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FOREWORD

Effective regulatory action for toxic pollutants requires an under-
standing of the ecosystem and human health risks associated with the
manufacture, use, and disposal of the substance. The process of assessing
these risks needs to develop information on the fluxes of the substance
through the technosphere and through the biosphere, and to couple this
with information on its biological effects, The analysis is thus in-
tended to allow an informed judgment about the likelihood of environmental
harm and to provide insight into the potential effectiveness of alternative
actions to control or reduce any unacceptable risks.

This document describes the exposure/risk assessment methodology
developed as part of a program to address 65 classes of chemicals (or
129 individual "priority pollutants') named in the 1977 Clean Water Act.
The methodology is multi-media in scope, enabling all facets of environ-
mental risk to be viewed in perspective,

The methodology begins by identifying releases to the environment
during production, use, or disposal of the substance. It proceeds with
evaluating the fate of the substance in the environment and the resulting
ambient levels. It then predicts the human and aquatic life exposure to
the substance and, after interpreting the available data on toxicity,
provides an assessment of risks.

The methodology has been applied to the nationwide assessment of
several dozen of the priority pollutants, and numerous examples taken
from this work have been presented. The analytical elements, however,

, have been found to apply readily to local, as well as nationwide studies.

Michael W. Slimak, Chief

Exposure Assessment Section

Monitoring & Data Support Division (WH-553)
Office of Water Regulations and Standards
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1.0 TECHNICAL SUMMARY

There is a continuing need on the part of regulatory agencies
and private industry to describe and interpret the impacts of potentially
toxic substances in the nation's environment. In this context, exposure
and risk assessment methods are required to permit a quantitative charac-
terization of the sources, envircnmental pathways, and human or environ-
mental effects of specific substances. In order to assist in the
determination of appropriate regulatory actions, the Monitoring and Data
Support Division (MDSD) of the Office of Water Regulations and Standards
(OWRS), U.S. Environmental Protection Agency (U.S. EPA) has developed an
integrated, systematic approach for performing exposure and risk assessments,
and has applied this approach to approximately sixty envirommental pollu-
tants of concern. Although the approach was developed using waterborme
pollutants, its elements may be applied in a wide variety of situations
at varying levels of detail. This report describes the exposure and
isk assessment methodology and provides selecred examples of the use
of the methodology.

For purposes of this report, exposure is defined as the encouncer
of a substance in the environment by human or animal populations, and

ined as the probability of an exposed organism suffering an
fect as the result of such exposure.

The scope of an exposure or risk assessment may be characterized
b5y a number of key features:

¢ Geographic scale, which may be glcbal, national,
regional, or local,

® Pollutant sources, which may include industriai,
residential, commercial, and non-point sources.

# Environmental media, which may include air, surface
water, soil, groundwater, piota, or any combination
thereof,

» Pollutants addrassed, which may be a specific substance
Oor a class of related substances.

® Recepter populations considered, which may include
humans, animals, plants, micro-organisms, or specific
sub-populations of the above that ares exposed to
unusually high polilucant lavels.

® Adverse effects considered, which mav include acute
or chrenic hezlth effec s as well 2s environmental

c
effects.
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e Time frame of the assessment, which may be retrospective,
current or prospective.

e Intended use of the assessment, which may be for regulatory,
scientific, or public information purposes.

The methodology summarized and described in this report is sufficientlv
flexible so that it can be applied with respect to any of the above
definitions of scope.

An environmental exposure and risk assessment for a chemical substancs
generally comsists of a series of analytic compenents, or mcdules, each
addressing a particular set of relevant information about the subsctance.
These components are linked together as shown in Figure 1-1, culminating
in an evaluation of risks to humans and other biota due to the presence
of the substance in the environment. The essential aspects of each
component are as follows:

e Initial Considerations--the available information about
the substance and important environmental issues are
identified, the scope and focus of the detailed expeosure
and risk assessment are established, and the subsequent
work effort is planned and organized.

e Materials Balance-~the significant pollutant sources
are identified, and the locations and magnitudes of
envirconmental releases are characterized. This involves
a systematic examinaticn of the various activities which
produce, transport, use, Or consume the substance, and
often requires estimation of environmental loadings in
the absence of empirical knowledge.

e Monitoring Data--the concentrations of the pollutant
in all environmental media are investigated through
scanning of field data, and important temporal or
geographic variations are noted. The monitoring data
provide a means of confirming some of the materials
balance and environmental fate estimates.

# Envirommental Pathwavs and Distribution-—the mechanism
of pcllutant transport and transformation in the environ-
ment are investigated, leading to an assessment of the
substance’'s persistence and its likely partitioning
among the various environmental compartments. This may
involve the use of mathematical models to estimate the
distribution of the substance in specific media.

3 Expcsure of Humans and Other Biota--the poteatial exposure
of humans and other species is assessed through an in-
vestigation of the iwportant environmental exposure
routes and the extent or £frequency of exposura. For

bt
2
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humans this may address not only geographic differences,
but also the identification of specific stbpopulations
that may have higher :han average exposure via ingestion,
inhalation, or dermal absorntion.

e Health and Environmen:al Effects--the potential acute
and chronic effects of the substance are evaluatad for
both humans and other species. Data on human effects
may come from either epidemiological or laboratory
studies, and will focus upon those effects most perti-
nent to the prevalent chemical forms and exposure routes
of the substance in the environment. To the extent
possible, metabolic information is also taken into
account,

® Risk Considerations--the results of the previous components
are combined to yield an assessment of the potential
health risks to humans and other species due to the
presence of the substance in the environment. This
may involve simple comparisons of toxic levels with
environmental levels, or, as in the case of carcinogenic
effects, may require extrapolation of laboratory animal
dose-reponse data using mathematical models.

Each of the above components is treated in detail in separate
chapters of this report. A comprehensive discussion is given of the
means for collecting and interpreting relevant data, formulating and
applying analytic models or techniques and consolidating and presenting
the results. In addition, specific examples are provided of how these
methodological components have been used for exposure and risk assess-
ments of selected priority pollutants.

An important issue that is addressed throughout the report is
data adequacy and the associated levels of confidence in the exposure
and risk assessment results. Depending on the accuracy and completeness
of the required data, the results can range from well-defined numerical
estimates to rough qualitative statements. Moreover, many of the tech-
niques utilized to analyze data, notably fate modelling and dose-rasponse
extrapolation, involve a number of assumptions which may not he fully
verifiable. Therefore, it is crucial thac the outputs of the exposure
and risk assessment are properly qualified in terms of model and da:ta
limitations. Despite such limitations, z well-organized and scientificallv-
documented assessment can be an extremely useful instrument for understanding
poilutant impacts and guiding regulatory actions.



-

2.0 INTRODUCTION

2.1 BACKGROUND

The growing concern regarding the nature, distribution, and poten-
tial effects of toxic and other hazardous chemicals in the nation's en-
vironment has been reflected in many federal government statutes, regula-
tions, and rules. The Clean Water Act, the Clean Air Act, Resource
Conservation and Recoverv Act, Toxic Substances Control Act, and regula-
tions under these statutes have addressad these concerns, and several
regulatory agencies are charged with implementation of envircamental
management responsibilities (for example, the Environmental Protection
Agencv. Consumer Product Safety Commission, and the Food and Drug
Administration). Industry organizacions and independent research groups have
also investigated sources, pathways, and effects of potentially toxic
materials and the exposure for humans and other species to these materials
as parc of a nationwide environmental program.

