damage Fessenden & Sutherland
(Alnus americana) (1979)
130 Soil Barley (H. vulgare) Accumulated 21 Davis (1979)
ppm in leaves
150 Soil Black spruce Growth decrease Fessenden & Sutherland
(Picea mariana) (1979)
400 Yolo loam Cotton (Gossypium Leaf yields Rehab & Wallace (1978a)
hirsutum) reduced by 35%
400 Yolo loam Cotton (G. hirsutum) Leaf yields Rehab & Wallace (1978a)

reduced by 537%




TABLE 6.32 COPPER CONCENTRATION IN PLANT TISSUE IN RELATION TO COPPER

ADDITION IN AN ACID SOIL (REDDING FINE SANDY LOAM)#*

Cu
Concentration Plant Plant
(ppm) Portion Crop Concentration Effect
5 Shoots Lettuce (Lactuca 6.8 None
sativa)
5 Leaves Wheat (Triticum 10.7 None
aestivum)
5 Grain Wheat (T. aestivum) 7.3 None
80 Shoots Lettuce (L. sativa) 8.9 None
80 Leaves Wheat (T. aestivum) 10.7 None
320 Shoots Lettucé_(L, sativa) 10.7 60% yield
reduction
320 Grain Wheat (T. aestivum) 12.3 20% yield
reduction
640 Shoots Lettuce (L. sativa) 18.3 90% yield
reduction
640 Grain Wheat (T. aestivum) 33.0 95% yield
reduction
* Mitchell et al. (1978).
TABLE 6.33 COPPER CONCENTRATION IN PLANT TISSUE IN RELATION TO COPPER
ADDITION IN A CALCAREOUS SOIL (DOMINO SILT LOAM)#*
Cu
Concentration Plant Plant
(ppm) Portion Crop Concentration Effect
5 Shoots Lettuce 6.4 None
(Lactuca sativa)
5 Leaves Wheat (Triticum 10.7 None
aestivum)
5 Grain Wheat (T. aestivum) 6.7 None
80 *  Shoots Lettuce (L. sativa) 7.9 None
80 Leaves Wheat (T. aestivum) 14.8 None
160 Leaves Lettuce (L. sativa) 8.2 307% yield
reduction
160 Grain Wheat (I. aestivum) 7.9 None
320 Leaves Wheat (T. aestivum) 15.4 Significant
yield
reduction
320 Grain Wheat (T. aestivum) 9.1 207% yield
raduction
640 Grain Wheat (T. aestivum) 9.2 407% yield
reduction

* Mitchell et al. (1978).
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In summary, the controlling factor in the prevention of toxic levels
of Cu in water, plants and animals is the level of Cu in the soil. While
Cu tolerance in plants can be explained by certain mineral interactions,
the ultimate sites for adsorption of Cu in the environment remain the
organic and inorganic colloid fractions in soil. The National Academy of
Sciences and National Academy of Engineering (1972) recommend a soil
accumulation of 250 ppm Cu in the upper 15 cm of soil. Tables 6.31, 6.32
and 6.33 indicate that the phytotoxic concentration of Cu ranges from about
70 to 640 ppm Cu in the soil for most plants. A conservative recommenda-
tion of 250 ppm is given for Cu concentration in soil. However, if treat-
ability tests show immobilization at higher levels without toxicity, then
loading rates could be increased.

6.1.6.11 Gallium (Ga)

Gallium concentration in soil is commonly low, averaging 30 ppm (Kirk-
ham, 1979), except where it occurs in coal, oil, and bauxite ore. Since Ga
is sorbed by aluminum (Al) in soil, Ga concentrations are likely to be
higher in sandy acidic soils with dominant Al mineralogy. Disposal of Ga
present in waste streams of smelter or coal processing plants depends on
the degree of Ga retention in soils with dominant Al mineralogy.

6.1.6.12 Gold (Au)

Gold is rarely found in waste streams of any industry because it is a
precious metal. Since pure Au is quite dense (19 g/cm ), it 1s frequent-
ly concentrated in deposits called placers. In Mexico and Australia,
placers are concentrated by wind; as the lighter minerals are eroded away,
the Au remains in the deposit (Flint and Skinner, 1977). The average Au
concentration in igneous and sedimentary rocks 1s 4 ppb. Gold concentra-
tions in fresh water are normally less than 0.06 ppb, and Au is found im
sea water at 0.0l1 ppb as AuCl,.

Gold 1s not essential to plants or animals. Bowen (1966) ranks Au as
scarcely toxic which means that toxic effects rarely appear except in the
absence of a related essential nutrient, or at osmotic pressures greater
than one atmosphere. Overcash and Pal (1979) 1list Au as a heavy metal
which reacts with cell membranes to alter their permeability and affect
other properties. The Au concentration in land plants ranges from 0.3-0.8
ppb. The horsetail, Equisetum, is said to accumulate Au.

The isotope Au-198 is commonly used in medicine. In mammals, Au in
the colloidal form can accumulate in the liver. The typical Au concentra-
tion in mammalian livers 1s 0.23 ppb. The mollusc, Unio mancus, was found
to contain 0.3-3.0 ppb Au in its shell and 4.0-40 ppb Au in its flesh
(Bowen, 1966). It is expected that any Au present in a waste would be
recovered before land treatment.
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6.1.6.13 Lead (Pb)

The primary source of Pb in hazardous waste is from the manufacture of
Pb-acid storage batteries and gasoline additives (tetraethyl Pb). Tetra-
ethyl Pb production alone consumes approximately 264,000 tons of Pb per
year in the U.S. (Fishbein, 1978). Lead is also used in the manufacture of
ammunition, caulking compounds, solders, pigments, paints, herbicides and
insecticides (Page, 1974). The Pb content of sewage sludge averages 0.17%.
In coal, Pb content may range from 2-20 ppm (Overcash and Pal, 1979).

A Pb concentration of about 10 ppm is average for surface soils. Some
soil types, however, can have a much higher concentration. In so0ils
derived from quartz mica schist, the Pb content may be 80 ppm. The concen-
tration in soil derived from black shale may reach 200 ppm Pb (Barltrop et
al., 1974).

Lead is present in soils as Pb2* which may precipitate as Pb sul-
fates, hydroxides and carbonates. Figure 6.17 illustrates the various Pb
compounds present according to soil pH. Below pH of 6, PbSO; (anglesite)
is dominant and PbCO3 1is most stable at pH values above 7. The hydroxide
Pb(OH)7 controls solubility around pH Qﬁ and lead phosphates, of which
there are many forms, may control Pb2 solubility at intermediate pH
values. Solubility studies with molybdenum (Mo) show that PbMoO,; 1is a
reaction product and will govern Mo concentrations in the soil solution.

The availability of Pb in soils 1s related to moisture content, soil
pH, organic matter, and the concentration of calcium and phosphates. Under
waterlogged conditions, naturally occurring Pb becomes reduced and mobile.
Organometallic complexes may be formed with organic matter and these soil
organic chelates are of low solubility. Increasing pH and calcium (Ca2+)
ions diminish the capacity of plants to absorb Pb, as caZt jons compete
with the PbZt for exchange sites on the soil and root surfaces (Fuller,
1977).

The Pb adsorption capacity of Illinois soils has been found to reach
several thousand kilograms per hectare (CAST, 1976). In another study,
only 3 ppm soluble Pb was found three days after 6,720 kg Pb/ha was added
to the soil (Brewer, 1966b). Lead 1s adsorbed most strongly from aqueous
solutions to calcium bentonite (Ermolenko, 1972).

Lead is not an essential element for plant growth. It is, however,
taken up by plants in the Pb2t form. The amount taken up decreases as
the pH, cation exchange capacity, and available phosphorus of the soil
increase. Under conditions of high pH, CEC and available phosphorous, Pb
becomes less soluble and is more strongly adsorbed (CAST, 1976). This
insolubilization takes time and Pb added in small increments over long time
periods is less available to plants than high concentrations added over a
short period of time (Overcash and Pal, 1979).

Lead toxicity to plants is uncommon (Table 6.34). Symptoms of Pb
toxicity are found only in plants grown on acid soils. In solution cul-
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TABLE 6.34

PLANT RESPONSE TO LEAD IN SOIL AND SOLUTION CULTURE

Pb

Concentration
(ppm) Media Species Effect Reference
0.4 Soil Eggplant (Solanum None Watanbe and Nakamura
melongena) (1972)
3.6 Soil Corn (Zea mays) None Sung and Young (1977)
5.0 Solution Corn (Z. mays) Reduced root Malone et al. (1978)
growth
21.0 Solution Sphagnum fimbriatum None Simola (1977)
50.0 Solution Lettuce (Lactuca sativa) .None John (1977)
66.0 Soil Loblolly pine (Pinus None Rolfe & Bazzar (1975)
taeda) & autumn olive
100.0 Solution Soybean (Glycine max) None Malone et al. (1978)
200.0 Sand Oats (Avena sativa) Impaired Kovda et al. (1979)
growth
1000.0 Acid Soil Plantain (Musa None Dikjshoorn et al. (1979)
paradisiaca)
1000.0 Soil Red clover (Trifolium None Horak (1979)
pratense)
1500.0 Soil pH 5.9 Corn (Zea mays) None Baumhard and Welch
(1972)
1500.0 Solution Ryegrass (Secale None Jones et al. (1973)
cereale)
2500.0 Sand Glyceria maxima Chlorosis Raghi-Atri (1978)
3775.0 Sandy clay Corn (Z. mays) & None Sung and Young (1977)

soybeans (Glycine max)




ture, root growth of sheep fescue is retarded by 30 ppm and stopped by 100
ppm Pb. Lead content in plants grown on soil with a high Pb level
increases only slightly over that of plants grown on soil of average Pb
content. Clover tops (Trifolium sp.) show an increase of 7.55 ppm, while
kale (Brassica campestris) and lettuce (Lactuca sativa) leaves show an
increase of less than 1 ppm. The Pb taken up by plants is rarely translo-
cated since it becomes chelated in the roots. Tops of barley (Hordeum
vulgare) grown on a soil extremely high in Pb contained 3 ppm while the
roots contained 1,475 ppm Pb (Brewer, 1966b). Translocation of Pb to grain
is less than translocation to vegetative parts (Schaeffer et al., 1979).
Applied sewage sludge containing 360 ppm Pb resulted in no significant
increase in Pb content of corn leaves and grain (Keefer et al., 1979).

Lead poisoning is quite serious and a major human health concern.
Perlstein and Attala (1966) estimate that 600,000 children each year in the
U.S. suffer from Pb poisoning. Of these, 6,000 have permanent neurological
damage and 200 die. One source of elevated Pb in children may be contact
with Pb-containing dust (Vostal et al., 1974). 1In fact, soll Pb content in
excess of 10,000 ppm may result in an increase in Pb absorption even by
children who do not ingest the contaminated soil (Barltrop et al., 1974).
Where high levels of lead are allowed to accumulate, children should be
prevented from entering the site throughout the post—closure period.

Cattle and sheep are more resistant to Pb toxicity than horses. There
is, however, some tendency for cattle to accumulate Pb in tissues, and Pb
can be transferred to milk in concentrations that are toxic to humans
(National Academy of Sciences and National Academy of Engineering, 1972).
Based on human health considerations, the maximum allowable Pb content in
domestic animals is 30 ppm (National Academy of Science, 1980). Cattle
ingest large amounts of soil when grazing and may consume up to ten times
as much Pb from soil as from forage. Lead poisoning has been reported in
cattle grazing in Derbyshire, England, where the soil is naturally high in
the element (Barltrop et al., 1974).

The use of irrigation water that contains the wupper 1limit of the
acceptable concentration of Pb as recommended by the National Academy of
Sciences and National Academy of Engineering (1972) is equivalent to an
accumulation of 1,000 ppm of lead in the upper 15 cm of soil. Table 6.34
indicates Pb 1is generally not toxic to plants and the element does not
readily translocate to leaves or seeds. Growth of root crops should be
avoided and grazing animals should be excluded from the site to avoid Pb
toxicity to animals and humans. If demonstration of treatability experi-
ments verify immobilization of Pb at high concentrations, 1000 ppm total Pb
could be safely allowed to accumulate in the soil without phytotoxicity.

6.1.6.14 Lithium (L1)

Lithium normally occurs in saline and alkaline soils and is usually
associated with carbonates in soils derived from calcareous parent materi-
als. The average Li content of soils is 20 ppm. Because the concentration
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of total and soluble Li 1is not related to depth in the profile, clay con-
tent or organic carbon content (Shukla and Prasad, 1973; Gupta et al.,
1974), it is expected that Li is not fixed selectively in soil except by
precipitation after liming.

The usual L1 concentration in plants and animals is low, but levels of
1,000 ppm in plant tissues, which are sometimes reached in plants grown on
mineral enriched soils, do not appear to be very phytotoxic. The data pro-
vided by the present review indicate that the toxic range of Li in the
leaves of plants varies from 80 to 700 ppm depending on species (Table
6.35). At low levels in a nutritive solution, Li stimulates phosphorylase
activity in tuber storage of beets (Beta vulgaris), while growth in corn
(Zea mays), wheat (Triticum aestivum) and fescue (Festuca sp.) is limited
as a result of Li substitution for Na in cellular functions. Tables 6.35
and 6.36 list plant concentrations of Li and crop responses to those con-
centrations, respectively. Lithium poses little threat to the food chain
since it is only slightly toxic to animals.

TABLE 6.35 THE INFLUENCE OF LEAF LITHIUM CONCENTRATION ON PLANTS

Li
Concentration Portion
(ppm) of plant Species Effect Reference
26 Leaf Mean of 200 None Romney et al.
(1975)

45 Leaf Cotton None Rahab & Wallace
(Gossypium (1978c)
hirsutum)

80 Leaf Tomato Threshold Wallihan et al.
(Lycopersicon of toxicity (1978)
esculentum)

220 . Leaf Bean Yield Wallace et al.
(Phaseolus reduction (1977)
Sp.)

600 Leaf Bean Severe Wallace et al.
(Phaseolus (1977)
SP.)

700 Leaf Cabbage 507 Yield Hara et al.
(Brassica reduction (1977)
oleracea)
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TABLE 6.36 THE INFLUENCE OF SOLUTION CULTURE AND SOIL CONCENTRATION OF

LITHIUM ON PLANT GROWTH AND YIELD

Amount of «
Li (ppm) Media Species Effect Reference

2 Solution Tomato Toxicity Wallihan, et al.
(Lycopersicon (1978)
esculentum)

Sand Wheat (Triticum No influence

aestivum)

8 Solution Barley (Hordeum No seedlings. Gupta (1974)
vulgare)

50 Loam Bean (Phaseolus Severe injury Wallace et al,
8p.) ‘ (1977)

50 Yolo loam Cotton None Rehadb & Wallace
(Gossypium (1978¢)
hirsutum)

100 Soil Wheat No influence Gupta (1974)
(T. aestivum)
Barley
(H. vulgare)
587 Loam Cotton None Wallace et al.
(G. hirsutum) (1977)
1000 Loam Barley Severe Wallace et al,

(H. vulgare)

(1977)

The use of irrigation water that contains the upper limit of the

acceptable concentration of Li as recommended by the National Academy of
Sciences and National Academy of Engineering (1972) is equivalent to an
accumulation of 250 ppm of Li in the upper 15 cm of soil. Information
in Tables 6.35 and 6.36 indicates that the phytotoxic level of Li in soil
ranges from 50 to 1000 ppm. An acceptable estimate for cumulative Li in
the soil appears to be 250 ppm. However, if treatability tests show that
higher concentrations are immobilized without toxicity, .then loading rates
could be increased.

6.1.6.15 Manganese (Mn)

The major sources of Mn bearing wastes are the iron and steel
industries. Other sources of Mn include disinfectants, paint and
fertilizers (Page, 1974)., Manganese dioxide is found in wastes from "the
production of alkaline batteries, glass, paints and drying industries.

234



Concentrations of Mn in mineral soils range from 20-3000 ppm, though
600 ppm is average (Lindsay, 1979). When Mn is released from primary rocks
by weathering, secondary minerals such as pyrolusite (MnOz) and manganite
[MnO(OH)] are formed. The most common forms of Mn found in soil are the
divalent cation (Mn2%) which is soluble, mobile, and easily available, and
the tetravalent cation (Mn4+) which 1is practically insoluble, non-
mobile, and unavailable (Aubert and Pinta, 1977). The trivalent cation
Mn3+, as Mng0j3, is unstable in solution. The tetravalent cation usually
appears in well oxidized soils at a very low pH. Under reduced conditions
found in water saturated soils, Mn2+ is the stable compound, and this
divalent ion is adsorbed to clay minerals and organic matter. In strongly
oxidized environments, the most stable compound is the tetravalent Mn
dioxide, MnOj.

Manganese availability is high in acid soils and Mn2+ solubility
decreases 100-fold for each unit increase in pH. (Lindsay, 1972) At pH
values of 5.0 or less, Mn is rendered very soluble and excessive Mn accumu-
lation in plants can result. At pH values of 8 or above, precipitation of
Mn(OH)z results in Mn removal from the soil solution.

Reduced conditions in the soil increase Mn solubility and produce
Mn?t in solution. Oxidation of Mn occurs at a low redox potential in
an alkaline solution (Krauskopf, 1972). Under oxidizing conditions,
several Mn compounds may be formed including (MnSi);03, BaMn(II), MnOOH,
and the stable product of complete oxidation, pyrolusite (MnOj).

When the pH of the soil is greater than 7, manganese (Mn2%t) is ren-
dered less available by adsorption onto organic matter colloids. Thus,
soils of high pH with large organic matter reserves are particularly prone
to Mn deficiency. However, the affinity of Mn2t for synthetic chelates is
coggaratively low, and chelated Mn2t can be easily exchanged by Zn2t or
Ca

Interactions of Mn with other elements have been noted in soil adsorp-
tion and plant uptake. The formation of manganese oxides in soils appears
to regulate the levels of cobalt (Co) in soil solution and hence Co cobalt
availability to plants. Bowen (1966) reported that plant uptake of Mn was
greater in the absence of calcium and that Mn adsorption was reduced in the
presence of iron, copper, sodium, and potassium.

Concentrations of Mn in plant leaves generally range from 15-150 ppm.
The suggested maximum concentration value for plants is given at 300 ppm
(Melsted, 1973), however the data of the National Research Council (1973)
indicate that the toxic range of Mn in leaves is 500 to 2,000 ppm, depend-
ing on plant species. Vaccinium myrtillus plants appear healthy when the
foliage contains as high as 2431 ppm Mn and Lupinus luteus and Ornithopus
sativus are both Mn tolerant (Lohris, 1960). Young plants are generally
rich in Mn and the element can be translocated to meristematic tissues.,
Tables 6.37 and 6.38 1list various Mn concentrations in the soil that

produce toxic symptoms in plants.
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TABLE 6.37 THE INFLUENCE OF LEAF MANGANESE CONCENTRATION ON PLANTIS*

Plant

Concentration Portion 7
(ppm) Media of Plant Species Effect
15-84 Solution Leaves Soybeans None
(Glycine max)
49-150 Solution Roots Soybeans Toxic
(G. max)
70-131 Solution Tops Lespedeza None
(Lespedeza sp.)
160 Field Leaves Tobacco None
(Nicotiana tabacum)
173-999 Solution Leaves Soybeans Toxic
(G. max)
207-1340 Soil Whole plant Bean None
(Phaseolus sp.)
300-500 Soil Leaves Orange None
(Citrus sp.)
400-500 Field Tops Lespedeza Toxic
(Lespedeza sp.)
770-1000 Solution Tops Barley Toxic
(Hordeum vulgare)
993-1130 Pots Whole plant Tobacco Toxic
(N. tabacum)
1000 Soil Leaves Orange Toxic
(Citrus sp.)
1000-3000 Soil Tops Bean Toxic
(Phaseolus sp.)
3170 Soil Roots Tobacco Toxic
(N. tabacum)
4000--11,000 Soil Leaves Tobacco Toxic

(N. tabacum)

* Chapman (1966)

Manganese is absorbed by plants as the divalent cation Mn2t,

Its

essential functions in plants include the activation of numerous enzymes
concerned with carbohydrate metabolism, phosphorylation reactions, and the
citric acid cycle. Magnesium, calcium and iron depress Mn uptake in a
variety of plant species (Moore, 1972).

Manganese toxicity in young plants is indicated by brown spotting on
leaves. One to four grams of Mn per milliliter of solution may depress
yields of lespédeza (Lespedeza sp.), soybeans (Glycine max) and barley
(Hordeum vulgare) (Labanauskas, 1966). The threshold of toxicity for
tomato (Lycopersicon esculentum) plants grown in soil was observed at a Mn
concentration of 450 ppm (Jones and Fox, 1978).
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TABLE 6.38 PLANT RESPONSE TO MANGANESE IN SOIL AND SOLUTION CULTURE

Amount of
Mn (ppm) Media Species Effect Reference
2.1 Solution Legume Toxicity Helyar (1978)
threshold
4-64 Solution Weeping lovegrass No effect Fleming et al. (1974)
(Eragrostis curvula)
& fescue (Festuca sp.)
5 Solution Jacoine (Pinus banksiana) Toxic Lafond & Laflamme (1970)
& black spruce (Picea No effect Lafond & Laflamme (1970)
mariana)
5 Solution Soybean (Glycine max) Toxic Brown & Jones (1977)
15 Solution Soybean (g. E§§)-_—— No effect Heenan & Carter (1976)
20 Sand Groundnut (Apios americana) Reduced yield Benac (1976)
30 Solution Satsuma orange Chlorosis Otsuka and Morizaki (1969)
(Citrus reticulata)
40 Sand Macroptilium No effect Hutton et al. (1978)
atropurpureum
65 Acid soil Soybean (E. EEE) Toxicity Franco & Dobereiner (1971)
130 Soil Subterranean clover Toxic Simon et al. (1974)
(Trifolium subterraneum)
140-200 Soil Barley (Hordeum vulgare) Yield decreased Prausse et al. (1972)
200 Soil Tobacco (Nicotiana Reduced yield Link (1979)
tabacum)
250 Soil Watermelon (Cucumis sp.) Toxic Gomi & Oyagi (1972)
450 Soil Tomatoes (Lycoperisicon Toxicity Jones and Fox (1978)
esculentum) threshold
1400 Soil Kidney bean (Phaseolus Toxic Gomi & Oyagi (1972)
vulgare)
3000 Soil Peppers (Capsicum sp.) Toxic Gomi & Oyagi (1972)
5000 Soil Eggplant (Solanum melongena) Toxic Gomi & Oyagi (1972)

& melons (Cucumis EE:)




Manganese is an essential element in animal nutrition for reproduc-
tion, growth and skeletal formation. Maximum tolerable levels in animals
are cattle, 1000 ppm; sheep, 1000 ppm; swine, 400 ppm; and poultry, 2000
ppm (National Academy of Science, 1980).

In summary, the maintenance of certain conditions in the soil can be
used to prevent environmental contamination from land .treating of Mn bear-
ing wastes. Manganese sorption i1s enhanced by organic matter colloids and
precipitation of Mn is enhanced by carbonates, silicates and hydroxides at
high pH values. The maintenance of a pH of greater than 6.5 1s essential
to reducing Mn solubility. The use of irrigation water that contains the
upper limit of the acceptable concentration of Mn as recommended by the
National Academy of Sciences and National Academy of Engineering (1972) is
equivalent to an accumulation of 1,000 ppm of Mn in the upper 15 cm of
soil. Information obtained from Jones and Fox (1978) and Tables 6.37 and
6.38 indicate that the phytotoxic level of Mn in so0il is generally greater
than 500 ppm.

6.1.6.16 Mercury (Hg)

Mercury has become widely recognized as one of the most hazardous
elements to human health. The potential for Hg contamination exists where
disposal practices create conditions conducive for conversion of Hg to
toxic forms. ‘

Mercury enters land treatment facilities from electrical apparatus
manufacturing, electrolytic production of chlorine and caustic soda, phar-
maceuticals, paints, plastics, paper products and Hg batteries. Mercury is
used as a catalyst in the manufacture of vinyl chloride and urethane. More
than 40% of pesticides containing metal contain Hg., Burning oil and coal
increases atmospheric Hg which eventually falls to the earth and enters the
soil (Page, 1974). Mineral soils in the U.S. usually contain between
0.01-.3 ppm Hg; the average concentration is 0.03 ppm (Lindsay, 1979).

Transformations in the soil and the forms of Hg resulting from these
reactions regulate the environmental impact of land application of mercuri-
cal waste. Figure 6.18 illustrates these conversions and the cycling of Hg
in the soil. Mercury moves very slowly through soils under field condi-
tions. Divalent Hg is rapidly and strongly complexed by covalent bonding
to sulfur-containing organic compounds and inorganic particles. These par-
ticles bind as much as 62% of the Hg in surface soils (Walters and Wolery,
1974). Mercury, as Hg2+, is also bound to exchange sites of clays,
hydrous oxides of iron and manganese, and fine sands (Reimers and Krenkel,
1974). Sorption of Hg by soil organic matter approaches 100% of the Hg
added to an aqueous solution and exceeds sorption of a variety of other
metal elements (Kerndorff and Schnitzer, 1980).
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Removal of Hg by adsorption to clay colloids appears to be pH depen-
dent and proportional to the respective CEC value of the clay. A study by
Griffin and Shimp (1978) indicates that 20 to 30% of the observed Hg
removal is due to adsorption by clay, and that Hg removal from the soil
gsolution is favored by alkaline conditions. The amount of Hg * removed
from solution by a given clay at a specific pH can be determined as fol~
lows:

¢ = (C1 = CEq)VF (6.3)
R W

where

Crp = amount of Hgt2 removed in mg/g clay;

Cy = initial Hg concentration in ppm;

Ciq = equilibrium Hg concentration in ppm;

Vg = total solution volume after pH adjustments in mls;
W = welght of clay in gms.

About two-thirds of the Hg removed by clay is organic Hg, Fig. 6.19 illus-
trates this removal.

Precipitation of Hg complexes is a means of removing Hg from the
leaching fraction. At pH values above 7, precipitates of Hg(OH)»), HgSO4,
HgNO3, and Hg(NH3)4 predominate and are very insoluble. Insoluble HgS and
HgClj can occur at all pH ranges (Lindsay, 1979).

Organic mercurials associated with soil organic matter or the well-
defined compounds such as phenyl-, alkyl-, and methoxyethyl mercury com—
pounds used as fungicides may be degraded to the metallic form, Hg%.
This reaction is common in soil when coliform bacteria, or Pseudomonas spp.
are present. This 1s a detoxication process which produces metallic Hg and
hydrocarbon degradation products; however, the metallic Hg may be
volatilized.

Microbial and biochemical reactions are not only capable of breaking
the link between Hg and carbon in organic mercurials; they may also mediate
the formation of such links. Elemental Hg can be converted to methyl mer-
cury by Methanobacterium omilianskii and also some strains of Clostridium.
These anaerobic microbes are responsible for the formation of toxic Hg
forms, methyl and dimethyl Hg. Both methyl and dimethyl Hg are volatile
and soluble in water, although dimethyl Hg is less soluble and more vola-
tile. The formation of methyl Hg occurs primarily under acidic conditions,
while dimethyl Hg is produced at a near neutral pH (Lagerwerff, 1972). 1In
addition to being volatile and soluble, methylated forms of Hg are the most
toxic. Methylation of mercury by microbial transformation can be reduced

when nitrate concentrations in the soil are above 250 ppm nitrogen as
KNO3 (Barker, 1941).
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Removal of various forms of mercury from
DuPage landfill leachate solutions by
kaolinite, plotted as a function of pH
at 25° C (Griffin and Shimp, 1978).
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Methylation of mercury can also occur by a monoenzymatic process
involving vitamin Bjp or one of its analogs, such as methylcobalamine,
when CH3 is transferred from cobalt (Co3t) to HgZ* as shown below:

CHj CH3jHg + CHy4 + 2Co2t
|
2Co3t + Hg® —=

(CH3),Hg = 2Co%*
Another method of methylation 1s facilitated by the fungi Neurospora crassa

which can make this conversion aerobically without the mediation of vitamin
By, (Lagerwerff, 1972).

Plant content of Hg ranges from 0.001 to 0.0l ppm in plant leaves.
Mercury 1s a nonessential plant element and 1s taken up by plants in the
form of CH3Hg, Hg®, and Hg2+. The Hg enters through the roots or
by diffusion of gaseous Hg® through the stomata. Aquatic plants such as
brown algae tend to accumulate Hg relative to 1its concentration in sea
water and contain levels as high as 0.03 ppm (Bowen, 1966). As a result,
Hg bloconcentration presents a greater hazard in aquatic food chains than
in terrestrial food chains (Chaney. 1973).

The most serious contamination of Hg in the aquatic food chain occurs
where Hg exists as methyl mercury. The Hg poisoning in Japan resulted from
discharges of Hg containing waste from a plastics factory at concentrations
between 1.6 and 3.6 ppb. Local concentrations of Hg were: plankton, 3.5
to 19 ppm; bottom muds, 22 to 59 ppm Hg; and shellfish, 30 to 102 ppm mer-
cury on a dry weight basis (Irukayama, 1966).