Throughout many of these efforts, there has been a focus on the
analvsis of risks associated with the presence 0f toxic and hazardous
chemicals in the enviromment. This analysis process, often referred to
as "'risk assessment" or "exposure assessment,” encompasses manv aspects
including in-depth toxicological experimental investigations of health
effects using laboratory animals, snvironmental monitoring and measure-
ments, and extensive data collection and/or modeling efforts to determine
and predict the concentrations and fate of toxic substances in the environ-
ment. This work is expected to continue at many levels, both publicly
and privately sponsored, throughout the foreseeable future.

The Monitoring and Data Support Division (MDSD) of the Office of
Water Regulations and Standards (OWRS), U.S. Environmental Protection
Agency (U.S. EPA), is conducting a program to evaluate the exposure to
and risk of pollutants in the nation's environment. Part of this effort
is a result of the settlement agreement between the Natural Resources
Defense Council (NRDC) and the Environmental Protection Agency (U.S.
District Court, D.C., 1$76)*. Under this agresment, the Monitoring and
Data Support Division is evaluating the exposure and risks to human and
non-human species resulting from the occurrence of 129 specific chemicals
in the water environment (hereafter referred o as the 129 priority
pollutants). On the basis of these evaluations, recommendations for

(D

U.S. District Court, District of Columbia. Settlement Agresment bectween
National Resourceas Defense Council. Inc. (Civil Action Yos 2153-73 and
75-1267), Enviroomental Defense Fund (Civil tion Ne 73-0172), Cirizens
for 2 Berrar zovironment (Civil Actien No 75-1898) et al. and Russell Z.
rain and James I. Agee et al.; June 7, 197 o
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regulatory actions are prepared to reduce the exposure to and risks of
priority pollutants in the environment. In order to provide a systematic
and comprehensive evaluation approach, an integrated risk assessment
methodology is being developed. This methodology is the subject of the
report.

2.2 TYPES OF EXPOSURE AND RISK ASSESSMENTS

Exposure and risk assessments vary with respect to their scope and
use. The scope of the assessment can be described by several parametars.
The scale of an assessment is defined by whether global or naticnal,
regional or local exposure or risks are considered. An assessment can
also be characterized by which populations are considered (humans,
plants, animals, microorganisms, or all environmental species) and whether
average nationwide risks are evaluated or risks to specific subpopulacions
in specific areas. The time frame of an assessment can be retrospective,
current, or prospective. Finally, an assessment can include evaluation
of one or many of the potential health or environmental effaects associated
with the presence of a toxic substance in the environment.

An exposure‘asseSSment involves examination of all factors that
lead to an exposure for human and other species to the pollutant and a
quantification of that exposure. A risk assessment includes all th
elements of an exposure assessment and a qualitativs or quantitative
estimation of the risk to a given population based upon the exposurs
to and effects of a pollutant (e.g., the increased risk of carcinogenicitv
to the total U.S. population associated with the envircnmenral presence
of a chemical). Throughout this report we will use the terms "risk
assessment' and "exposure assessment" interchangeably, recognizing that
risk assessments combine both znalysis of exposure and analysis of
effects to yield an assessment of risk. (In the published literature,
these quancitative relationships between risk and exposure are ofcen
called risk assessments.)

Risk assessments may have many different uses. Typical uses include:
development of regulatory approaches, requirements, or recommendations;
develcpment of environmental standards and/or criteria; establishment
of information, monitoring, or research needs; providing public information,
education, etc. Table 2-1 characterizes risk assessments in zccordance
with all of these gzeneral parameters. The methodolcgy described herein
is called an integrated risk assessment methodology since., in principle,
the approaches used are applicable to all types of risk and
2xposure assessment, independent of scope, depth or other characteristics:
specific portions of the methodology are suitable for independent
studies and assessments.

2.3 REPORT OBJECTIVES AND CONTENT

The objective of this report is ro describe an integrated exposur=
and risk assessment methodelcgy. The methodology is intended to be usad
bv public and private organizations and individuals who seek guidance on



TABLE 2-1. PARAMETERS THAT CHARACTERIZE RISK ASSESSMENTS

Scale

Populations
Considered

Time Frame

Potential
Effects

Intended
Use

National, regional, local

Humans, plants, animals, micro-
organisms, all species

Retrospective, current, prospective
Human Health--carcinogenicity,
chronic functional disorders, etc.
Ecological--habitat. foodchain,
reproductive, etc.

Development of regulations, environ-
mental standards, criteria

Establishment of iaformation or
research needs

Public information/education



conducting exposure and risk assessments, and to provide a foundation
for further development of the methodology. Yot all portions of the
methodology have been consideraed in the same depth of detail. For
certain aspects of the analysis, such as ecclogical modeling and
toxicelogical research, unique methodological approaches have already
been developed to a high degree of sophistication. Therefore, users

may require additional detail in some areas depending upon the cverall
purpose, level of effort, and intended use of the fndividual risk
assessment. This report presents basic approaches to risk assessment

so that users may select the most appropriate segments for each specific
applicaticn. The general approach is intended to guide the planning and
conduct of specific exposure or risk analyses rather than provide a
detailed procedure. Since this risk assessment methodology was developed
for the EPA to address waterborne priority pollutants, it is focused

on assessment of exposure and risk where water contamination or
pollution is significant.

Chapter 3 of this report provides an overview of the risk assessment
process, including the gcals and objectives of each major component,
the flow of information from omne analysis area to another, and some of
the major assumptions and limitations of the process. The initial steps
of a risk or exposure assessment are then discussed. In Chapters 4
through 9, approaches to each component of the risk assessment orocess
are described in some detail. The organization of these chapters is
as follows:

Chapter 4--Materials Balance--Source Identification and Loading
Estimation

-

Chapter 5--Environmental Pathways and Fate Analysis
Chapter 6--Monitoring Data and Environmental Distribution
Chapter 7--Human Exposure and Effects

Chapter 8--Exposure and Effects--Non-Human Biota

Chapter 9--Risk Considera:ions

In each of these chapters, examples are drawn from actual exposure and
risk assessments performed for EPA. These examples are intended to
illustrate methods of data analvsis or presentatior and the reader is
referred to the full report for specific information regarding each
pollutanc.

Chapter 10 provides a bibliography of source materials for the
conduct of exposure and risk assessment of environmencal pollutants.
This bibliographv is intended to give the investigator an initial means
of obtaining the numerous tyces of information needed to assass exposura
and risk.

iscusses some of th=2 mathematical derails of quanti-
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3.0 EXPOSURE AND RISK ASSESSMENTS--AN OVERVIEW

3.1 OVERVIE

The general goals of an environmental risk or eXposure assessment
are shown in Table 3-1. Only some of these goals may actually be realized
in a specific risk assessment, depending upon the specific pollutant,

the resources available, and the time allowed for the assessment process.

Figure 3-1 shows the major components of the risk assessment process.

The initial considerations component is intended to astablish the scope
and focus of the risk assessment, assign priorities for investigation of
specific environmental pathways, exposures or effects, and provide the
initial basis upon which to proceed with the risk assessment. The mate-
ials balance component refers to a description and quantification of the
flow of a pollutant from its generation through its initial release into
the environment. The environmental pathwavs and distribution component
refers to analvsis of the pathwavs traversed bv the pellutant in the en-
vironment, the intermedia and intramedis transfers that occur, and the
resultant environmental distribution, both spatial and temporal.