No specific concentration of Hg has been shown to be phytotoxic.
Applications of 25-37 kg/ha Hg did not reduce yields of wheat, oats, bar-
ley, clover or timothy (Overcash and Pal, 1979)., The concentration of Hg
in soil that is toxic to plants was determined to be greater than 10 ppm by
Van Loon (1974). Foliar treatment of rice in Japan has caused Hg concen-
trations as high as 200 ppb compared with 10 ppb in rice from untreated
fields. Mercury levels in tomatoes after application of a Hg containing
sludge on an alkaline soil were as high as 12.2 ppm (Van Loon, 1974).
Table 6.39 lists the effect of Hg on various plant species and indicates
that phytotoxicity does not result from growth in high Hg media.
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TABLE 6.39 THE INFLUENCE OF MERCURY ON PLANT GROWTH AND YIELD

Amount
of Hg
(ppm) Media Species Effect Reference
.05 Loamy Spring wheat Shoots accumulated Findenegg & Havnold (1972)
sand (Triticum aestivum) 5.5 ppm
10 Soil Alfalfa (Medicago sativa), No effect Gracey & Stewart (1977)
rape (Brassica sp.),
wheat (Triticum aestivum)
10 Solution Pisum sativum Toxic Beauford et al. (1977)
25 Sand Oat (Avena sativa) No effect Kovda et al. (1979)
250 Sand Oat (A. sativa) Reduced yield Sorteberg (1978)
445 Soil Bentgrass (Agrostis sp.) No toxic effect Estes et al. (1973)




Reactions with selenium (Se) and cadmium can decrease Hg toxicity.
Methyl Hg readily complexes with Se and when present in equimolar amounts,
Se readily detoxifies methyl Hg. Dietary Se protects against the toxic
effects of Hg in both rats and quail (El-Begearmi, 1973). It is interest-
ing to note that fish taken from Minimata Bay in Japan had high concentra-
tions of methyl Hg but comparatively low concentrations of Se, with a molar
ratio of Se:methyl Hg of about 1:10. Cadmium also .seems to react with Hg
and has been shown to reduce Hg toxicity in humans and animals (Perry and
Yunice, 1965).

In summary, the possibility of methyl mercury reaching the food chain
will regulate land treatment waste loading. Uptake of Hg by plant' roots
can be minimized by maintaining a soil pH above 6.5. Mercury will precipi-
tate as a carbonate or hydroxide at this pH, therefore, maintaining soil pH
is a valuable mechanism for attenuating mercury. Adsorption of Hg onto
organic matter colloids occurs most readily at a low pH. Mercury is more
mobile in soils if it is organically complexed than if it is adsorbed onto
clays.

Wastes containing some Se can also alleviate the hazard of Hg toxicity
in animals. Application of a waste containing both elements would be less
likely to create toxicity problems than a waste that contains only Hg.
Sulfur in the waste can also help to attentuate Hg by precipitating Hg$S
which is very insoluble. Chaney (1974) recommends that wastes containing
greater than 10 mg/kg Hg not be land applied since extremely low concentra-
tions of Hg are allowed for drinking water. Alternate disposal methods
waste containing Hg at these levels should be considered.

6.1.6.17 Molybdenum (Mo)

The largest single use of Mo is in the production of steel and alloys.
It is also used in the production of pigments, filaments, lamps and elec-
tronic tubes, and is used in small amounts in fertilizers and as a catalyst
(Page, 1974). Soils typically have a median Mo concentration of 2 ppm with
a range of 0.2 ppm to 5 ppm (Lindsay, 1979). Shale and granite are the
major rocks contributing Mo to soils (Goldschmidt, 1954).

At soil pH values above 5, Mo 1is generally found as the molybdate
anion, M0042'. At low pH values (2-4.5) Mo is strongly sorbed by soil
colloids and organic matter. However, plants high in Mo are often produced
on organic soils, indicating that organic matter is not a major means of
rendering Mo unavailable. Sorption of Mo by soil colloids or iron ard
aluminum oxide coatings on soil colloids appears to be more effective in
rendering Mo unavailable for plant uptake. Reisenauer et al. (1962) and
Jones (1957) suggest that sorption of Mo by iron and aluminum oxides may be
due to the formation of relatively insoluble ferric and aluminum molybdate
precipitation at this low pH. Since Mo behaves as an anion at pH values
above 2, kaolinite which has a high anion exchange capacity, has been shown
to sorb more Mo than montmorillonite (Jones, 1957).
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Soil water relationships and their impact on oxidation-reduction rela-
tionships also regulate Mo solubility. Kubota et al. (1963) demonstrated
this relationship by growing alsike clover on two Nevada soils that con-
tained significant concentrations of Mo. Each soil was held at two mois-
ture levels. One was a wet treatment with the water table maintained 18 cm
below the soil surface; another was a dry treatment in which the soil water
potential was allowed to decrease to -10 to -15 bars before watering. The
clover grown in the wet soil contained greater than 20 ppm Mo, while that
grown in the drier regime contained 10 ppm Mo. Therefore, it seems reason-
able to suggest that pH measurements alone do not assure a correlation to
Mo solubility, and that some soil redox potential measurements should be
made.

Molybdenum is an essential plant micronutrient which is required in
amounts ranging from 50 to 100 g/ha for agronomic crops (Murphy and Walsh,
1972), and less than 1 ppm in the dry matter (Stout and Meagher, 1948). It
is absorbed into the plant as the molybdate anion (M0042_) and is trans-
ported to the leaves where it accumulates, The most important functions of
Mo in plants is as a component of nitrate reductase and nitrogenase, which
are enzymes associated with nitrogen metabolism (Schneider, 1976). Because
nitrogenase occurs in bacteria living in the roots of legumes, leguminous
plants contain higher amounts of Mo than other plants (Vlek and Lindsay,
1977), and sweetclover (Melilotus offininalis and M. alba) has been termed
an accumulator plant. -

Plants that accumulate unusually high concentrations of Mo are gener-
ally found on high organic matter, alkaline, and poorly drained soils. The
element can accumulate in plants to high concentrations without toxicity.
Allaway (1975) found plants that contain over 1000 ppm Mo and show no symp-—
toms of toxicity. Molybdenum generally accumulates in the roots and leaves
and little enters the seeds. Table 6.40 lists concentrations of Mo found
in crops from growth media containing Mo and the data indicate that Mo can
accumulate in plants to concentrations well above that contained in the
soil.

Interactions between Mo and other elements may also influence the
availability "of the element for plant uptake. The presence of sulfate
reduces the plant availability of Mo, while the presence of ample phosphate
has the opposite effect (Stout et al., 1951). Phosphate increases the
capacity of subterranean clover (Trifolium subterraneum) to take up Mo by
displacing Mo sorbed to soil colloids. Sulfate ions have a similar ionic
radius and charge as molybdate ions and compete for the same absorption
sites on the root. Manganese decreases Mo solubility and thus uptake by
plants, by holding Mo in an insoluble form (Mulder, 1954).

Consumption of high Mo plants by animals may lead to a condition known
as molybdenosis, "teart” and “"peat scours.” Five ppm Mo in forage is con-
sidered to be the approximate upper limit tolerated by cattle. Teart pas-—
ture grasses usually contain 20 ppm Mo and less than 10 ppm copper (Cu).
All cattle are susceptible to molybdenosis, but milking cows and young
stock are the most susceptible. Sheep are much less affected and horses
are not affected at all (Cunningham, 1950). The high levels of Mo in the
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TABLE 6.40 PLANT CONCENTRATION OF MOLYBDENUM FROM GROWING IN MOLYBDENUM AMENDED SOIL

Mo Mo
Concentration Concentration
in the Media in Leaves
(ppm) Media Species (ppm) Reference
1 Soil Grass 3.0 Kubota (1977)
2 Organic soil White clover . 6.5 Mulder (1954)
(Trifolium repens)
3 Soil Legume 21.0 Kubota (1977)
Alkaline soil Clover Trifolium sp.) 123.0 Barshad (1948)
Alkaline soil Rhodesgrass 17.0 Ibid.
(Chloris gayana) \ )
4 Organic soil White clover 13.7 Mulder (1954)
(T. repens)
5 Clay Cotton 320.0 Joham (1953)
(Gossypium hirsutum) A
Soil Alfalfa 2.0 Gutenmann et al. (1979)
- (Medicago sativa)
Soil Bromegrass (Bromus ap.) 1-3.5 Ibid.
Soil Orchardgrass ' 2-7 Ibid.
(Dactylis glomerata)
6 Soil Legume 79.0 Kubota (1977)
6.5 Calcareous Bermudagrass 177.0 Smith (1982)
clay loam (Cynodon dactylon)
13 Clay Bermudagrass 349.0 Ibid.
(C. dactylon) : . T
15 Clay Cotton (G. hirsutum) ~900.0 Joham (1953)
25 Clay Cotton (G. hirsutum) 1350.0 Ibid.
26 Sandy loam Bermudagrass 449,0 Smith (1982)

(C. dactylon).




digestive tract of ruminants depresses Cu solubility, an essential micro-
nutrient, thus Mo toxicity is associated with Cu deficiency. The condition
can be successfully treated by adding Cu to the diet to create a Cu:Mo
ratio in the diet of the animal of 2:1 or greater. Symptoms of molyb-
denosis in ruminants include severe diarrhea, loss of appetite and, in the
severest cases, death.

The amount of Mo which can be safely added to the soil depends on the
soil mineralogy. pH, the hydrological balance, the crops to be grown, other
elements present, and the intended use of the soil. It is evident that
additions of Mo are less likely to cause toxicity problems if the soill is
acidic and well -drained. ©Establishing vegetation with leguminous plants
should be avoided. Care must be taken to assure that leachate does not
contain excessive amounts of Mo. If Mo 1s allowed to leach from the soil,
as would occur under alkaline conditions, the loading rate of Mo should be
adjusted accordingly.

The use of irrigation water that contains the upper 1limit of the
acceptable concentration of Mo as recommended by the National Academy of
Sciences and National Academy of Engineering (1972) is equivalent to an ac-
cumulation of 10 ppm of Mo in the upper 15 cm of soil. This recommendation
is based on the assumption that plants will accumulate Mo from the soil on
a 1:1 relationship, an assumption not always shown to be accurate. Since
the relationship between soil concentrations of Mo and plant uptake of the
element is difficult to predict, pilot studies are the only accurate means
to acquire this data. An estimate of acceptable Mo accumulation is given
as 5 ppm Mo in the soil to keep plant concentrations at 10 ppm or less.

6.1.6.18 Nickel (Ni)

‘'The primary uses of N1 are for the production of stainless steel
alloys and electroplating. It is also used in the production of storage
batteries, magnets, electrical contacts, spark plugs and machinery. Com-
pounds of N1 are used as pigments in paints, lacquers, cellulose compounds,
and cosmetics (Page, 1974).

The average Ni content in the earth's crust is 100 ppm. In soils, the
typical range of Ni 1s 5-500 ppm (Lindsay, 1979). Soil derived from
serpentine may contain as much as 5,000 ppm Ni (Vanselow, 1966c).

Nickel in soil associates with 0~2 and OH™ ligands and 1is pre~
cipitated as Ni hydroxyoxides at alkaline pH. In an aerobic system, Ni may
be reduced to lower oxldation states. Nickel present 1in the Ilower
oxidation state tends to precipitate as N1 carbonate and Ni sulfide (Bohn
et al., 1979).

Nickel sorption by soils has been measured as a function of soil prop-
erties and competitive cations. Korte et al. (1975) leached Ni from 10
goils and correlated the amount of metal eluted to various soil properties.
The percentage of clay and the CEC values were insignificant to Ni reten-
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tion. The amount of iron and manganese oxides in the soil was positively
correlated to Ni sorption. The magnitude of sorption of three cations to a
calcium bentonite was shown to be silver<nickel<lead (Ermolenko, 1972) and
sorption to a neutral pH alluvial soil was shown to be lead>copper>zincd>
cadmium>zinc (Biddappa et al., 1981). A column study by Emmerich et al,
(1982) indicated that when 211 ppm Ni was added as sewage sludge, 94% of
the Ni added was recovered from the column indicating essentially no Ni
leached below the depth of incorporation. Organic matter has the ability
to hold Ni at levels up to 2000 ppm (Leeper, 1978); maximum sorption of Ni
by soils is often near 500 ppm (Biddappa et al., 1981). However, other
studies show Ni sorption is decreased in the presence of a strong chelating
agent such as EDTA, and suggest Ni mobility would be enhanced when present
with naturally occurring complexing agents such as sewage sludge (Bowman et
al., 1981).

The effects on nitrification and carbon mineralization of adding
10-1000 ppm Ni to a sandy soil were studied by Giashuddin and Cornfield
(1978). These researchers found that high levels of the element may
decrease both processes by 35 to 68%Z. This result may imply that high Ni
concentrations in an organic waste may inhibit the decomposition of the
waste by reducing these processes.

Total Ni content in soil is not a good measure of the availability of
the element; exchangeable Ni is more closely correlated to the Ni content
of plants. Nickel is not essential to plants and in many species produces
toxic effects. Normally the Ni content of plant material is about 0.1-1.0
ppm of the dry matter. Toxic limits of Ni are considered to be 50 ppm in
the plant tissue (CAST, 1976). The early stages of Ni toxicity are
expressed by stunting in the affected plant.

Liming the soil can greatly reduce the extent of Ni toxicity. Yet, in
some cases, plants continue to absorb high amounts of Ni after liming. The
effect of lime on Ni toxicity is related to more than just the elevated pH,
as illustrated in a case where a small increase in pH from 5.7 to 6.5
resulted in a substantial reduction in Ni toxicity. Apparently, calcium
provided by liming is antagonistic to Ni uptake by plants (Leeper, 1978).
Potassium application also reduces Ni toxicity; the application of phos-
phate fertilizers results in increased toxic symptoms (Mengel and Kirkby,
1978).

When corn (Egg mays) was grown on a silt loam soil amended with a
sludge containing 20 ppm Ni, a slight increase in plant uptake was observed
as the loading rate was increased from 0 to 6.7x10% kg/ha; however, there
was no significant increase in the Ni content in corn grown on a sandy loam
amended with 6.7x10% kg/ha of sludge containing 14,150 ppm Ni was a less
soluble form. Although Ni was more concentrated in the second sludge, it
was less soluble and consequently less available to plants (Keefer et al.,
1979). Mitchell et al. (1978) studied Ni toxicity to lettuce (Lactuca
sativa) and wheat (Triticum aestivum) plants in an acidic and alkaline soil
(Tables 6.41 and 6.42). Nickel uptake and toxicity was found to be much
greater in the acidic soil. Solution and soil concentrations of Ni and
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the response in plants assoclated with each concentration are given in
Table 6.43 which shows a varied response depending on the plant species.

TABLE 6.41 NICKEL CONCENTRATION IN PLANT TISSUE IN RELATION TO NICKEL
ADDITION IN A CALCAREOUS SOIL (DOMINO SILT LOAM)*

Tissue
Concentration Plant Concentration
Ni (mg/kg) Portion Crop (mg/kg) Effect
5 Shoots Lettuce 6.0 None
(Lactuca sativa)
5 Leaves Wheat 3.2 None
(Triticum aestivum)
5 Grain Wheat <1.0 None
(T. aestivum)
80 Shoots Lettuce 23 207% yield
(L. sativa) reduction
80 Grain Wheat 1.0 15% ylield
(T. aestivum) reduction
320 Shoots Lettuce 61 35% yield
(L. sativa) reduction
320 Grain Wheat 26 25% yield
(T. aestivum) reduction
640 Shoots Lettuce 166 95% yield
(L. sativa) reduction
640 Grain Wheat 50 657 yleld
(T. aestivum) reduction

* Mitchell et al. (1978).
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TABLE 6.42 NICKEL CONCENTRATION IN PLANT TISSUE IN RELATION TO NICKEL
ADDITION IN AN ACID SOIL (REDDING FINE SANDY LOAM)#*

Tissue
Concentration Plant . Concentration
Ni (mg/kg) Portion , Crop (mg/kg) Effect
5 ‘Shoots Lettuce 6.6 None
(Lactuca sativa)
5 Leaves Wheat 2,6 None
(Triticum aestivum)
5 Grain Wheat (T. aestivum) 1.7 None
80 Shoots Lettuce 241 25% yield
(L. sativa) reduction
80 Leaves Wheat 46 Significant
(T. aestivum) yield
- reduction
80 Grain Wheat 64 20% yield
(T. aestivum) ' reduction
320 Shoots Lettuce 960 90% yield
(L. sativa) reduction
320 Grain Wheat 247 90% yield
(T. aestivum) reduction
640 Shoots  Lettuce 1,150 95% yield
(L. sativa) reduction

* Mitchell et al. (1978).

THE INFLUENCE OF SOLUTION CULTURE AND SOIL CONCENTRATION OF

TABLE 6.43
NICKEL ON PLANT GROWTH AND YIELD
Amount
of Nickel
(mg/kg) ‘Media Species Effect Reference
.8 kg/ha Soil & Fescuegrass 7 ppm Ni King (1981)
sludge (Festuca sp.) in grass
2.5 Solution Tomato Yield Foroughi et al.
(Lycopersicon reduction (1976)
esculentum)
10 Soil Plantain Contained Dikjshoorn et al.
(Solanum 2.5 ppm Ni (1979)
paradisiaca) ,
28 Soil & Ryegrass Contained Davis (1979)
sludge (Secale 3.1 ppm Ni '
cereale)
28 Soil & Barley Contained Davis (1979)
sludge (Hordeum 3.9 ppm Ni
vulgare)
100 Solution Cotton 90% reduction Rehab and Wallace.
(Gossypium in plant mass (1978e)
hirsutum)
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Grasses growing around Ni smelting complexes have been shown to
develop a tolerance for high concentrations of Ni in the growing media,
that 1is, they express no phytotoxic symptoms or yield reductions as a
result of the element. These grass speclies are 10 times more tolerant of
Ni than plants growing on a normal soll and have developed this tolerance
because selection pressure was high. Attempts are being made to use these
metal tolerant strains to revegetate metal contaminated soils, but few
tolerant crops are now avallable commercially. Wild (1970) found Ni accum-
ulators with foliar Ni over 2000 ppm and Ni tolerant excluder plants with
low foliar Ni at the same Ni rich site. Where available it seems wiser to
introduce excluder type tolerant species and strains to eliminate risk to
the food chain., "Merlin” red fescue and the grass Deschampsia cespitosa
are considered to be Ni tolerant (Cox and Hutchinson, 1980; Chaney et al.,
1981).

There is a possibility that Ni, in trace amounts, has a role in human
nutrition. However, there is also a strong possibility that Ni is carcino-
genic. Numerous investigations have shown Ni to be carcinogenic to animals
when administered by 1ntramuscular, intravenous or respiratory routes
(Sundernam and Donnelly, 1965). Occupational exposure to Ni compounds has
been shown to significantly increase the incidence of lung and nasal cancer
in workmen (Sunderman and Mastromalleo, 1975). In small mammals, the
LD5y of most forms of nickel is from 100 to 1000 mg/kg body weight.
Ni1(CO), is extremely toxic (Bowen, 1966).

The use of irrigation water that contains the upper 1limit of the
acceptable concentration of N1 as recommended by the National Academy of
Sciences and National Academy of Engineering (1972) 1s equivalent to an
accumulation of 100 ppm of Ni in the upper 15 cm of soil. Information
obtained from Mitchell et al. (1978) and Tables 6.41-6.43 indicate that the
phytotoxic level of Ni 1in soil ranges from 50 to 200 ppm. A soil
accumulation of 100 ppm N1 appears to be acceptable based on phytotoxicity
and microbial toxicity. However, 1if demonstration of treatability tests
indicate that higher concentrations of Ni can be safely immobilized without
either plant -or microbial toxicity, loading rates could be increased.

6.1.6.19 Palladium (Pd)

Palladium 1is a by-product of platinum extraction. It 1s used in
limited quantities in the manufacture of electrical contacts, dental alloys
and jewelry. In 1975 the American automobile industry began installing
catalytic converters containing Pd. Various industries use Pd catalysts
(Wiester, 1975). The average annual loss of Pd to the environment is 7,596
kg; much of it as imnocuous metal or alloys.

Palladium has varying effects on plant. and animal 1life. Palladium
chloride (PdCl;) in solution at less than 3 ppm stimulates the growth of
Kentucky bluegrass, yet at concentrations above 3 ppm toxic effects appear.
Concentrations of 10 ppm or greater are highly toxic. The element was
detected in the bluegrass roots but not in the tops (Smith et al., 1978).
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Palladium (II) ions are extremely toxic to microorganisms. Palladium is
carcinogenic to mice and rats, however, rabbits show no ill effects from
dietary Pd. Aquatic life forms, particularly microflora and fish, may
suffer ill effects from the discharge of Pd (II) compounds by refineries
and small electroplaters (Smith et al., 1978). Palladium toxicity to lower
life forms suggests that losses to the environment should be monitored.

6.1.6.20 Radium (Ra)

Radium-226 is a radioactive contaminant of soil and water which often
appears in uranium processing wastewaters. Commercial uses of Ra includes
manufacture of luminous paints and radiotherapy. The lithosphere contains
1.8 x 1013 g Ra and ocean water contains about 10-13 g/1. ‘

Radium is highly mobile in coarsely textured soils and creates a
potential for polluting water. The attenuation of Ra is positively corre-
lated with the alkalinity of the soil solution and the retention time in
soil, which are governed by the exchangeable calcium content of the soil
solution and the soil pore size distribution, respectively (Nathwani‘and
Phillips, 1978). Liming increases Ra retention in soil by the formation of
an insoluble calcium-beryllium complex with Ra. The release of organic
acids may increase the mobility of Ra in the soil solution. The bound
forms of Ra are arranged in the order: acid-soluble>exchangeabledwater
soluble (Taskayev et al., 1977). Although the forms of Ra have been shown
to vary with depth, Ra should be tightly bound in limed soil by the effects
of pH and CEC on Ra fixation.

Radium should be prevented from reaching the food chain since it is
severely animal toxic and carcinogenic because of its radioactivity. Due
to its chemical similarities to calcium, Ra can concentrate 1in the bone
where alpha radiation can breakdown red blood cell production. Radium must
be applied so that the leachate does not exceed 20 pCi/day (National
Academy of Sciences and National Academy of Engineering, 1972). While the
soil may have the capacity to retain large amounts of Ra, the loading rate
must be controlled to prevent the Ra concentration in plants and leachate
water from reaching unacceptable levels.

6.1.6.21 Rubidium (Rb)

Rubidium concentrations range from 50 to 500 ppm in mineral soils,
with an average soil concentration of 10 ppm. Rubidium is typically con-

tained in superphosphate fertilizers at 5 ppm and in coal at 15 ppm (Lisk,
1972).

Most of the information about Rb in soils is derived from plant uptake
studies of potassium. Potassium and Rb ions, both monovalent cations in
the soil solution, are apparently taken up by the same mechanism in plants.
The quantity of Rb absorbed is controlled by pH. Rubidium adsorption by
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barley roots 1s greater at pH 5.7 than at 4,1 (Rains et al., 1964).
Rubidium has a toxic effect on plants in potassium deficient soils due to
increased Rb uptake and blockage of calcium uptake (Richards, 1941).

Average Rb levels in plants range from 1-10 ppm in the Graminae,
Leguminosae and Compositae plant families (Borovik-Romanova, 1944). Alten
and Goltwick (1933) observed a reduction in tobacco yield when plants were
grown in soil containing 80 ppm Rb. Rubidium is rarely phytotoxic in soil
that contains sufficient potassium for good plant growth.

6.1.6.22 Selenium (Se)

Selenium is used by the glass, electronics, steel, rubber and photo-
graphic industries (Page, 1974). Selenium concentrations in sludges from
sixteen U.S. cities ranged from 1.7 to 8.7 ppm (Furr et al., 1976). Fly
ash from coal burning power plants can be quite rich in Se when western
coals are burned (Furr et al., 1977). The average concentration of Se in
solls of the U.S. 1is between 0.1 and 2 ppm (Aubert and Pinta, 1977).

Most Se in the soil occurs in the form of selenites (+4) and selenates
(+6) of sodium and calcium, while some occur as slightly soluble basic
salts of iron. Selenium has six electrons in its outer shell (making it a
metalloid) and upon addition of two more electrons, Se is transformed into
a negative bivalent ion. These anions may combine with metals to form
selenides. Selenides formed with mercury. copper and cadmium are very
insoluble.

Selenium in soil 1s least soluble under acid conditions, which is the
reverse of most other metals with the exception of Mo. Ferric hydroxides
in acidic soils provide an important mechanism of Se precipitation by form-
ing an insoluble ferric oxide selenite. Under reducing conditioms that
occur in water saturated solls, Se 1s converted to the elemental form.
This conversion provides a mechanism for attenuation since selenate, the
form which is taken up by plants, occurs only under well aerated, alkaline
conditions. Figure 6.20 illustrates forms of Se at various redox poten—
tials,

Selenium is closely related to sulfate-sulfur both chemically and bio-
logically. Both have six electrons in their outer shell and both ions have
an affinity for the same carrier sites for plant uptake. The incorporation
of Se into amino acids analagous to that of sulfur has been observed in a
number of plant species (Petersen and & Butler, 1962). It 1is theorized
that Se toxicity to plants may be a result of interference with sulfur

metabolism.

Little evidence exists to suggest that Se is an essential element for
plants, yet plants can serve as carriers of Se to animals for whom the ele-
ment is essential. Plants will translocate selenate only under aerated
alkaline conditions. Plants containing above 5 ppm Se are considered to be
accumulator plants since 0.02-2.0 ppm 1s the normal range of Se in plant
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leaves. A suggested maximum concentration value of Se in plants 1is given
at 3-10 ppm to avoid animal health problems (Melsted, 1973).

Plant species that have been identified as accumulator plants are
given in Table 6.44. It has been suggested that these accumulator plants
have the ability to synthesize amino acids containing Se, thus preventing
toxicity to the plant (Butler and Petersen, 1967).

TABLE 6.44 SELENIUM ACCUMULATOR PLANTS

Plant Genus Se (ppm)

Primary accumulators:

Zylorhiza 1400-3490

Stanelya 1200-2490

Oonoposis 1400-4800

Astragalus 1000-15,000
Secondary accumulators:

Grindelia 38

Atriplex 50

Gutierrezia 60

Astor 70

Excess concentrations of Se in plants result in stunting and chloro-
sis. The metal can be partially accumulated in growing points in seeds.
Watkinson and Dixon (1979) observed plant leaf concentrations of 2500 ppm
in ryegrass (Secale cereale) and a reduced growth rate when the Se applica-
tion rate was 10 kg/ha. Wheat (Triticum aestivum) grown in a sandy soil
was tolerant to Se applied as sodium selenate, and phosphorus additions of
50 ppm increased tolerance (Singh and Singh, 1978). The data of Allaway
(1968) indicates that the toxic range of Se in the leaves of plants is from
50 to 100 ppm depending on species.

Selenium is an element for which both deficient and toxic levels exist
in animals. Selenium as an essential element is part of the enzyme gluta-
thione peroxidase which is necessary for metabolic functions in animals and
is required in concentrations of 0.05-1 ppm in the diet. Deficiency of Se
results in the "white muscle disease™ of lambs, calves, chickens and cat-
tle. This condition gives rise to muscular dystrophy and loss of hair and
feathers. The deficiency can be corrected by the addition of Se in the
diet at concentrations of 0.1-1 ppm. Soils that are deficient in Se can be
found in the humid Pacific Northwest and the northeastern U.S.

Impacts of Se on aquatic animal species have been noted at concentra-
tions of 0.8 mg/l. Selenium toxicity to Daphnia magna, Hyallela azteca,
and fathead minnows was reported by Halter (1980) where the LCgy value,
or the concentration which was lethal to 50% of the population, was .34 to
1.0 mg/l. Toxicity increased with increasing concentration up to 20 mg/1,
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at which 100% mortality was exhibited. Runoff containing Se would be
expected to severely impact aquatic life.

At concentrations in excess of 5 ppm in the diet of animals, there is
a danger of Se toxicity. The condition 1s known as "alkall disease,” so
named because alkaline soils have the highest concentrations of available
Se. Animals that are affected by alkali disease eat well but lose weight’
and vitality and eventually die. Lesions, lameness and organ degeneration
result from this condition. The minimum lethal dose of Se in cattle is
documented as 6-8 ppm in the diet after 100 days of feeding Se at this
level. Acute toxicity results when animals graze on plants that accumulate
Se. These animals develop "blind staggers™ which 1s characterized by
emaciation, anorexia, paralysis of the throat and tongue, and staggering
(Allaway, 1968).

When land treating a waste high in Se, the quality of leachate and
runoff water from the site and the accumulation of Se in plants should be
considered. If proper precautions are used, Se additions to soils need not
pose environmental problems. Selenium can be concentrated in plants in
concentrations greater than that in the soil solution, so food chain crops
should be avoided and grazing animals excluded from the site. Maintenance
of low pH values to avoid Se solubility seems impractical as almost all
other metals are solubilized at low pH values. The use of irrigation water
that contains the upper 1limit of the acceptable concentration of Se as
recommended by the National Academy of Sciences and National Academy of
Engineering (1972) is equivalent to an accumulation of 10 ppm of Se in the
upper 15 cm of soil. However, if studies indicate Se 1s adequately immo-
bilized by the soil so that leaching does not occur and plant concentra-
tions of the element remain below 10 ppm, phytotoxic limits would allow
greater application rates of Se.

6.1.6.23 Silver (Ag)

Silver is found in waste streams of a diverse group of industries,
including photographic, electroplating, and mirror manufacturing. However,
with the increase in the price of Ag, reduction of the element in waste
streams is expected. Berrow and Webber (1972) observed Ag waste amended
solls often contained 5 to 150 ppm Ag. These concentrations are far in
excess of Ag concentrations normally found in soils, indicating that the
soll has a great capacity for retaining Ag from waste streams. Silver is
held on the exchange sites of soll and precipitated with the common soil
anions, chloride, sulfate and carbonates. The solubility of most Ag com-
pounds 1is greater in acid soil, but even under acidic conditions high
conditions high concentrations of soluble Ag are not taken up by plants
(Aldrich et al., 1955). However, leaching concentrations of .05 mg/l must
be maintained for drinking water standards.
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6.1,6.24 Strontium (Sr)

Strontium in soll naturally occurs as two principal ores, celestite
(SrS04) and strontianite (SrCO3), which are often associated with
calcium and barium minerals. The sulfate and carbonate forms of Sr are
only slightly soluble in water, and it is thought that carbonates or
sulfates supplied in fertilizer improve the retention of Sr in soil. On
the other hand, calcium (Ca) has been shown to increase Sr movement in soil
columns because Ca reacts similarly to Sr in soil and plants (Essington and
Nishita, 1966).