Monitoring data can provide a major input into the establishment

of the pollutant distribution. The 2Xposure assessment component
attempts to characterize the tvpe, size, location, and distribution of
populations and subpopulations--human and other biota--exposed to a pollu-
tant in the enviromment and to establish actual and potential exposure

to the pollutant in terms of extent, duration, level, etc. The health
and environmental effects component analyvzes the known or anticipated
acute. chronic, and other effects of pollutants on humans and other species.
I possible, it provides a basis for extrapolation of the resulcs of
laboratory effects studies to real envivonmental situations and/or extrapo-
lation of results of studies with laboratory animals to human population
3roups. The risk considerations component summarizes previouslwy developed
information, estimates quantitatively, if possible, the risks to various
population groups, and places the risks associated with pecllutants, sources.
environmental pathways, exposure routes, and health effects in perspective.

As shown in Figure 3-1, the major flcw of information is from mate—
rials balance and monitoring data components to environmental pathwavs
and distribution components. These data, combined with environmencal fate
analyses, lead to analysis of exposure of humans and other biorta. Exposure
and health effects analyses are combined *o vield risk estimates. Mate-
rials balance has indirect inputs to health and environmental effects apd
exposure components; similarly, environmental pathways and distribution
analysis have indirect inputs to health and environmental effects.

In the remainder of this chapter, each of the majcr compcnents in
zhie risk assessment process is discussed briefly, including focusing on
the goals and objectives of rhese Steps. some of the approaches used, and

J=1



TABLE 3~1. GENERAL GOALS OF ENVIRONMENTAL RISK ASSESSMENT

Establish pollutant sources, pathways and
distribution

Establish exposure to and effects of pollutants

Quantifwv the human health and biotic risks

Provide information Sase to derive approaches
to risk reduction

Identify data gaps and research needs

e
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the assumptions and limitations of the risk assessment approach. Subse-
quent chapters of this report discuss cach of these compeonents in more detail.

3.2 INITIAL CONSIDERATIONS IN A RISK ASSESSMENT

The initial considerations of a risk assessment include:

[m )}

nd focus of the risk assessment.

£

® Establisnment of the scope

dentification of the subject material to he considerad in
ighest priority and wich gzreatest detail.

|

¢ Development of a work plan and/or approach for completing
the risk assessment.

This component initiates the risk assessment process by providing

a basis for understanding the requirements of the risk assessment, and
an organization for the work conducted thrcughcut the risk assessment
process. To avoid unnecessary efiort and development of data on
tepics of little significance, it is essential to carafully define
the desired goals and cutcome of the specific risk zssessment.

The scope should be established in terms of the parameters described
earlier--scale, populaticns considered, time frame, pctential effects,
and intended use of the assessment.

Once the initial scope and focus of the risk assessment have been
defined, the next stap is to derermine in general terms the type and
availabiliry of information for the risk assessment process. This
can be accomplished through brief literature reviews, cousultation
with experts, analysis of recent reviews on parcticular chemicals,
etc. Next, priority areas of iavestigation are identified, for
example, a specific pathway, a specific set of health effects, an
industry of significance, etc. Priorities should be set according
to the overall requirements of the risk assessment znd the expectations
of availability of information.

Following prioritization of aresas of investigation, the final steo
in the inicial considerations is to develop a work plan for conduciing
the risk assessment. The work 2lan should estimate the effort
devoted to each of the major components, indicate the major aress
of information flow and exchange, and establisn a timetable for tne con-
duct of the risk assessment.

After several risk assessmants have been performed, the inirisl
considerations component will bacome a "natural process.' Yevertheless, it
will still be important to identifv the overall goals of the risk assess-
ment, establish priorities, and devzlop a2 work plan to increase the
potential for achieving chose gzzais.

Lo



3.3 MATERIALS BALANCE (ENVIRONMENTAL LOADING)

The objectives of che materials balance component are:
¢ To identify the important (if not all) pollutant sources

¢ To identify the chemical and phvsical form of the pollutant,
as 1t is released to the envircnment.

£ the pollutant--—

s To characterize the environmental loading o
ates, receiving environmentcs.

quantities, geographic locations. r

¢ To identifv uses and releases of the poilutant leading to direct
axposure.

® To achieve a balance between production and uses or releases.

¢ To establish the confidence or uncertainty of data on releases
of the pollutant.

The materials balance approach requires a systematic identificarion
of sources, estimates of environmental relezses, and characterization of
the receiving eavircnment. A comprehensive analysis may be enhanced
through a checklist or ordered procedure for examining all aspects of
the processes of generation and release of the pollutant. Figure 3-2
shows an example checklist, indicating a source matrix and an environ-
zental input matrix. All types of manufacturing processes, transporta-
tion, storage, and disposal activities, as well as uses of the pellutant
or products containing the pollutant should be considered. Specific
processes, uses and releases, and the 2nvironmental compartments
receiving the release that can lead to direct expcsure petential should
be identified. As a check on the quantification of releases, the
degree of closure of the materials balance (the relationship of production,
import, exoort, use, disposal, and environmental release data) is
established. The ranges of uncertainty in environmental releases of
data for the pollutsnt should also be established; several approaches
for this task are discussed in Section 4.3.

The materials balance is often a difficult component of the risk
assessment to perform siace there are many production processes, trans-
portacion and storage procedures, and use patterns that affect ra—
leases to the environment. Processes may not be described, uses mav bhe
unknown, and quantitative data on releases may nct be available. Thus,
in many cases, engineering estimates wiil have to be made in order to
describe likely or expected envirommental releases. The assumptions
and uncertainties associated with all environmental releases should be
documented wherever possible. Those releases that can result in diresct
exposure of persons or other biota to the pollutant should be nighlighted
as this information will be directly used in the environmental pathwavs
and distribution analysis, as well as the exposure and health effacts
analvses.



SOURCE MATRIX ENVIRONMENTAL INPUT MATRIX

WATER
QUANTITY | RATE FORM LAND AlR
EXTRACTION
Extraction Type of
Method Release
dnilling routine
strip mining accidantal

MANUFACTURING

Manufactwingl Material Type of
Processes Class Release
chemical contaninant routine
reactions by-products/ accrdental
thgestion co-products
primary product

TRANSPORTATION

Disposal

FIGURE 3--7  EXAMPLE OF MATERITALS BALANCE CHECKL LS




3.4 MONITORING DATA

Goals cof the monitoring data component of the risk assessment
are:

o To identifv concentrations of the pcllutant in all environ-
mental media.

¢ To determine the geogranhical and temporal distribution of
the pollutant in these media.

e To identify geographical locations and other factors asso-
ciated with pollutant releases to the environment and to
provide data on possible exposure of humans and other biota.

This component often begins with a comprehensive review of litera-
ture including access to available computerized environmental data bases,
such as those discussed in Section 6.3. From these data, average ambient
and effluent concentrations in air and water mayv be established; concen-
trations in soil, sludges, plants, animals, fish tissues, foods, drink-
ing water, etc., should be determined, evaluated, and summarized. It
is important to identifyv, wherever possible, the uncertainties in experi-
mental or analytical data. Some of the more common problems with monitor-
ing data include: uncertainties in the chemical/analytical procedures
used, confidencse levels, and detection limits; uncertainties in obtain~
ing representative samples of the environmental media; the lack of data
on the temporal variations in concentrations at different locations;
uncertainties in the chemical or physical forms of the pollutant; and
the lack of sufficiently detailed and/or extensive data. Despite these
limitatiocns, monitoring data can provide an indication of the locations
of pollutant releases to the environment, a potential means for
assessing exposure of humans and other biota, and a direct means of
confirming the materials balance and the environmental pathways and
fate analysis.