Strontium is indiscriminately taken up by higher plants from soil and
has no mutritional value to plants. Strontium is able to partially replace
Ca in plant tissues and this form of Sr has a low toxicity. However, the
artificial isotopes, SR-89 and SR-90 are extremely hazardous. Consumption
of forage containing these isotopes can result in the incorporation of Sr
in bones and teeth by replacing Ca. Abbazov et al. (1978) report that the
uptake of strontium—90 by plants is inversely related to the exchangeable
Ca content of soils. Strontium levels exceeding 17,000 ppm are common in
the elm (Vanselow, 1966d). In view of the broad range of the Sr to Ca
ratio found in plants, liming may have little effect on Sr uptake from
soils (Martin et al., 1958).

With the advent of atomic testing, the contamination of soil with Sr
originating from atmospheric fallout has become a concern. Strontium-90 is
the fission element that is most readily absorbed by plant tissue. Exten-
sive harvesting of grasses has been shown to reduce Sr-90 in soil (Haghiri
and Himes, 1974), although this is a very slow process. Some researchers
have claimed that Ca and organic matter applications lower Sr-89 uptake
from agricultural soils (Mistry and Bhujbal, 1973; 1974), It is not clear
whether the applied Ca reduces uptake through precipitation mechanisms or
through substitution for Sr in plant tissues. It is known that pH effects
in neutral and alkaline soils are minimal, but these effects may become
significant in soils with low Ca content.

It is difficult to suggest a management plan for treatment of Sr-90
contaminated soil because Sr uptake by plants or leaching from soil is
poorly understood. Strontium exhibited little mobility as a result of
leaching from the soil of a 20-year old abandoned strip mine (Lawrey,
1979), Strontium-90 is the most hazardous of the fission products to mam-
mals., Because of its toxicity and the lack of information on Sr attenua-
tion in soils, the loading rate for wastes containing Sr should be equiva-
lent to the loading rate for uranium.

6.1.6.25 Thallium (T1)

Thallium occurs in the waste streams of diverse industries, including
fertilizer and pesticide manufacturing, sulfur and iron refining, and cad-
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mium and zinc processing. Thallium is transported in wastewaters and is
fixed in the monovalent form in soils over a broad pH range. Thallium in
sulfur ore is probably in the form of Tl sulfate under low pH conditionms.
Acidic effluents may contain ligands (e.g., chlorine and organics) that
stabilize the thallic state and favor oxidation of Tl ioms to T1,0,.
While T173 can be formed in acidic soils under highly oxidized condi-
tions, it is more often fixed in basic soils on hydrous iron oxides. Sol-
uble Tl+, on the other hand, is removed by precipitation with common soil
anions to form sulfides, iodides or chlorides.

Phytotoxic levels of Tl, in excess of 2 ppm, occur in highly mineral-
ized soils. Because of the similarity of Tl chemistry to the group I ele-
ments, there are possible interactions with soil and plant alkalli minerals
which are likely to occur. An imbalance between Tl and potassium (K) on
soil exchange sites can impair plant enzymes responsible for respiration
and protein synthesis by the substitution of Tl for K. Antimitotic effects
attributed to contamination may occur equally 1in plants as well as in
animals,

Plant tolerance to Tl in soil was observed by Spencer (1937) when high
concentrations of calcium (Ca), aluminum (Al) and K were present. As a
result, the assimilative capacity for Tl may be increased when Ca, K or Al
are present.

6.1.6.26 Tin (Sn)

Tin in waste streams originates primarily from the production of tin
cans; 1t is also used in the production of many alloys such as brass and
bronze. Tin is used for galvanizing metals and for producing roofing
materials, pipe, tubing, solder, collapsible tubes, and foll (Page, 1974).
In addition, Sn is a component of superphosphate which typically contains
3.2 - 4,1 ppm Sn.

Tin is concentrated in the nickel-iron core of the earth and appears
in the highest concentrations in igneous rocks. The range of Sn in soil is
between 2 and 200 ppm, while 10 ppm is considered to be the average value
(Bowen, 1966). Casserite (SnOj), the principal Sn mineral, is found in
the velins of granitic rocks.

As a member of group 1V, the chemical properties of Sn most closely
resemble those of lead, germanium and silicon. The mumerous sulfate salts
of Sn are very insoluble as are other forms of Sn in soil; thus, their
impact on vegetation yield and uptake is slight (Romney et al., 1975). At
a lower pH, increased uptake of Sn occurs as a result of increased solubil-
ity. The translocation of Sn by plants is reduced by low solubility in
soil. Millman (1957) found that Sn concentrations in plants were not
related to the concentration in the soil. For soil pH near neutral, 500
ppmn Sn had no effect on crops and did not increase foliar Sn. Several
studies show little uptake of Sn by plants even when soil Sn was quite high
(Millman, 1957; Peterson et al., 1976).
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Since there is no substantial evidence that Sn is beneficial or detri-
mental to plants and since there are no documented cases of animal toxicity
due to consumption of Sn-containing plants, loading of a waste containing
Sn should pose little environmental hazard. The insolubility of Sn at a
neutral to alkaline pH range prevents plant uptake and subsequent food
chain contamination.

6.1.6.27 Titanium (Ti)

Titanium is not a trace element by nature and is found in most rocks
of the earth's crust in high concentrations (Aubert and Pinta, 1977). The
average content of Ti1 In seventy Australian soils is 0.67%, tropical Queens-
land soil contalns 3.4% (Stace et al., 1968), tropical Hawaiian soil 15%
(Sherman, 1952), and up to 25% 1s found in some lateritic soils (Pratt,
1966c). The average T1 concentration in the soil solution is estimated to
be 0.03 ppm.

Soil Ti is a tetravalent cation, usually present as TiOj. All six
common mineral forms of TiO, (Hutton, 1977) are studied for their extreme
stability in soil environments. Titanium movement in soil is very slow,
and thus 1s used as a measurement of the extent of chemical weathering.
Even old, acidic, and highly weathered tropical soils have a Ti content in
the soll solution which 1s near 0.03 ppm. The absolute Ti content is high
because as other minerals have weathered the highly stable Ti0p 1is left
behind. Titanium in soils may be considered essentially immobile and
insoluble.

Titanium is rated as slightly plant toxic (Bowen,1966). The toxicity
is believed to be due to the highly insoluble nature of Ti phosphates which
may possibly tie up essential phosphorus. The average value in dry plant
tissue is 1 ppm (Bowen, 1966). Titanium is so insoluble that no natural
uptake of toxic amounts has been reported. Similarly, there are no repor-
ted values for toxic or lethal doses of Ti in plants or animals.

The only suggested management for high T1 wastes is to maintain an
aerobic environment to ensure rapid conversion to Ti03. The presence of
257 Ti in tropical soils (Pratt, 1966c) suggests that high loading rates
would not pose an environmental hazard. Laboratory studies indicate that
Ti may form very insoluble complexes with phosphate. Where Ti wastes are
to be applied, the addition of phosphorus could be used to immobilize any
Ti and phosphate fertilization to maintain plant health may be necessary.

6.1.6.28 Tungsten (W)

The tungsten concentration in the earth's crust 1s relatively low.
Shales contain 1.8 ppm W, sandstones, 1.6 ppm, and limestones, 0.6 ppm.
Soils have an average W concentration of 1 ppm (Bowen, 1966). Radioiso-
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topes of W are the principal source of radioactivity from many of the nuc-
lear cratering tests.

The usual W content of land plants is about 0.07 ppm (Bowen, 1966).
Plants grown on ejecta from cratering tests concentrate very high levels of
radioactive W through their roots (Bell and Sneed, 1970). Tungsten 1is
moderately toxic to plants, with the effects appearing at 1-100 ppm W in
nutrient solution depending on plant species (Bowen, 1966).

Wilson and Cline (1966) studied plant uptake of W in soils. - They
found that W was taken up readily by barley (Hordeum vulgare). Tungsten
uptake was 55 times greater from a slightly alkaline, fine, sandy loam
than from a medium acid forest soil. Tungsten is probably taken up by
plants as W042'.

There has been no physiological need for W demonstrated in animals,
and it is slightly toxic to animals. The LDgg, or dose of the element
which is lethal to 50% of the animal species, for small mammals is 100-1000
mg/kg body weight (Bowen, 1966). The element is readily absorbed by sheep
and swine and concentrated in kidney, bone, brain, and other tissues (Bell
and Sneed, 1970).

Tungsten is chemically similar to molybdenum (Mo), therefore its solu-
bility curves and other reactions in soil should resemble those of Mo.
Tungsten does not pose animal health risks as does Mo however, therefore
loading rates for W could be higher than those for Mo.

6.1.6.29 Uranium (U)

Concentrations of total U in soils range from 0.9 to 9 ppm with 1 ppm
as the mean value (Bowen, 1966). Uranium concentrations are also expressed
as pica Curies per gram (pCi/g), thus U.S. soils contain from 1.1 to 3.3
pCi/g of U (Russell and Smith, 1966). There appears to be more U in the
upper portion of soil profiles. This U occurs naturally as pitchblende
(U308) and 1is found in Colorado and Utah, and in smaller amounts else-
where in the U.S.

Wastes generated by U and phosphate mining may contain very high con-
centrations of U and their disposal represents a problem of long duration
as the half-life of U is 4.4 X 109 years. Alpha and gamma radiation are
associated with this element.

Uranium is strongly sorbed and retained by the soil when present in
the +4 oxidation state and may be bound with organic matter and clay col-
loids. Uranium concentrations of 100 ppm in water were almost completeély
adsorbed on several of the soils studied by Yamamoto et al., (1973).
Changes in pH values had little or no effect on adsorption. However, U
present in the +6 oxidation state is highly mobile, so care should be taken
to land apply U water or waste only when it will remain reduced, such as on
highly organic soils.
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Plant uptake of U from soils naturally high in this element provides
the only data avallable on plant accumulation. Because very high concen-
trations of U in plants are not phytotoxic, plants containing large amounts
of U may provide a food chain link to animals. Yet plant uptake of U is
usually rather low since U 1s so strongly fixed in surface soils.

Uranium and its salts are highly toxic to animals. Dermatitis, kidney
damage, acute necrotic arterial lesions, and death have been reported after
exposure to concentrations exceeding 0.02mg/kg of body weight. The EPA
guidelines for Uranium Surface Mining Discharge (FRL 923-7 Part 440 Subpart
E) set the average surface discharge level of 10 pCi/g total and 3 pCi/1
dissolved, with daily maximum levels at 30 pCi/l total and 10 pCi/l1 dis-
solved.

Wastes containing U should be applied to the soil at a rate that pre-
vents leaching of U to unacceptable levels. Uranium is strongly adsorbed
in solls that are high in organic matter, however, U may be mobile when
oxidized. Disposal of these wastes should follow guidelines set forth by
the Nuclear Regulatory Commission and the EPA.

6.1.6.,30 Vanadium (V)

The major industrial uses of V are In steels and nonferrous alloys.
Compounds of V are also used as 1industrial catalysts, driers in paints,
developers 1n photography, mordants in textiles, and in the production of
glasses and ceramics. In sewage sludge the total concentration of V varies
from 20-400 ppm (Page, 1974).

Vanadium is widely distributed in nature. The average content in the
earth's crust is 150 ppm. Soils contain 20-500 ppm V with an average con-
centration of 100 ppm (Bowen, 1966).

In soils, V can be incorporated into clay minerals and 1s associated
with aluminum (Al) oxides. Vanadium in soils may be present as a divalent
cation or an oxidized anion (Barker and Chesnin, 1975). Vanadium may be
bound to soil organic matter or organic constituents of waste and also
bound to Al and iron oxide coatings on organic molecules.

Vanadium is ubiquitous in plants. The V content of 62 plant materials
surveyed ranged from 0.27 to 4.2 ppm with an average of about 1 ppm (Pratt,
1966d) and a survey by Allaway (1968) indicates a range of 0.1 to 10.0 ppm.
Root nodules of legumes contain 3-4 ppm V and some researchers feel that V
may be interchangeable with molybdenum as a catalyst in nitrogen fixation.
Although V has not been proven to be essential to higher plants, it is
required for photosynthesis in green algae (Arnon, 1958). 1In addition, low
concentrations of V increased the yield of lettuce (Lactuca sativa),
asparagus (Asparagus officinalis), barley (Hordeum vulgare), and corn (Zea
mays) (Pratt, 1966d).
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Vanadium accumulations in plants appear to vary from species to sgpe-
cies. Calcium vanadate in solution culture was shown to be toxic to barley
at a concentration of 10 ppm, and when the V was added as V chloride, a
concentration of 1 ppm produced a toxic response. Yet, rice seedlings
showed increased growth when 150 ppm V oxide was applied as ammonium meta-
vanadate. Toxic symptoms appeared when V oxide was applied at a level of
500 ppm, and a concentration of 1,000 ppm killed the rice plants (Pratt,
1966d). The data of Allaway (1968) indicate that the toxic level of V in
the leaves of plants is above 10 ppm, depending on species. However, some
studies involving application of sewage sludge and fly ash containing V did
not result in any change in the plant concentration of the element (Furr,
1977; Chaney et al., 1978).

When V is present in the diet at 10-20 ppm it has been shown to
depress growth in chickens (Barker and Chesnin, 1975). In mammals, V may
have a role in preventing tooth decay. The element is not very toxic to
humans and the main route of toxic contact is through inhalation of V in
dust (Overcash and Pal, 1979).

6.1.6,31 Yttrium (Y)

Concentrations of Y in rocks range from 33 ppm in igneous rocks to 4.3
ppm in limestones (Bowen, 1966)., Soils contain 3-80 ppm Y (Bohn et al.,
1979). 1In soil, Y, like the other transition metals, assoclates with 02~
and OH™ ligands and tends to precipitate as hydroxyoxides (Bohn et al.,
1979). ‘

Yttrium is not an essential element for plant growth. It is found in
dry tissue of angiosperms at a concentration of less than 0.6 ppm. Gymno-
sperms contain only 0.24 ppm or less. Ferns usually contain about 0.77 ppm
Y and have been reported to be capable of accumulating this metal (Bowen,
1966).

Yttrium is only moderately toxic to animals. For small mammals;'the
LD5g of Y is 100-1000 mg/kg body weight (Bowen, 1966).

6.1.6.32 Zinc (Zn)

Zinc wastes originate primarily from the production of brass and
bronze alloys and the production of galvanized metals for pipes, utensils
and buildings. Other products containing Zn include insecticides, fungi-
cides, glues, rubber, inks and glass (Page, 1974).

Most U.S. solls contain between 10-300 ppm Zn, with 50 ppm being the
average value (Bohn et al., 1979). Surface soils generally contain“more
Zn than subsurface horizons. Zinc is abundant where sphalerite and sul-
fides occur as parent materials for soil (Murrman and Koutz, 1972),
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Zinc in the soil can exist as a precipitated salt, it can be adsorbed
on exchange sites of clay or organic collolds, or it can be incorporated
into the crystalline clay lattice. Zinc can be fixed in clay minerals by
isomorphic substitution where Zn2t replaces aluminum (Al3+), iron
(Fe2+) or magnesium (Mg2+) in the octahedral layer of clay minerals. Zinc
substitution also occurs in ferromagnesium minerals, augite, hornblende and
biotite. Zinc bound in these minerals composes the majority of Zn found in
many soils.