3.5 ENVIRONMENTAL PATHWAYS AND DISTRIBUTION

If the environment and the pollutants were "static" and adequate monitor-
ing data were available, materials balance and monitoring data, combined
with informaticn on recentor distribution could be used to estimate ex-
posure of humans and other biota to pollutants. However, the environ-
ment is not static--pollutants are transported, undergo transformation,
accumulate and degrade--and the actual environmental distribution of a
pollutant is different from that associated directly with environmental
releases. The envirommental fate and pathways component of a risk assess-
ment is directed at estimating the actual distribution of rhe pollutant
in the environment. Specific goals of environmental fate and pathwavs
component are NUREerous:

~J



e To define environmental compartments of importance.

e To identify important transport mechanisms; phvsical, biological,
and chemical transformstion processes, and predominant
chemical forms of the pollutant.

¢ To summarize transfer and reaction rates, controlling
processes and lifetimes of the pollutant in the environment.

e To trace pollutant pathways from sources to sinks.

e To estimace pollutant concentrations ia different environ-
mental media and their time dependence.

® To compare the results of the pathways and fate analysis
with monitoring data.

e To establish relationships between releases to the
environment and, exposure.

A varietv of approaches mav be usad in environmental fate and path-
ways analysis; qualitative estimates mav be based upon case examples
or environmental scenarios, simple analvtical equilibrium or transcort
models, or complex multi-media models. The materials balance component
provides inputs; evaluation of physical, chemical, and biclogical fatz
processes defines the persistence of the pollutant in the envircnment:
and models are used to estimate envirommental concentraticns. Figure 3-3
shows one approach to pathwav analysis. 1In utilizing environmental models,
it is important to assess average concentrations in environmental media of
broad zecgraphical distribution, as well as environmental pathwavs
and resultant concentrations in specific localized arsas. The output
Of the fate and pathways analvsis should vield pollucant concencration
distributions in sufficient spatial and temporal detail to allow
estimates of exposure of humans and other biota.

For manv envirommantal situations, adequate models do not exist or
are just now under development. Furthermore, for nsw or uncommon chemicals.
many of the phvsical, chemical, and bioclogical proparties needed to esti-
mate transformation rates, persistence, and distribution are not avail-
able. For example, few models exist to predict adequately the distribu-
tion of pollutants released from the landfill into zround water and surface
water. Models to estimate residual concentrations of pcllutancs in edible
foods resulting from the land cisposal of sludges, contaminated irrigation
water, pesticide or autrient applicatien, drv deposition, are in verv
early stages of development. Therefcre, uncertainties and limitations of
the models should be identifiec, and estimates of pollutant distcribution
based upon materials balance, fate and pathwavs analvsiz should be compared
with monitering daca.
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AGGREGATE LOADING FOR
DIFFERENT MEDIA

REVIEW PHYSICAL, CHEMICAL
AND BIOLOGICAL CHARACTERISTICS
OF POLLUTANT

INITIAL ENVIRONMENTAL
PARTITIONING; ESTABLISH
CRITICAL PATHWAYS

REVIEW FATE PROCESSES

USING SIMPLE MODELS TO
ESTIMATE RATES OF CHANGE
AND POLLUTANT CONCENTRATIONS

CONDUCT SENSITIVITY ANALYSIS
TO DFTERMINE THE IMPORTANCE
OF SOURCE PARAMETERS ON
ENVIRONMENTAL DISTRIBUTION

SUMMARIZE PATHWAYS AND
DISTRIBUTIONS; COMPARE
WITH MONITORING DATA,
IDENTIFY EXPOSURE POTENTIAL

FTGURE 3~3 SCHEMATIC EXAMPLE OF FATE AND PATHWAYS ANALYSIS




3.6 EZXPOSURE OF HUMANS AND OTHER BIOTA

The analvsis of exposure of humans and other bhiotic population groups
to pollutants is one of the most difficult and critical elements of the
risk assessment process. In zeneral, there is no well established mechod-
ology or body of literature on exposure. The combinations of exposure
routes, durations, extents, and the numbers and locations of persons or
organisms exposed may be large and difficult to identify or characterize.
Also, there is usually a wide range of estimated and actual exposures
corresponding to the nature and behavior of the subpopulation groups.
However, estimates of exposure are essential, since otherwise the risks
of the pollutant to various pcpulation groups cannot be ascertained.

The principal goals of human exposure analysis are:

¢ To determine exposure of the general public to the pollutant in
terms of pollutant sour:es, exposure routes, exposure durations
and frequencies, exposure amounts or extents.

» To determine the exposure of the workplace population to the
poliutant in terms of ozcupations, types of facilities or opera-
tions, the numbers of workers exposed and their characteristics,
the exposure routes, durations, frequencies, amounts or exrtents.

¢ To identify specific suspopulation groups in terms of geogranhic
lecation, size, occupaticn, age, sex, dietary or recreational
habits, with higher thaa typical exposures to the pollutant.

e Determine the exposure of individuals in these subpopulation
n terms of the aforementioned parameters.
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Similarly, the general goals for exposure analvsis of biotic popula-
tions are:

s To identify the types, location, and number of biotic species
exposed to the pollutant.

¢ To determine the exposure routes, exposure durations and
frequencies, exposure amounts or extents for the exposed
species.

@ To quantify as best possible the exposure of various species
to the pollutant under consideration.

Although no well established exposure methodelogies exist, a
svstematic approach to identifving and quantifying exposure is essential
to the process. All roures of expcsura, i.e., ingestion, inhalazion.

nd dermal absorptiom, must be included. Subpopulations should ce idenci-
ied with specifi: sources and exposure routes, for exampla, those
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populations drinking ground or surface water, urban and rural population
groups, those with unique dietary patterns, using products containing

the pollutants. or those who resides near sources or disposal operacions.
In establishing exposure, it is important to identify the characteristics
of the population exposed; the duration and frequencv of the axposure;

the range, average and maximum, of actual or potential exposure for
individuals in the population group that lead to estimates of dailv intake
for average individuals and those who belong to special population sub-
groups.

The inputs to the analvsis of exXposure come from the materials balance;
monitoring data for ambient air and water; concentrations in foods; results
of pathways analvsis; physiologic data such as respiratory rate, average
drinking water intake, etc.; and the use of models or data which relate
average daily intake by different eéxposure routes to total bodv burden
of the pollutant. It is frequently convenient to display exposure data
in a matrix form listing various routes of exposure, exposure parameters,
and estimated or observed intakes for the general population and those
for extremes in population subgroups. Figure 3-4 shows an example
matrix, partially completed for a aypothetical pollutant.

Throughout the analvsis of exposure, it is important to identify
data gaps and uncertainties in data. For example, there will frequently
be data on occupational inhalation in the workplace, but limited data on
inhalation for the general public residing near a workplace situation
where a pcllutant is used. £nvironmental fate and monitoring data mav be
nelpful in these situations. Similarly, models may be needed to relate
dermal absorption of pollutants when the pollutant is found in water used
for washing, swimming, or other recreational purposes, etc. In consider-
ing waterborne pollutants, it will be important to identifyv population
groups with varving sources and quality of drinking watar, since this
route is one of the most significant exposure routes. Similarlv, data
from market baskert surveys, other food, fish tissue, and pesticide residue
studies, will also be needed Lo assess exposure through food ingestion.
Food ingestion can be considered a waterborme route of exposure since

water is used for irrigation of Crops, preparation of food, and as the
environmental media normally associated with fish and shellfish in the
diet.