Zinc interaction with soil organic matter results in the formation of
both soluble and insoluble Zn organic complexes. Soluble Zn organic com-
plexes are mainly associated with amino, organic and fulvic acids. Zinc
sorbed on organic colloids may be soluble and easily exchangeable. Hodgson
et al. (1966) reported an average of 60% of the soluble Zn in soil 1is
present as Zn organic complexes. The insoluble organic complexes are
derived from humic acids.

Zinc found on the exchange sites of clay minerals may be absorbed as
Zn2+, zn(OH)Y or ZnClt. The intensity of this adsorption 1is increased at
elevated pH. It appears that potassium competes with Zn for the clay
mineral exchange sites.

When Zn is complexed with chlorides, phosphates, nitrates, sulfates,
carbonates and silicates at higher Zn concentrations, slowly soluble
precipitates are formed. The relative abundance of these precipitates is
governed by pH. On the other hand, the zinc salts, sphalerite (ZnFeS),
zincate (Zn0O) and smithsonite (ZnCo3). are highly soluble and will not
persist in soils for any length of time. Zinc sulfate, which 1s formed
under reducing conditions, is relatively insoluble when compared to other
zinc salts.

The predominant Zn species in solutions with a pH less than 7.7 1is
Zn2+, while znoHt predominates at a pH greater than 7.7. Figure 6.21
illustrates the forms of Zn that occur at various pH values. The rela-
tively 1insoluble Zn(OH); predominates at a soil pH between 9 and 11,
vhereas Zn(OH)3- and Zn(OH)42' predominate at a soil pH greater than 1l1.
The complexes, ZnSO; and Zn(OH)9, control equilibrium Zn concentrations
in soil at a low pH and high pH, respectively (Lindsay, 1972).

Zinc interacts with the plant uptake and absorption of other elements
in soils. For example, high levels of phosphorus (P) induce Zn deficiency
in plants by lowering the activity of Zn through precipitation of Zn3(P04)-
(Olsen, 1972)., Furthermore, Zn uptake is decreased when copper is present
by competition for the same plant carrier site. Similar effects of
decreased Zn uptake are caused by iron, manganese, magnesium, calcuim,
strontium and barium. On the other hand, dietary Zn may decrease the
toxicity of cadmium in animals.

The normal range of Zn in leaves of various plants is 15-150 ppm and

the maximum suggested concentration in plants is 300 ppm to avoid phyto-
toxicity (Melsted, 1973). Zinc is an essential plant element necessary for
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hormone formulation, protein synthesis, and seed and grain maturation.
Table 6.45 lists plant response to various concentrations of Zn.

Toxic levels of Zn occur in areas near Zn ore deposits and spoil
heaps. Some plant species, however, tolerate Zn levels of between 600 and
7800 ppm. Agrostis tenuls (bentgrass), Armeria helleri, and Phaseolus
vulgaris (bean) have been shown to accumulate as much as 1000 ppm Zn in
their leaves (Wainwright and Woolhouse, 1975).

Zinc 1is an essential element for animals. Animals that have a Zn
deficiency are unable to grow healthy skin; poultry produce frizzy, brittle
feathers; domestic animals develop dull scraggly fur; and humans develop
scaly skin. In addition, animals with a Zn deficiency heal slowly. How-
ever, the element may become toxic to microorganisms such as Pseudomonas, a
hydrocarbon degrader, at soil concentrations of 500 mg/kg.

Animals are generally protected from Zn poisoning in the food chain
since high concentrations of Zn are phytotoxic. Levels of dietary Zn of
500 ppm or more have little adverse effect on animals (Underwood, 1971).
The National Academy of Science (1980) recommends maximum tolerable levels
of dietary Zn as follows: cattle, 500 ppm; sheep, 300 ppm; swine, 1000
ppm; poultry, 1000 ppm. Aquatic animals are more sensitive to zinc, how-
ever; the 96 hour LCgg for fathead minnows exposed to 2Zn(II) was
2.6 ppm and that for rainbow trout i1is 14.6 ppb (Broderius and Smith,
1979).

Loading rates of Zn bearing wastes can be estimated using a Zn equiva-
lent, However, the use of a Zn equivalent is often unsatisfactory since
the equation developed by Chumbley (1971) neglects any toxic effects due to
elements other than Zn, nickel (Ni) and copper (Cu). The concentrations of
Cu, Zn and Ni (in ppm) in the waste are weighted in terms of Zn to give the
zinc equivalence (Z.E.):

Z,E. ppm = Zn2t ppm + 2Cu2t ppm + 8 Ni2t pPpm

If proper precautions are used, Zn additions to soils need not pose
environmental problems since Zn is rendered insoluble in soils where the pH
values are maintained above 6.5. Plants rarely accumulate Zn levels that
would be toxic to grazing animals, although Zn can accumulate in plants to
high levels before becoming phytotoxic. The use of irrigation water con-
taining the upper limit of the acceptable concentration of Zn as recom-
mended by the National Academy of Sciences and National Academy of Engi-
neering (1972) is equivalent to an accumulation of 500 ppm of Zn in the
upper 15 cm of soil. Information in this review indicates that the phyto-
toxic level of Zn in soil ranges from 500 to 2000 ppm. If the element can
be immobilized in soils and excessive plant uptake avoided, concentrations
over 500 ppm Zn can be land treated. This concentration (500 ppm) is
suggested as a conservative cumulative level.
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TABLE 6.45 PLANT RESPONSE TO ZINC IN SOIL
Zn soil
concentration Plant
(ppm) Species Comment Response Reference
2-4 Wheat (Triticum (ZnSoy,) Decreased yield Teakle and Thomas
aestivum) in acid soils (1939)
2-6 Corn (Zea mays) Control soil was Yield increase, Barnette and Camp
& Oats (Avena Zn deficient earlier maturation (1936)
sativa) (ZnS0y)
2.7 Highly alkaline Reduced Zn defi- Millikan (1946)
) soils (ZnS0y) ciency die back
3-5 Wheat (T. aestivum) Counteracted root Superior growth Millikan (1938)
& Oats (A. sativa) fungi (ZnS04) relative to control
11 Corn (Z. mays) Soil Toxic, plant leaf Takkar and Mann
’ level 81 ppm (1978)
27-49 Rye (Secale cereale) Sewage sludge Little yield Lagerwerff et al.
I : limed to pH 6.8 reduction rela- (1977) .
rye grown from tive to control
seed immediately
‘ after spreading
40 Rice (Orzya sativa) Loam soil pH 9.2 Slight yield Brar and Sekhou
sewage sludge reduction (1979)
. . limed to pH 6.8
49-237 Rye (S. cereale) Rye grown from Little yield Lagerwerff et al.
& Wheat seed, 7 weeks reduction (1977)
(T. aestivum) prior to planting ' )
89 Wheat (T. aestivum) As ZnP0O4, Zn(NOj3),, No effect on yield Voelcker (1913)
- ‘ Zn(CO03) 7 o ) o )
140 Alfalfa (Medicago ~ Sewage sludge Yield increase Stucky and Newman

sativa) & fescue
(Festuca sp.)

—-—continued—

due to additional
macronutrients

(1977)
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TABLE 6.45 (continued)
Zn soil
concentration Plant
(ppm) Species Comment Response Reference
156-313 Oats (Avena sativa) Zn from ore roast- Good yields rela- Lundegardh (1927)
ing stack gases tive to control
when crop nutrient
added
179 Wheat (T. aestivum) Loamy soil pH 6.7 Promoted growth Tokuoka and Gyo,
(ZnS0y) (1940)
223 Cowpeas Norfolk fine Toxic effect above Gall (1936)
(Vigna unguiculata) sand (ZnS0,) this level
248-971 Corn (Z. mays) Sewage sludge No yield effect Clapp et al.
(1976)
300 Sorghum Alkalai soil, Zn 47% yield reduction Boawn and
(Sorghum bicolor) concentration Rasmussen (1971)
in tops, 697 ppm
300 Barley Alkalai soil, Zn 42% yield reduction Boawn and
(Hordeum vulgare) concentration Rasmussen (1971)
in tops, 910 ppm
313 Corn (Z. mays) Norfolk fine sand Toxic effect above Gall (1936)
(ZnS04) this level
480 Lettuce Clay soil pH 6.5 No effect MacLean and
(L. sativa) Dekker (1978)
500 Corn (Z. mays) Alkalai soil, Zn 457 yield reduction Boawn and
concentration Rasmussen (1971)
in tops, 738 ppm
500 Wheat (I. aestivum) Alkalai soil, Zn 457 yield reduction Boawn and
concentration Rasmussen (1971)
in tops, 909 ppm
500 Beans Alkalai soil, Not significant Boawn and

(Phaseolus sp.)

Zn concentration
in tops, 235 ppm

-—continued—-

Rasmussen (1971)



892

TABLE 6.45 (continued)
Zn soil
concentration Plant
(ppm) Species Comment Response Reference
500 Alfalfa (M. sativa) Alkalai soil, Zn 22% yield reduction Boawn and
concentration Rasmussen (1971)
in tops, 345 ppm
500 Spinach Alkalai soil, Zn 407 yield reduction Boawn and
(Spinacia oleracea) concentraion Rasmussen (1971)
in tops, 945 ppm
500 Potato Alkalai soil, Not significant Boawn and
(Solanum tuberosum) Zn concentration Rasmussen (1971)
in tops, 336 ppm
500 Sugarbeet Alkalai soil, Zn 40% yield reduction Boawn and
(Beta vulgaris) concentration Rasmussen (1971)
in tops, 1076 ppm
500 Tomato (Lycopersicon Alkalai soil, Zn 267 yield Boawn and
esculentum) Rasmussen (1971)
535.7 (14 Wheat (T. aestivum) Foundry waste, Good yields Knowles (1945) -
exchangeable) (pH 7.3)
620.5 Corn (Z. mays) & Acid & alkaline No effect evident Chesnin (1967)
wheat (T. aestivum) soils
640 Lettuce (L. sativa) Applied to acid 507 yield reduction Mitchell et al.
' soil with sewage (1978)
sludge )
640 Wheat (T. aestivum) Applied to cal- 70% yield reduction Mitchell et al.
- careous soil (1978)
893 Rice (0. sativa) & Toxic action Tokuoka and Gyo
wheaf—CE. aestivum) evident i (1940)
925 Corn (Z. mays) Alkaline soil No effect Murphy and Walsh

——continued—

(1972)
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TABLE 6.45 (continued)

Zn soil
concentration Plant
(ppm) Species Comment Response Reference
1161 Grass Galvanized metal Toxic response Meijer and
contamination Goldenwaagen
(Zn0) (1940)
1200 Chard No toxicity Chaney et al.
(Beta vulgaris (1982)
var. Cicla)
1500 Tomatoes Damage Patterson (1971)
(L. esculentum)
2000 Rice (0. sativa) Grown on paddy soil No toxic symptoms Ito and Iimura
(1976)
2143-3571 Oats (A. sativa) (Zn0) silt loam No adverse effect Lott (1938)
neutral pH
3839 Vegetable crops Naturally occuring Nonproductive soil Staker (1942)

high Zn peat




6.1.6.33 Zirconium (Zr)

Zirconium is not a major constituent of most materials usually asso-
ciated with pollution of soil and air. The Zr concentration in superphos-
phate fertilizer is typically 50 ppm and the range in coal 1s from 7-250
ppm. Sewage sludge usually contains 0.001-0.009% Zr. The average concen-
tration of Zr in urban air is 0.004g per cubic meter (Overcash and Pal,
1979). The principal Zr mineral in nature is zircon (ZrSiO4) which is
very common in rocks, sediments and soils (Hutton, 1977). Sandstones are
particularly high in Zr with a concentration of 220 ppm. Igneous rocks
contain 165 ppm Zr; shales, 160 ppm Zr; and limestones, 19 ppm Zr. The
average concentration of Zr in soil is 300 ppm. The immobility of the
element in soils makes it useful as an indicator of the amount of parent
material that has weathered to produce a given volume of soil (Bohn et al.,
1979).

There is no evidence that Zr is essential for the growth- of plants or
microorganisms. It is moderately toxic to plants. The symptoms of toxic-
ity appear at concentrations of 1-100 ppm in nutrient solution, depending
upon plant species (Bowen, 1966). It is less toxic to microorganisms than
nickel, but more toxic than thallium (Overcash and Pal, 1979).

Zirconium is not an essential element for animals and can be slightly
toxic, Its LD5y for small mammals is 100-1000 mg/kg body weight. The
element does not, however, accumulate in plants to a level toxic to animals
feeding on the plants (Pratt, 1966e).

6.1.6.34 Metal Interpretations

There is a growing consensus in studies on the fate of metals in soils
that the toxic effect of a trace metal is determined predominantly by its
chemical form (Florence, 1977, Allen et al., 1980). When a metal waste is
land treated, soil characteristics such as pH, redox potential, and miner-
alogy, as well as the source of the metal present in the waste streanm,
determine the solubility and thus the speciation of the metal. Identifying
the metal form will also establish the expected behavior, thus fate of the
metal once it is land treated. Sections 6.1.6.1-6.1.6.33 provide informa-
tion on the toxicity of particular metal forms to microorganisms, plants
and animals, as well as the expected fate of each metal.

In the preceding discussion on individual metals, emphasis was placed
on soil properties that control the solubility and plant availability of a
metal. Of these properties, pH is probably the most important. The solu-
bility of most metal salts decreases as soil pH increases as indicated by
the data summarized in (Fig. 6.22). With the exceptions of antimony,
molybdenum, tungsten and selenium, which increase in solubility with
increasing pH, the normal recommendation for land treatment units is to
maintain the pH above 6.5. This is a valuable approach when the predomi-
nant metals decrease in solubility at neutral to high pH values. However,
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for a soll receiving a waste or combination of wastes containing both
metals that require a high and low pH, the appropriate pH will need to be
carefully determined and maintained to prevent problems. If the pH must be
maintained below 6.5, the amounts of metals applied may need to be less
than the acceptable levels suggested under each metal section.

It is well known that normally acid soils require repeated lime appli-
cations to keep the pH near neutral. While it is expected that pH values
will be properly adjusted and maintained during operation and closure, it
is likely that following closure, the pH will slowly decrease to the value
of the native soil. Therefore, it 1s possible that some insoluble' or
sorbed metals will later return in the soil solution. Little information
is available on the release of precipitated metals, but when evaluating the
long-term impact of land treatment on a normally acidic soil, this possi-
bility should be considered.

There 1s little evidence that, upon the addition of sludge to soil,
significant amounts of metals are permanently held on the cation exchange
sites by physical sorption or electrostatic attraction. The soil cation
exchange capacity (CEC) has also been shown to make little difference in
the amount of metal which 1is taken up by crops (Hinesly et al., 1982).
Most of the metal inactivation in the soil is probably a result of chemical
or specific sorption, precipitation and, to a lesser extent, reversion to
less available mineral forms, particularly when a soil 1s calcareous.
Chaney (personal communication) suggests that the only reason for consider-
ing CEC is to limit the amounts of metals applied to normally acidic soils
that have a CEC below 5 meq/100 g since such soils would likely revert to
the original pH shortly after liming is discontinued. Consideration of CEC
as a measure of the buffering capacity more closely related to the surface
area of a soil, rather than as a guide to loading capacity, is the appro-
priate approach.

The maximum and normal concentrations of metals found in soil are
given in Table 6.46. One must be cautious, however, about using the upper
limit of the normal range of metal concentrations in soil as an acceptable
loading rate. These ranges often include soils that contain naturally high
concentrations of metals resulting in toxicity to all but adapted plants.

Table 6.47 1is compiled from the National Academy of Science and
National Academy of Engineering (1972) irrigation quality standards, sewage
sludge loading rates developed by Dowdy et al. (1976), and an extensive
review of the literature. National Academy of Science and National Academy
of Engineering (1972) recommendations are primarily based on concentrations
of metals which can adversely affect sensitive vegetation. The irrigation
standards assume a 57.2 cm depth of water applied for 20 years on fine tex-
tured soil. Recommendations given by Dowdy et al. (1976) limit application
based on the soil CEC. The final column in Table 6.47 is compiled from the
literature review in this document and is based on microbial and plant tox-
icity limits, animal health considerations, and soil chemistry which
reflects the ability of the so0il to immobilize the metal elements.
Although immobilization was considered in developing these recommendations,
there 1s little information in the literature on which to base loading
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TABLE 6.46 TRACE ELEMENT CONTENT OF SOILS#*

Common Range

Common Range

Element (ppm) Average Element (ppm) Average
Ag 0.01-5 .05 Li 5-200 20
Al 10,000-300, 000 71,000 Mg 600-6,000 5,000
As 1-50 5 Mn 20-3,000 600
Au <1 Mo 0.2-5 2
B 2-100 10 Ni 5-500 40
Ba 100-3, 000 430 Pb 2-200 10
Be 0.1-40 6 Ra 8 X 1075
Br 1-10 5 Rb 50-500 10
Cd 0.01-0.7 .06 Sb 2-10
Cl 20-900 100 Se 0.1-2 .3
Co 1-40 8 Sn 2-200 10
Cr 1-1,000 100 Sr 50-1,000 200
Cs 0.3-25 6 U 0.9-9 1
Cu 2-100 30 v 20-500 100
F 10-4,000 200 1
Ga 0.4-300 30 Y 25-250 50
Hg 0.01-0.3 .03 Zn 10-300 50
I 0.1-40 5 Zr 60-2,000 300
La 1-5,000 30

* Lindsay (1979).
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rates and treatability studies may indicate that higher levels are accept-
able in a given situation. As is true of any general guideline developed
to encompass a large variety of locations and conditions, these suggested
metal accumulations could be either increased or decreased depending on the
results of the treatment demonstration or the suitability of a particular
site.

TABLE 6.47 SUMMARY OF SUGGESTED MAXIMUM METAL ACCUMULATIONS WHERE
MATERIALS WILL BE LEFT IN PLACE AT CLOSURE*

Soil

Concentrations

Based on Current

Sewage Sludge Calculated Acceptable Literature and

Loading Rates’ Soil Concentrations? Experiencet

Element (mg/kg soil) (mg/kg soil)  (kg/1l5 cmha) (mg/kg)
As 500 1100 300
Be 50 110 50
Cd 10 3 7 3
Co 500 1100 200
Cr 1000 2200 1000
Cu 250 250 560 250
Li 250 560 250
Mn 1000 2200 1000
MO 3 7 5
Ni 100 100 220 100
Pb 1000 1000 2200 1000
Se 3 7 5
v 500 1100 500
Zn 500 500 1100 500

* If materials will be removed at closure and plants will not be used as a
part of the operational management plan, metals may be allowed to
accumulate above these levels as long as treatability tests show that
metals will be immobilized at higher levels and that other treatment
processes will not be adversely affected.

t Dowdy et al. (1976); for use only when soil CEC>15 meq/100 g, pH>6.5.

# National Academy of Science and National Academy of Engineering (1972)
for 20 year irrigation application.

See individual metal discussions for basis of these recommendations;

if metal tolerant plants will be used to establish a vegetative cover at
closure, higher levels may be acceptable if treatability tests support a
higher level.

To better understand the impact of metals on the environment, the ele-
ments are combined into three groups. Of primary importance are metals
which are established carcinogens including arsenic, chromium (as chro-
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mate), beryllium and nickel (Norseth, 1977)., The second group includes
metals such as cadmium, molybdenum, selenium and perhaps nickel and cobalt
that are taken up by plants in sufficient quantities to be transmitted up
the food chain. Interestingly enough, molybdenum and selenium are also
metals that leach from the s0il at elevated pH levels if soil properties
permit downward movement of solutes. Leaching of metals below the root
zone depends on soil physical and chemical properties, climate and the
presence or absence of so0il horizons of low permeability. Downward trans-—
port of metals 1s generally more rapid in coarse-textured soils than in
clays because larger pores allow faster movement of soil water. However,
clay solls with cracks have a fairly high leaching potential. Similarly,
transport is greater in high rainfall areas. Though coarse textured sur-
face horizons allow greater apparent leaching, an underlying horizon of low
permeability, such as an argillic or petrocalcic, will impede further
downward movement. If the system can be managed to allow leaching at con-
centrations that are acceptable to the receiving aquifer, the buildup of
these metals may be avoided, thus minimizing contamination of the food
chain. The concentration of metals leaching to aquifers should meet drink-
ing water standards; Table 6.48 lists the water quality criteria of inter-
est,

The third group of metals includes those metals that are excluded from
the food chain since they are toxic to plants at concentrations that are
less than levels toxic to animals. Common concentrations of metals in
plants and phytotoxic levels are given in Table 6.49. The upper level of
chronic lifetime diet exposure for cattle and swine are given in Table
6.50., A comparison of these data reveals that phytotoxicity would be
expected to protect the food chain from arsenic, copper, nickel and zinc.
However, some plants take up cobalt and mercury in concentrations that may
cause an adverse impact on animals consuming forage containing these ele-
ments. Cadmium, molybdenum and selenium are not toxic to plants at fairly
high concentrations and are, consequently, accumulated in plants in concen-
trations that are toxic to animals.

There is a wide range of tolerance among plants for heavy metals.
Certain species can withstand much greater metal concentrations in the soil
than others. Tolerant plants are often found around outcrops of metal-
bearing geological deposits, on spoils from mining activities, or on areas
where the soil has been contaminated due to the activities of man. Heavy
metal tolerance may be achieved by exclusion of the metal at the root sur-
face or by chelation inside the plant root (Giordano and Mays, 1977).

While metals are taken up by plants, 1t 1s generally not possible to
use plants to significantly decrease the metal content of soils. Plant up-
take typically amounts to less than one percent of the metal content in the
s0il and thus several hundred years of growth and removal would be needed
to result in a significant reduction of the metal content of the soil
(Chaney, 1974). However, there are certain species that concentrate
selenium, nickel, zinc, copper and cobalt. These plants have internal
mechanisms that prevent the metals from reaching the sites of toxic action
in the plant. If these plants are grown and harvested, they could possibly
decrease metal concentrations to acceptable levels in a reasonable time.
Table 6.5]1 lists several plant genera that have exhibited hyperaccumulation
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TABLE 6.48 WATER QUALITY CRITERIA FOR HUMANS AND ANIMALS*

—

Standards & Criteria for
Drinking Water in mg/1

Quality Criteria
for Drinking Water
for Farm Animalg

EPA NAS/NAE in mg/1

Common Parameters

PH
Total dissolved solids

Common Ions

Chloride
Flouride
Nitrate (as N)

Metals

Arsenic
Aluminum
Barium
Boron
Cadmium
Chromium
Cobalt
Copper
Cyanide
Iron
Lead
Mercury
Molybdenum
Selenium
Silver
Vanadium
Zinc

5-9
3000

250

104—204
10 10

0.05

0.05

.002
0.01
0.05

0.1
5 25

* EPA (1976); National Academy of Sciences and National Academy of Engi-

neering (1972).
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TABLE 6.49 NORMAL RANGE AND TOXIC CONCENTRATION OF TRACE ELEMENTS IN
PLANTS

Concentrations of Elements in Plant Leaves (ppm Dry Weight)

Element Range* Toxic Source

As 0.01-1.0 >10 National Academy of Sciences
and National Academy of
Engineering

B 5-30 >75 Allaway (1968)

Ba 10-100 ~-

Be 1-40 >40 Williams and LeRiche (1968)

cd 0.2-0.8 5-700t

Co 0.01-0.30 200 Pinkerton (1982)

Cr 0.1-1.0 10-20 Table 6.29

Cu 4-15 >20 Gupta (1979)

F 2-20 20~1500 Table 6.20

Fe 20-300 -

Hg 0.001-0.01 >10 VanLoon (1974)

I 0.1-0.5 >10 Newton and Toth (1952)

Pb 0.1-5.0 Low plant Table 6.34

' uptake

Li 0.2-1.0 50-700 Table 6.36 and Table 6.37

Mn 15-150 500-2000 National Research Council

- (1973)

Mo 1-100 >1000 Joham (1953) and Smith
(1982)

Ni 0.1-1.0 50-200 Tables 6.41, 6.42 and 6.43

Se 0.02-2.0 50-100 Allaway (1968)

v 0.1-10.0 >10 Allaway (1968)

Zn 15-150 500 Boawn and Rasmussen (1971)

* Melsted (1973); Bowen (1966); Swaine (1955); Allaway (1968).

t Chaney, personal communication.

Note:

2717

Toxicity is defined by a 25% reduction in yileld.



TABLE 6.50 THE UPPER LEVEL OF CHRONIC DIETARY EXPOSURES TO
ELEMENTS WITHOUT LOSS OF PRODUCTION*

Cattle Swine
Element (ppm)T (ppm)T
Al 1,000 200
As 50 50
Ba 20t 20
Bs 400t 400"
B 150 150%
Br 200 200
cd 0.5 0.5
Ca 20,000 10,000
Cr as Cl 1,000% 1,000"
Cr as oxide 3,000 3,000
Co 10 10
Cu 100 250
F 40 150
I 50 400
Fe 1,000 3,000
Pb 30 30
Mg 5,000 3,000%#
Mn 1,000 400
Hg 2 2
Mo 10 20
N1 50 100
P 10,000 15,000
K 30, 000 20,000
Se 2t )
si 2,000 -
Ag — 100#
Sr 2,000 3,000
s 4,000 -
W 20t 20
v 50 10#
Zn 500 1,000

—
— mre————

* National Academy of Sciences (1980),

t Concentrations in the diet on a dry weight basis unless
indicated otherwise,

# Concentration supported by limited data only.
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TABLE 6.51 HYPERACCUMULATOR PLANTS

Highest Metal

Concentration
Recorded
Plant Species (mg/kg) Reference
Mint family (Labitae)
Aeolanthus biformifolius 2820 Co Malaisse et al.
' (1979)
Haumaniastrum homblei 2010 Co Ibid.
H. robertii 10200 Cu, Brooks (1977)
- 1960 Cu
Legume family (Leguminosae)
Crotalaria cobalticola 3000 Co Brooks (1977)
Vigna dolomitica 3000 Co Brooks et al.
(1980)
Figwort family (Scrophulariceae)
Alectra welwitschii 1590 Co Brooks et al.
(1980)
Buchnera henriquesii 352 Cu, Ibid.
1510 Co
Lindernia damblonii 100 Co Malaisse et al.
(1979)
Crucifer family (Cruciferae)
Alyssum alpestre 3640 Ni Brooks and Radford
(1978)
A, corsicum 13000 Ni Brooks et al.
(1979)
A. masmenaeum 15000 Ni Ibid.
A. syriacum 6200 Ni Ibid.
A, murale 7000 Ni Brooks and Radford
- (1978)
Homaliaceae
Homalium austrocale donicum 1805 Ni- Brooks et al.
(1979)
H., francii 14500 Ni Brooks et al.
- (1977)
H. guillianii 6920 Ni Ibid.
Nod violet family (Hybanthus)
Hybanthus austrocaledoniaum 13700 Ni Ibid.
H. floribundus 14000 Ni Ibid.
Psychatria doyarrei 34000 Ni Brooks et al.
(1979)
~=-continued——
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TABLE 6.51 (continued)

Highest Metal

Concentation
Recorded
Plant Species (mg/kg) Reference
Milk vetch family (Astragulus)

Astragalus beathii 3100 Se Beath et al.
(1941a)

A. crotalaria 2000 Se Trelease and Beath

- (1949)

A. osterhoutii 2600 Se Beath et al.

- (1941a)

A, racemosa 15000 Se Beath et al.

- (1941b)

Atriplex confertifolia 1700 Se Trelease and Beath
(1949)

Catilleja chromosa 1800 Se Ibid.

Oonopsis condensata 4800 Se Beath (1949)

Stanleya pinnata 1200 Se Ibid.

Xylorrhiza parryi 1400 Se Trelease and Beath

‘ (1949)

Achillea millefolium 4100 Zn Robinson et al.
(1947)

Betula grandulosa 22400 Zn Warren (1972)

Equisetum arvense 7000 Zn Robinson et al.
(1947)

Linaria vulgaris 4500 Zn Ibid.

Lobelia inflata 4400 Zn Ibid.

Populus grandidentata 2000 Zn Ibid.

Trifolium pratense 1300 Zn Ibid.

Viola sagittata 3500 Zn Ibid.
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of a particular metal. Although commercial propagation of these plants is
increasing, their availability at the present time is limited.

Caution should be exercised when evaluating plant toxicity data gener-
ated from experiments where large amounts of metal containing sludges were
applied at one time to simulate long-term loading. The metals may be bound
by the organic fraction of the waste and may not be released for plant up-
take until the organic matter degrades. 1I1If it 1s desirable to test metal
availability from single large applications, it 1is best to use waste that
has aged naturally or has been aged by composting.

Many industrial wastewater treatment sludges, particularly those from
the petroleum industry, have metal concentrations lower than those normally
found in sewage sludge. However, the use of specific catalysts or chemi-
cals in certaln processes may result in much higher concentrations of one
or a few metals. If these metals limit land application, perhaps the waste
stream contributing the metal could be isolated and the metal disposed by
some other means, or an alternate catalyst or chemical could be found that
would allow the reduction of the limiting metal., In many instances, such
reductions have allowed the economical land treatment of wastes which would
otherwise not be acceptable.

Table 6.52 lists acceptable levels of metals for which less data are
available. This 1list is based on limited understanding of the behavior of
these metals in the soll and should be used only as a preliminary guide.
If a waste which contains excessive levels of these metals is to be dis-
posed, it 1is advisable to conduct laboratory or field tests to supplement
the limited information on their behavior available in the literature.