With regard to exposure of aquatic organisms and orher bicta, there
are usually few data available to quantify exposure. Monitoring daca
and examination of biocaccumulation data provide the best sources of in-
formation on possible exposure of various species. Data on populations
of aquatic and other biota, where available, can then bhe associated with
potential coamcentrations of *the pollutant in the water environment in
order to estimate sotenrial and actual exposure of organisms to the polliu-
tant. A systematic approach cousidering ingestion and absorption exposure
routes should be utilized for dquatic species; inhalation, ingestion

and absorptiocn exXposure routes should ke considered for terrestrial species.
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3.7 EFFECTS ON HUMANS AND OTHER BIOTA

The overall goal of a human health effects analvsis is to identifv
and characterize the adverse nealth effects in numans that are known or
expected to occur as a result of exposure to a pollutant. 3pecific goals
of human health effects analysis are:

® 7o evaluate acute and chronpic health effects in humans resulting
from exposure to the pollutant based upon occupational or
accidental exposures and/or auman epidemiological studies,

® To evaluate the acute and chronic health effects in humans based
upon review of in vitro and in vivo studies with laboratorv
animals, test organisms, tissues, cell cultures, or other biorta.

® To examine the distribution, metabolism, biocaccumulation and
excretion of pollutants in humans and laboratory animals to

identify effects mechanisms and relationships between dose and
rasoonse.

® To estimate dose-rasponse relationships in humans based upon
epidemiological, accidental human data, extrapolation of lakora-
tory animal data and to estimate "no effects” levels in humans.

Similarly, the goals of analyzing effects on other biota are:

® To identifyv concentrations of pollutants that have adverse
effects on individual species and communities of aquatic and
terrestrial organisms.

# To identify and avaluare the adcute, chronic, and reproductive
effects in various species as functions of exposure level.

® To identify factors that influence the availability of a pollu-
tant to biota.

The general approach used to perform the human health effects
analysis includes literature search, analysis of epidemiological and
laboratorv studies, evaluation of studies of metabolism, absorption,
and biocaccumulation, summarization of acute and chronic nealth effects,
and development of dose-response relationships for both acute and chronic
effects. 1In undertaking health effects analysis, all serious adverse
effects on humans should be considered. These include acute and sub-
chronic effects, chronic effeccts such as carcinogenicicy, mutagenicicy,
teratogenicity, fetotoxicity, aud functional disorders and effacts of
critical organ svstems--central nervous, reproductive, nepatic, renal.
cardiac, gastrointestinal, respiratory, digestive, circulatory svstems,

bicacc
T

etc. In addition, studies of letabolism, absorption, umulation
and excretion should be evaluated to helo underscand the latiocnships
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between various expesure routes and health effects, and to establish if
animal models are suitable for extrapolation to humans. In undertaking
these analyses, it would be desirable if data were available on humans
from epidemiologic studies or information on accidental exposures.
Frequently, however, these data are not available and reliance must be
placed on extrapolation of laboratorv animal data. For many chemicals,
animal data are not available and only reports of in vitro data exist.
If no data are available on a pollutant, inferences may be drawn from
data on related pollutants, using due caution. Examination of structure
activity relationships of various pollutants may provide information if
cther data are not available.

Wherever possible, multiple studies using different species of
laboratory animals should be utilized. Several methods of extrapolating
dose~response in animals to dose-response in humans should be explored.
and the results of these extrapolations compared with any available epi-
demiologic or accident data. Throughout the analvsis and extrapolation
procadures, uncertainties and assumpticns used should be identified and
quantified. If possible, the end result of the human effects analvsis
should be the development of quantitative relaticnships between dose and
response of humans and a clear explanation of the data and rationale
leading to these relationships. In performing a risk assessment, it may
not be necessary to examine all types of health effects if onlv certain
exposure routes are applicable. Thus, in the initial considerations of
a risx assessment, it will be important to identifiv major exposure routes
so that the effects analvsis can proceed in a direct and straightforward
manner.

An analysis of the effects in non-human species can be accomplished
through data collection and preliminarv data review, followed by
critical data evaluation and summary reporting of the effects. Data
shculd be collectad on both laboratory studies measuring the effects of
pollutants on various species and field investigations or case studies
documenting actual effects of the pollutant in the environment. Informa-
tion on fish-kills, field reproduction studies, and ocher field data can
be especially important in verifying effects predicted from laboratory
studias. It is important to understand the experimental conditions of
laboratory tests of effects so that effects parameters such as LDgy or
LC50 can be extrapolated to potential field envirommental conditions.
Following preliminary data collection, a critical review should be
accomplished. Lethal and sublethal, acute and chronic effects should be
examined for fish and aquatic invertebrates in fresh and salt water and
marine and estuarine species. Important parameters influencing the results
such as pH, temperature, water hardness, type cf biloassay, exposure time,
etc., should be considered. The effects of different exposure routes
should be examined. Toxicity to terrestrial plants through roct uptake
of pollutants in the soil and toxicity tc animals through ingestion of
contaminated diota and water should be examined. The effacts of the
pollutant on species in the human foodchain should also be avaluated.
After these data have been evaluated, they can be summarized 25 identifv
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sensitive aquatic or terrestrial species, "mo effects" concentrations,
dose-response relationships, and conditions which influence environmental
effects for a number of importanc species.

The end result of the effects analysis for both human and ncn-human
species is a comprehensive summary of health effects data including un-
certainties and ranges in dose-response relationships, and applicability
of the effects data to various potential routes and to real environ-
mental situations.

3.8 RISK CONSIDERATIONS

The overall goal of the risk considerations component is to develop
a qualitative and/or quantitative understanding of the nature, extent,
and severity of the risks imposed by a pollutant on humans, fish, wild-
iife and other biota. The specific goals are:

® To estimate the average health risks to the general human
population based upon dverage.exposures and ranges of health effects
effects associated with the pollutant.

¢ To estimate the extent and severity of health risks associated
with the pollutant in specific human subpopulations that sustain
greater than average rigks.

® To estimate the average risks to general populations of fish,
shellfish, wildlife, and other species based upon average ex-
posure and the range of effects associated with the pollutant.

® To estimate the extent and severitv of risks ro subpopulations
of fish, shellfish, wildlife and other species that sustain
nigher than average risks.

o To identify sources, pathways and causal factors associated
with risks for human and other species in order to understand
possible methods for risk reduction.

As indicated earlier, the combination of exposure and health
effects are required to estimate risk to various species. In evaluac-
ing the risks of an euvironmental pollutant, a single result will usually
not occur; rather a risk assessment will describe 3 spectrum of risks
for subpopulations, characterizead bv the type of adverse effect and the
exposure of the subpopulations over time. In identifying and evaluating
risks, it is important co determine whether the acute or chrsnic
toxic effects and exposuras are quantifiable, or whether qualitative
measures must b2 used. Depending 1oon the degree of quancification,
outcomes of the risk considerzcion include: (1) qualitative indications



of possible risks; (2) estimates of risk for hvpothetical exposure
levels; (3) estimates of risks using conservative assumptions on health
effects, or (4) quantitative assessment of risk for subpopulations via
various exposure routes.

Several approaches include: a qualitative comparison of exposure
levels with "nc effects"” or "lowest effects’ levels to indicate the
general nature of risks to humans and other biota; a semi-quantitative
analysis using safetv factors and application of daily intake and health
effects data to result in a better defined range of risks for various
exposures of humans; a quantitative risk analysis to predict, with clear
identification of the inherent assumptions, mortalicy or morbidity
resulting from exposure of general and subpopulation 2roups to the
pollucant. For example, the output of the risk comsideration ccmponent
may indicate that a margin of safety of 100 or 1000 exists between
typical average exposures of rumans and known or extrapolated effects
levels. Another possible outrut would be an estimation of the range
of numbers of tumors resulting from exposure of the general human popul-
ation to a known carcinogenic pollutant. Similarly, in terms of biotic
risks, the output of the risk consideration compbonent could include
either comparison of effects levels for various spacies with exposure
concencrations or, if possible, quantitative analvsis of mortalitv of
various aspects as a result of exposure.