TABLE 6.52 SUGGESTED METAL LOADINGS FOR METALS WITH LESS WELL-DEFINED

INFORMATION
TOTAL TOTAL
Element kg/ha-30 cm Element kg/ha-30 cm

Ag 400 Re 4,000
Au 4,000 Rh 2,000
Ba 2,000 Ru 4,000
Bi 2,000 Sb 1,000
Cs 4,000 Sc 2,000
Fr 4,000 S1 4,000
Ge 2,000 Sn 4,000
Hf 4,000 Sr 40
Hg 40 Ta 4,000
Ir 40 Tc 4,000
In 2,000 Te 2,000
La 2,000 Th 2,000
Nb 2,000 Ti 4,000
Os 40 Tl 1,000
Pd 2,000 W 40
Pt 4,000 Y 2,000
Rb 1,000 Zr 4,000
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The inclusion of the long 1list of metals given here should not be
taken to mean that any waste should be analyzed for all these metals.
Wastes may be analyzed only for the metals that are known to be included in
the plant processes, or that are an expected contaminant during storage.

There is little evidence that the rate a metal 1s added to a soil
influences its ultimate availability to plants, Thus, the total acccept-
able metal loading may be done in a: single application if other constitu-
ents of the waste are not limiting or the applications may be stretched
over a 10 or 20-year period. The net result would be similar levels of
available metals once the summation of the periodic application equals the
amount that had been applied in a single application.

6.2 ORGANIC CONSTITUENTS

To determine the suitability of a waste for land treatment, it 1is
essential to understand the probable fates of the organic constituents
in the land treatment system. Organic constituents are frequently part of
a complex mixture of hazardous and nonhazardous organic and inorganic com-
pounds. To simplify the determination of which organic constituents may
limit the capacity or rate of waste application, it 1s helpful to know the
feedstocks and industrial unit processes that are involved in generating
the waste.

Individual wastes are generated by a combination of feedstocks and
catalysts reacting in definable unit processes to give predictable products
and by-products. Often, enough can be determined from this readily avail-
able information to predict the predominant hazardous organic constituents
in a waste. Once these constituents are determined, options can be
explored for in-plant process controls and waste pretreatment (Section 5.2)
that may either increaseé the loading rate and. capacity or reduce the land
area required for an HWLT unit. In addition, knowledge of the predominant
organic constituents in a waste greatly reduces the analyses necessary in
waste characterization and site monitoring. In the following sectionms,
hazardous organic constituents are defined and the fate of these waste
constituents are discussed in terms of fate mechanisms and the fate of
organic constituent classes. ‘

6.2.1 Hazardous Organic Constituents

Understanding the probable fate of land treated hazardous organic con-
stituents 1s simplified 1f their basic physicochemical properties are
known. These include such properties as: water solubility, vapor pressure,
molecular weight, octanol/water partition coefficient, boiling point and
melting point. These values are given in Table 6.53 for the 361 commercial
chemical products or manufacturing intermediates that have been identified
by the EPA as either an "acute hazardous waste"” or a "toxlc waste" if they
are discarded or intended to be discarded.
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TABLE 6.53 PROPERTIES OF HAZARDOUS CONSTITUENTS

Hazardous Density Molecular Mater Solubility Octanol/water Vapor Pressure Melting Point Bolling Point CAS
flazardous Constituents Waste § (gn/cmdye Welight Qualitative [T Pactition Coef. {Torr)* *C, 760Torc * *C, 760Torr * _! _
Acetaldehyde 000l 0.78349 @ ls*C soluble 10,000 1.0 740€20°C -12 20.8 75-07-0
Acetone 0002 0.7971!15'5 miscible 0.3 400034.5°C -95.4 56.2 67-64-1
Acetonitrile voo3 0.78%7 soluble 100, 000 1x107 0 74€20°C -46 e1.6 15-05-8
3-(alpha-acetonylbensyl )-4-
hydroaycoumarin and salte POOL Y
Acetophenone uoos 1.0201 120.14 insoluble 1e15°C 20.5 202.0 98-86-2
i2-Acetylsainoflvorene uoos 1.1
Acetyl chlocide voos .1 78.5 decomposes in water 1x10 " 150920°C -112 50.9 75-36-%

(reacts violently)
1-Acetyl-2-thiourea 002
Acrolein 003 0.8410 s6.1 soluble 400, 000 1o oo 215020°C -86.95 53.0 107-02-3
Accylanmide voo7 1.22 7.1 highly soluble 1 to >} l!lllo i, 1.6004.5°C 9.5 125€25Torr
Acrylic acid uooe 1.0511 72.1 misclble 1210 g oy 3.2020°C 13 142 79-10-7
Accylonitcile ugoy 0. 8060 $3.1 miscible 73,500 kx10_g" VY 1ooe228¢ -9).% 7.5 107-13-1
Aldrin PO04 1.63 363 slightly soluble 0.025 1xlo 2.31x10 “@20°C 101 30%002
Allyl alcohol - 00S 0.9054 58.08 misclble l10e10.5°C -129 ” 107-18-¢
Aluminus phosphide POOG 2.85825°C 57.96 " 20859-73-3
6-Amino-1,12,2,0,0a,80-hexa— -
hydro-0-({hydroxymethyl)-9- -
wethoxy~5S-methylcarbamste
azucino(2°,3°13,4) pyrrolo
(1,2-a)indole-4,7 dione
{ew uelo
S-(Aml -3-1 ro07
t-Aminopyridine (1] soluble 159 180€1 2Tor T
Amitrole veli decoaposes explodesgdI0
Amsonium picrate o0y 1.719 0. 96 s8-89-1
Anlline uo12 1.02 soluble 35,000 1xlo™" 1034.94C -6.3 180 $2-53-)
Arsenic acld (o) 1.
to- 010 2.0-2.5 ¢ : deconposes 0313
Acsenic pentozxide roll .32 slightly -soluble 2300x10 ppd 315(evbiimes) 7778-39-4
e20°C
Arsenic trloxide rol2 4.09€25°C slightly soluble zl-m‘mczs-c 1327-53-)
Asbestos [ ] 1332-21-4
uoi 267.8 136
l"::: - 109.4 60448-23)-9
Benzicjacridine wis 229.3 225-51-4
Benzal chloride uo1? 1.29 161.03 insoluble 5.61 0.3020°C -16 214 98-97-3
Benz|alanthracene uole 228 practically 0.0011 bR IT e 162 435 subljmcs 56-55-3
insoluble 2.20

Benzene uoly ©.079 7e.11 elightly soluble 1,280 #25°C 1x10°* 95.2025°C 5.5 L T1-43-2
Benuenesuvl fonyl chloride w020 1.3942 e15°C 176.6 98-09-9
Benzenethiol ro14 1.0766 110.2 1.81 -14.9 169.7 108-98-5
Benzidine uozL 1.250 104.23 slightly soluble lg In 2,4879012°C Lxlo"" 122-129 400#740Torr 92-87-5

In tot o,

19 In 107gel00EC
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TABIE .53 (continued)
Sezardows  Demsity Yolecalar Mater Solebility Octanol/vater  Vapor Pressure Welting Polnt Bolling Point as

Bazardous Constitoents Waste § tgn/cmd)e Welght (oalitative L] Partition coefl. {Torr)* *C, 760Torr* *C, 760Torc* []

Senzolalpyrene o922 252.3 sctlcally 6.0038 e 7.32x10" 'pa 176.5 328
nsoluble e25°C R ) 50-22-8

Benzotrichloride ve13 1.30015.5°C 195,46 Insoluble 1x19-0? _sec a 12002-48-1

Beryllium (dust) POLS 1.9 4.01 low solubility 1 1283 2970 7440-41-7

Bim{2-chlorouthoxy) methane Uo24 173.1 81,000025°C ulol'" <0, 1e20°C 218.1 111-91-1

Piw(2—chloroethyl} ether vozs 1.21%9 143.02 le:ll:lll' 10,200 1xl0 Hiad 0.71820°C -46.@ 178 111-44-4
nsoluble

N, N-ble(2-chlorvethyl)

2-Baphthylamine U2 2.%8 -

Bis{2-chloroisopropyl) ether ve2? r::::g::ly 1,700 1zl0°" 0.85020°C -97 109 108-60-1

Bis{chloromethyl) ether rolé 1.320 l-ﬁ}atcly 22,000022°C lllO-.". 3Joe22°C ~41.5 104 S42-88-1
hydrolyses

Bls(Z-ethylhexyl} phthalate oezs 0.985 almost insoluble 0.4-1.3025°C 1m10%-? 2x10~" 020°c _s0 -

Bromoacetone M7 1.631¢0°C 54 ;llg‘."“o" LR

Bromomethane veas 1.6768-20°C 900020°C 1420920°C .. e fratt i

:;::mmh’l phenyl ethar ::ll 0.0015020°C i:.'ll 310.14 101-55-3

L]

2-Butanoneperoxide LY 0.88

n-Butyl nleoho‘ 14 initrophanol v’::: 0.011(sp.gr.) wery soluble 90,000035°C 12187 6.58025°C -79.9 117.7 71-36-3

2-sec-Butyl-4,6-dinit

Calciuw chromate veaz

Calcium cyanlde decompones> ) ~22-f

Carbon disulfide 22 1.263 2,200825°C 100 $0@20°C -118.0 % 46.% ::::;_:z s

Carbonyl fluoride uel3 1.13%e-114°C _1.41 -114 <93

Chloral ue3d 1.51 very soluble 14,740 1x107"° 5@20°C -57.% 7.8 75-87-6

Chlorambucil unIs

Qlordlne {tech.) vo3s 1.67 0.056-1.95 2073 :o;,._iou,“cl.) 17%e2torr 12789-03-6

- 9-105.0

Chloroacetaldehyde “Pe23 1.19 wvery soluble 10,000 00e45°C -:.,: (Teens) 90.0-100.1 107-20-0

p-Chloroanlline o4 1.21 very soluble 10,000020°C 054.3°C 72.5% 230.5 106-47-8

cnnuniob-n:qm vor? L1 m::-u 488025°C .015020°C -45 132 108-90-7

ﬂ::—cumn o:‘l*l’:::" 13-5- uo3s izs 148€0. 004Torr 4755-72-0

mothoxy-2-sethylindole—

3-Acetic acid 2% 2.95

p-Chlorg—m—cresol uele 142.54 soluble 3,08300208°C 1x10°* [ 13 233 59-50-7

Chlorodibrosonethane oMo

1-Chloro-2, 3-epoay propane uedl 1.17¢1 92.52 olightly solwble 1.28 0el6.6°C -$7.1 117.9

2-Chlorvethyl vinyl ether vod2 1.0852% 108,55 relatively high 15,000 1nt0™* 6.75020C ~70.3 109¢7¢0 110-75-8

R solubllity
Chlozoethene _u043 62,50 slightly -soluble 1.1€25°C 0959 ,660 “153.8 13,37 75-01-4
Chlorotora uodd 119.4 highly soluble 9,200 1z10°" 50.5€20°C -6).5 1.7 §7-66-3
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TABLE §.53 (continuwed)
Rasardoms Oemalty Wolecular Mater lol.ﬂlutx Octanol/vater Vapor Pressuce Melting Point Boiling Point CAS
Raszardous Constituents ¥aste § tg/en3)® Weight Qualitative Pactition Coef. {Torr)* *C, 760Torr* *C, 760Torr * ’
Chloromethane U 0.997{wp.gr.) 39.49 slightly soluble 400825°C lllﬂo ,! ll 3,765020°C -97.73 -24.2 74-87-)
Chloromethyl methyl sther vess 00.52 rletlcully [ E11 et
ewsoluble
2-Chloronaphthalene oee? 162.62 almost imsoluble 6.74tealc.) nn;' }: 9.017020°C(calc.) 6 356 91-58-7
2-Chlorophenol usee 1.2¢ 129.56 sllghtly 28.500020°C : 10300" 2.2020°C{calc. ) ' 175.6 95-357-8
soluble =10
1~{o-Chlorophenyl)thicurea ro2¢
4-Chloro-o-toluidine
hydrochloride V84 3.33
3-Chloropropionitrile 27 1.1363€25°C slightiy soluble <1000 1x107° ~51 176 (decomposes ) 542-76-7
alpha~Chlorotoluene reze 1.1026019°C imsoluble 5.61 -if s -43 179 L00-44-7
Chrysene vese 1.274 almost Insoluble 0.002023°C 1x107° uu -1x10"%020°c 2356 44501.91x105/7e 216-01-9
Copper cyanlde rezy decomposes before melting 544-92-3
Creosote oesl slmost insoluble 3 1 2.7 200-250
Cresol 0032 slightly soluble 1=x10°° 11-38 191-203 1319-77-3
Crotonaldeh 3 wery solwble 19920°C -76.9 104 4170-30-)
Cresyllo acid uese 1 wery soluble 2.4-3.1% uu, 1s 1038-53°C 10.9-35.8 191-203
Cumene Uess 0.96({®p.gr.) 129.1% almost lnsoluble 50€28°C 1x107° 3.2020°C -96.0 152 98-82-8
Cyanlides role reacts slovly $7-12-5
Cyanogen resl 9. 866027°C 52,04 reacts slovly 3800020°C -34.4 -21.0 2074-37-5%
Cyanogsn bromlde 32 2.013 105.93 100022, 6°C 52 1.1 506-60-)
Cyanogen chlorlde 7933 1.186(wp.gr.) l.‘l sllghtly soluble 2500825°C 1 3.4 1610020°C -6.5 13.1 506-77-4
Cyclohaxane vess .70 almost inscluble 45825°C il::,'" 77020°C 6.5 0.7 110-82-7
Cyclohenanone wesy 9.443 9e.13 soluble 24.000025°C 1 10mm@39.7; -45.0¢ 115.6 108-94-1
(liquid) San@26.4°C

31-Cyclob 1-4,6-d1nl o34 266.2)
Cyclopho-pln-l 0938 :u.: scluble 41-43

Daunomycin vosy 526. = a seael 90 -81-
200 tore') veso e alnost Insolvble .02-.1 1x10%-%? 10. 2110 " e30°c N Tasen
DT fp.p°) ves1 afwost lnsolible 5.5 ppbe2s°C 3.4 1.3x10" T e25¢ 108, 5-108 188 5024
olellate ues2 sllghtly soluble 5.97 _10 25-30 150e3Torc
Dibenxz [s.h)anthracens ues)y almost inscleble ©.0005025°C l:lol' ) 107" "g20~C 0 §3-70-3

cale.

Dlbenzols, 11pyTens usss insoluble 2.00 81.5
nlbru-ochluru-than- 0ees 2.440025°C insoluble 1x10 1510, 5°C <20 lll-llz.Tlaibrr 124-48-1
1, 2-bib 0ss T
1,2-Dibromomethane vee? 2.172023°C N 17.4030°C 9.3 un . te-12-8
Dibrosoethane 0oss 1.804025°C s Insoluble 5.2 74-95-3
Oi-n-butyl phthalate uK 1.047 278. 34 almost Insoluble 13€25°C lllﬂ, ETY 0.1e1158°C ~35 340 84-74-2
1,2-pichlorbentens uere 1.387 147.01 slightly soluble 143€23°C Illo, 1.5923°C ~-17.0 180.5 95-%