In summarizing risk considerations, the uncertainties present in
exposure and effects data should be addressed. The basis for che
effects and exposure data should be carefully examined and confidence
levels established, if possible. Risk quantification for chronic
health effects is often particularly difficult to a2xpress.

In order to assist the regulatory process, it is appropriate to
analyze the risks associated with various exposure routes or gxposure
scenarios so that the benefits from envirommental regulation or control
can be ascertained.

3.9 PRESENTATION OF RISK ASSESSMENTS

An ilmportant element of the risk assessment process is the clear.
thorough, and well-documented presentation of data and results in a
manner which can be understood by scientists, technical experts, regu-
lators, and the public. Although it is difficult to address the needs
of these varied audiences, attempts should be made to provide information
in the risk assessment report in various levels of detail, geared to
different readers. Frequently it will be necessary to use secondary
sources of information; but references should be clear and complete.

It will be importaat to present information so that other inves igators
can examine the validity of the assumptions, data, calculations, and
results for future studies. Only if rhe risk assessment repors 1is pre-
parad in sufficient detail, with sufficient clarity, will it be most
ﬁseful for the purposas intanded.
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4.0 MATERIALS BALANCE--SOURCE IDENTIFICATION AND LOADING ESTIMATION

4.1 INTRODUCTION

A thorough understanding of the distribution of a pollutant in the
environment is essential to determining the likelihood that humans and
other biota will be exposed to it and the magnitude of the exposure. In
principle, the distribution of a pollutant can be established bv two
me thods:

(1) review, analysis, and interpretation of availabie
environmental monitoring data; and

(2) development of estimates of sources and loadings
(discharges or inputs to the environment) of the
pollutant, coupled with analysis of environmental
pathways and fate of the pollutant.

For some well-studied pollutants, existing monitoring dacta mav be suf-
ficient to provide a comprehensive view 'of envirommental distribution.
However, for most poliutants, and particularly for new chemicals or

recently identified pollutants, extensive monitoring data are not avail-
able and the environmental distribution must be estimated. Furthermore,
environmental mounitoring data alone are not sufficisent o establish the
effects of alternative regulatory control strategies on the potential

risks associated with pollutants since moniteoring data do not alwavs provide
positive correlations between pollutant sources and environmental distri-
bution. ince certain chemical or product uses may lead to direct exposure,
assessment of the sources, uses, and environmental loadings of

a pollutant is an important first step in a comprehensive exposure analvsis.

In the context of this exposure analysis methodology, the term
"materials balance' is defined as a description of the flow of a pollu-
tant from its generation through its initial release to one of the en-
vironmental compartments (air, water, land). Production and use, source
identification, and pollutant loading studies are often called materials
balances, depending upon the scope and nature of the work conducted. A
comprehensive materials balance analvsis involves other evaluations as
well, including the pollutant's transport, storage, ccmmon and uncommon
uses, and eventuval disposal.

The concept of a materials balance is illustrated in Figure 4-1,
which depicts a pollutant (or product in which a pollutant is a contaminant)
at varicus stages in its life cvcle. The pollutant (product) is first
extracted from the natural environment or synthesized, and after initial
transportation and/or storage, mav be further manufactured, processed, or
transported in many more stages than are shown in the figure. Other kev
steps in the life cycle are stages cf use and disposal of the poliutanc
(product). The interiocr of the large box in the figure represents pro-
cesses generally conducced 1n the cultural or anthropogenic environment.

(7
4

(2l



Incineration or
Effluent

Spills/

l.eaks

Spills to
L.and

Ground water

__.w__I_.__~ Landfill

Wastes from mining
operations to
water/air/land

release during use

F1GURE 4-1.

[ T > = Transportation Process

GENERALIZED MATERIALS BALANCE

r—-———-—=- |
| Extraction
Disposal ! !
or
i !
I ! Synthesis
l |
e . ——
1@r lr! Spills/Leaks
Storage ENV T RONMENT Storage
1 S
Recycle
— ecycle Spills/Leaks
/——_\ z
— NATURAL
Manufacture ) T
[
se T fseorage| <G or ENVIRONMENT.
Processing
Spills/ Spills {r \
Air or water Spills Leaks Leaks Air Water Landfill
to water Emissions Ef fluent

FLOW DTAGRAM SHOWING ‘PYP1CAL RELFASES



At any step within the cultural environment, the pollutant may be released
to the natural enviromment (represented bv the Space outside of the large
box), e.g., to air, land, water, biota, etc. The releases may be planned
and controlled (e.g., a permitted discharge to the air or a receiving
waterbody), or accidental and uncontrolled (e.g., a spill from

a rail car or storage tank into the soil or water, or runoff or leaching
from abandoned mining sites). The materials balance is more complex when
natural sources of the pollutant already exist in the environment, inde-
pendent of human activity. For completeness, significant natural sources
must be incorporated in the materials balance, although achieving closure
or balance of sources, uses, and releases is far more difficult when a
large reservoir already exists in the environment.

Precduct use may result in a direct exposure of humans or other biota,
for example, lead in paint, cosmetics, cigarettes, etc. In addition,
environmental releases may also result in direct exposure of humans or
other biota, for example, a release in the workplace. In other situations,
the pollutant must be redistributed in the environment (e.g., intec drink-
ing water or biota such as fish) prior to exposure. Thus a complete
materials balance can provide insights into potential exposure, as well
as the data necessary for estimation of environmental distritucion.

4.2 GOALS OF A MATERIALS BALANCE

The overall goal of the materials balance portion of these exvosure
analyses is to obtain a complete and quantitative description of the uses
and sources of a pollutant and a characterization of the form and mode of
entrvy of the pollutant into the environment. A complete materials balance
should:

(1) Describe the types of uses and use situations, especially for
consumers.

(2) Identify all existing and potentiallv significant sources of
the pollutant.

(3) Identify the chemical and physical form of the pollutant as it
enters the environment.

(4) Characterize (qualitatively and, where possible, gquantitatively)
the entry of the pollutant into the environment (loadings) in
terms of: amounts, seasonality, geographic locations. rates,
receiving environments.

(3) 1Identifyv uses and environmental releases that can lead to direct
exposure of raceprtors.

(6) Account for all material produced by achieving a balance betwesan
the amount produced naturally, inadvertently and by industrv,

and the amount transformed, contained (unavailable for release),
stockpiled, and released to the environment,

4.3



(7) Establish the confidence and/or uncertainties in the amounts
of pollutant releases bv various sources to the envirommental
compartments.

Ideally, a materials balance effort would address all potential, as
well as existing, pollutant sources. This mav not be practicable because
of both data and rasource limitations. Given these limitations, it is
tempting to focus first on the identification of major existing uses,
though sources deemed insignificant on a national scale may be very signi-~
ficant in selected areas. Therefore, care must be taken in limiting the
scope of the analvsis.

A systematic approach to source identification can aid this process;
many possible sources must be considered in order to determine which are
the most important by virtue of their national or local significance or
the opportunity for direct receptor exposure. The phvsical and chemical
form of the pollutant as it enters the environment are important because
these characteristics affect the significance of various environmental
pathways and the resultant distribution.

The spatial (geographic, source intensity) and temporal (rate and
frequency of release) characteristics of the envirommencal loading must
be considered. Total pollutant quantities involved and the character-
istics of the receiving medium are also important. This information will
ultimately be used tc determined the environmental distribution. Depending
upon the scope of the risk analysis (e.g., local, regional or national).
quantification of releases may not be necessary. Both documented data
and engineering estimates may form the basis for quantification, when it
is desirable or possible.

Understanding and delineat:ing the uncertainties in source and load-
ing estimates, i.e., determining confidence limits, increases their useful-
ness in the subsequent steps in environmental risk analysis, and anv
regulatory control recommendations ultimately derived. Similarly, achiev-
ing closure of the materials balance--i.e., equating all of the production
or input of the pollutant with use, accumulation, destruction, or release
of the pollutant to the environment--makes the subsequent risk
analysis more comprehensive, substantive, and credible. The level to
which these goals and objectives may be achieved will depend upon the a-
availability of data, the nature of the pollutant, and the effort that can
be devoted to this portion of the risk analvsis.

4.3 MATERIALS BALANCE METHODS

There are two major steps :In performing a materials balance-—the first
is a chorough identification of sources and the second is quantification
of loading/emission rates tc the specific receiving compartments of the
envircnment. Environmental pathway analysis (see Chapter 5.0) can then
pe used <o 2stablish transfers and reactions of the poilutant within ana



ameng environmental compartments, which, in turn, determine environ-
mental concentrations and influence exposure. Therefore, the data
developed from the materials balance must be compatible with the require-
ments of environmental pathway and exposure methodologies. The major
challenges in developing a materials balance are the identification

of sources, assembly of data, and quantification of lcadings fer
pollutants that are not reported in the literature or are unknown or un-
quantified because of the lack of control technology.

The general approach for a materials balance is shown in the flow
chart in Figure 4-2. Key validation issues are: data completeness
and uncertainty, materials balance closure, and compatibility with the
needs of subsequent components of risk assessment. t many points in
the analysis, the need for better and/or additional data may arise.
Judgments regarding the value of higher quality information must be
made in order to determine whether engineering estimates or continued
literature review for direct measurements will be required.

The first step is to establish the goals and scope of the materials
balance effort, including the desired outputs of the work and criteria
for determining when this portion of the risk analysis has been completad
in sufficient detail. Next, the analysis should be focused on a quali-
tative description of the flow of the pollutant within the cultural en-
vironment and potential releases to the natural environment. This step
should highlight the unique character of the pollutant and indicate
areas requiring extensive data gathering and analysis. The description
should cover the complete range of industrial processes that involve
the pollutant: extraction, processing, storage, uses of the pollutant
or product containing the pollutant, and all potantial disposal modes.
The greater the number of processes, the greater and more wvaried are
the potential opportunities for release to the environment and the more
complicated and potentially incompleta may be the analysis, due to
insufficient data. Knowledge of major uses of a product, product life-
times, and disposal processes may become important in establishing
total environmental releases; these data are likely to be difficult
to obtain for the entire range of possible products and uses.

A materials balance matrix, such as is shown in Table 4-1 for
phthalate esters (Perwak et al. 1981a), provides a convenient method for
initially organizing data om pollutant sources and loadings. Ideallv
such a matrix provides a logical framework for a thorough accounting of
sources. The matrix consists of a source axis for identification of
points of release, and an environmental input axis for estimating and
organizing loading factors or rates for each source. The matrix includes
the processes relevant to establishing source identificatio

n,
e.g., extraction, refining, manufacturing, processing, transportation,
storage, use, or disposal (see Table 4-2) and suggests materialgs
classes and types of releases to be considered. It also pro-

vides a framework for allocating and aggregating pecllutant releases to
environmental compartments of air, land, water and biota and listine
data on quantities, rates and forms of release. )

i~
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TABLE 4-2.

Extraction Methed

drilling, dredging,
strip or pit mining
wastes (slags, to air,
water or other)

Refining Operations

washing, grinding,
extraction, distillation,
physical separation wastes

Manufacturing Process

chemical reaction, cracking,
digesting, forming wastes
(pollutants in form of primary
product, bv product or co-
product, or containment)

Processing

extrusion, molding,
calendaring, drving,
pressing, cutting wastes

Transpertation

loading/unloading, cleaning,
in transport (volatilizationm,
leaks) by truck, by rail, by
plane, contained in tank cars,
drums, disposal sacks

Cconsumptive Use

industrial, commerical,
household, institutiomal, or
agricultural uses in which

pollutant is confined/contained,

applied (e.g., swimming pool.

agriculture) or consumed in products

SOURCE IDENTIFICATION FOR MATERIALS BALANCE MATRIX

Jaturally or Inadvertently Occurring

In minerals and soils, in aquatic
systems, in air, in biota,
volcanic activitv, formation in
upper atmosphere, natural
combustion; inadvertent release
from urban runoff, or use of
pollutant~bearing products (e.g.,
fossil fuels, cement or other)

Disposal Methods

POTW, septic systems, solid
waste landfill, contained land-
fill, incineration, deep well
injection, discharge (treated or
untreated) to surface waters
including lakes, streams or
ocean, or deposition in "'sealed"
drums



The source and envirommental input categories may be further sub-
divided depending upon the pollutant and the scope of the materials
balance. For example, the envirommental input may be subdivided bv geo-
graphy (e.g., urban versus non-urban), by depth of envirommental medium
(e.g., surface water versus groundwater), or by waterbodvy tvpe (naturszl:
streams, lakes, estuarine or ccastal waters; versus manmade: effluents,
reservoirs, or sewers). Deposition on soil may occur as the result of
aqueous discharges through leaching, adsorption, or sediment transport.
The relative contributions of these processes may need to be considered
and the matrix may have to be expanded accordinglyv.

Expansion of the matrix to include receptors as they interact
with receiving media would aid in classifying the relative importance
of receiving media. For example, the receptors may be people, fish,
game, livestock, crops or materials, most of which will have specific
interaction zones with various classes of emissions (e.g., people
exposed in the workplace or through product use at home). Consideration
of these interactions would be particularly useful in identifying
direct exposures to a pollutant.

After possible saurces, uses, and releases have been arraved, the
next step is to develop and summarize data concerning sources and load-
ings. The data abstracted from the open scientific literature and from
government publications or concractor reports may be supplemented by data
from industrial product literature, trade journals, or popular periodicals
and reports. A list of commonly available and reliable data sources is
presented in Chapter 10.

In generzl, one can expect considerable data gaps and, therefore,
a high degree of uncertainty in the materials balance for ubiquitous
and naturally occurring priority pecllutants, for pollutants entering a
variety of media from numerous sources, and for new chemical pollutants
or newly recognized toxicants. Quantitative data may be lacking for
various common source categories and estimation will have to be relied
upon to f£ill the data gaps. GEstimations made from chemical or industrial
engineering data will often be based on product levels, emissicn factors,
anticipated spill frequencies, etc. Different sources of data and esti-
mation procedures will probably be required for each process listed in
the materials balance checklist. Assumptions made in the estimate should
be clearly stated so that uncertainties can be identified and checked at
a later time, if appropriata.



The structure and approach to envirommental fate analysis (for
example, whether or not computer models are used) will also help to
define the materials balance matrix. The appropriate scales for time
and geographical regions will become evident by the nature of available
data or as the available data are reviewed. Wherever possible, the
materials balance data should include identificatiom of the phvsical/
chemical state (i.e., phases, chemical complexes, oxidation stace,
etc.) of the substance in prodicts and releases. In many risk analvses,
considerable interaction betwea2n the environmental pathwavs and the
materials balance components will be required with each continually
refined as a result of considerations arising from the other. Data descri
the geographical distribution >f sources and loading rate characteristics
are generated according to the information needs of air disper-
sion, stream flow, groundwater, or lake models used in pathway analysis.

+ s
DIt

After data have been summarized, it .is important to review
the results for completeness, close of balance, anc uncertaintv. Assess-
ment of completeness is subjective, since additional literature research
or investigation may lead to new data or estimates. Judgments will have
to be made as to whether more =ffort should be expended in developing
additional data on other sources or loadings. Examination of the degree
of closure of the materials balance may be useful in making these judg-
ments. This will involve comparing all of the pollutant generaticn steps
or inputs with pollutant releases or outputs over a selected time frame.
f inputs agree well with outputs, greater certainty in the completeness
the materials balance has generally been achieved.

Q
=t

There is some uncertainty associated with most, if not all, calcula-
tions and value determinations involved in developing a materials balance.
largely due to varving limitations on monitoring data, on assumpcions
associated with approximations of pollutant release from different pro-
cesses or activities, and on simulation models. Sufficient monitoring
data, wiich is current and of aigh qualitv, will reduce the magnitude of
uncertainty associated with a materials balance. However, there are
many components involved in a materials balance and typically good
monitoring data are available only for a few, if anv.

Three aporoaches are available for evaluating the uncertainty in
materials balance calculaticns in order to establish some degree of
confidence in the results. The first is a parametric approach based cn
2 mathematical model linking the input and output variables. In this
approach, ranges of input values (e.g., 100-200 kkg/vear) are assigned
(through educated judgment or sensitivity analvsis) and partial deriva-
tives are the principal tool in the parametric analvsis. The second
approach is statistical ia that parameters are statistically esctimated
from the available data. Uncertainty associated with a parameter in
tals approach is expressed in terms of a statistical confidence interval, ’
that is, the range within which the true value of the parametar 1z ewpected
to lie (e.g., 100 + 50 kk2) with an assigned degree of confidence. .s

1

tnere is uncertainty associatad with 2ach paramecter or dependent

4=10



parameter, the uncertainties can be combined bv the method of error
propagation to obtain the confidence of the output wvariable.

These two approaches are described in more detail by Serth et al. (1978)
and are currently being studied by the Exposure Assessment Group of the
Office of Health and Environmental Assessment, U.S. EPA.

A third approach is a qualitative one in which uncertainty is
assigned to materials balance calculations on the basis of educated
judgment. The resulting uncertainty can be defined: in terms of expected
ranges; as the most likely of several values calculated by different
methods; or as a qualifying statement associated with one approximaricn,
€.g., under x conditions, it is very likely that pollutant release from
this source will be v.

The outputs of the materials balance are several: the source and
environmental input matrices, containing data on sources and loadings;
identification of large or critical envirommental loadings and related
characteristics, which can serve as the basis for environmental pathway
scenarios/analyses; and identificarion of major routes for direct expo-
sure for use in human and nonhuman exposure analvses.

4.4 EXAMPLES OF MATERIALS BALANCE QUTPUT

4.4.1 1Introduction

The examples in this section are presented in order to illustrate
the extent to which a materials balance for a particular pollutant can
be focused to characterize the predominant sources cof the environmental
ourden. As previously mentioned, materials balances may quantify releases
cf a specific chemical that result from its commercial or inadvertant
production, its transportation or use, transportaticn or use of a
product in which it is a component, or natural sources. The three
materials balances discussed below - those for chloroform, copper,
and pentachlorophenol - are all different in their focus.

Examples drawn from the materials balance saection of the chloroform
exposure and risk assessment (Perwak et al. 1980a) illustrate the
approach used to develop meaningful environmental release data for
inadvertent sources since the burden of chloroform in the aquacic
environment originates primarily from its production during chlorination
rather than from commercial releases. The materials balance
illustrations from the copper exposure and risk assessments (Perwak_gg al.
1980b) address quantification of the environmental burden of an abundant
natural materizl. The third example detailed in this section is taken
from the pentachlorophenol exposure and risk assessment (Scow et al. 1980)
where the estimation of environmental releases associated with the
ultimate use of materials containing pentachlorophenol was a major
challenge.



4.4 EXAMPLES OF MATERIALS BALANCE OUTPUT

4.4.2 Chlorofern

Two major reference documants provided the iritial conceptual frame-
work and much of the data necessary to developing & materials balance for
chioroform (Perwak et al. 1980a); a large studvy the National Academv of
Sciences completed in 1978 and a study by a contractor for the U.S.
Environmental Protection Agency, released in draft form in 1980. The
study by the National Academy of Sciences was completed soon after the
health hazards of chloroform were initially recognized and hence did noc
have the advantage of being able to draw upon the substantial bodv of
research that has been done subsequently. Therefore, some of the conclu-
sions drawn by NAS researchers had to be reevaluated in light of the more
recent work. The very recent U.S. EPA contractor report treated the
commercial processes that generate chloroform in great detail but did
not contain much information useful for purroses of developing a materials
balance focused on the releases to the environment.

Unlike the situation with chemical substances that are exclusively
man-made, the literature concerning chloroform has noted several signifi-
cant sources of chloroform releases that originate outside of commercial
production or consumption of tre chemical. Since 80-95% of commercially
produced chloroform is consumed by chemical reaction as feedstock for
chlorodifluoromethanes and is not available for relesase to the environ-
ment, the indirect and natural sources of chloroform account for the
majority of environmental releases.

Istimates of the production rates for indirecr sources vary widelv,
and for some of the sources, there are a number of subcategories that have
ot all been clearly or consistently defined. TFor 2xample, water is
chlorinated for several different purposes, including cooling purposes,
disinfection of potable water cr swimming pools, and water treatment
within publicly owned treatment works (POTWs); each has different rates of
generation and release and diffarent geographic distribution. Available
estimates of the magnitudes of :hese chloroform sources are conflicting
or, in some cases, there are no estimates whatsoever. 1In order to resolve
conflicting data and to fill da-a gaps, it was necessary to distinguish
between causative relationships (between sources and environmental re-
leases of chloroform) and coincident occurrences (e.g., what is the source
of chloroform in coastal waters--chlorinated sewage effluent, production
by marine algae, or both?).



Detailed knowledge of industrial processes and the chemical industrv
structure were required in order to generate estimates of source strength.
For example, calculations based on industry interviews (combined with
values reported in various symposia) resulted in an estimate of 12,300 MT
per vear of chloroform produced bv the pulp bleaching industry. The values
previously reported for this release ranged from 1 MT per vear in the U.S.
to 300,000 MT per year worldwide. Actually, part of the total release
occurs during the bleaching process inside the pulp plant and part
occurs during treatment of the plant effluent. Some data were available
concerning the chloroform release during effluent treatment stages, but
very few data were available for releases during ocher stages of the
bleaching process and, therefore, the best available approximation had to
be pieced together from interviews with industry experts.

The ultimate measure of success of a materials balance study must be
the degree of closure obtained between the sources and use/releases of
the chemical. The results obtained for chloroform are displaved in Table
4-3 and Figure 4-3. As indicated, the '"unaccounted for' amount is equal
to more than 50% of the amount known to be released to the eavircnment.
However, there are also uncertainties regarding the amount of chlorofcrm
commercially produced and the amount devoted to the major consumptive use
(F-22 feedstock). Therefore, after laboratory use and stockpiles are
taken into account, nearly all of the "unaccounted for" amount could con-
ceivably result from the uncertainty in the production volumes.

4.4.3 Copper

Copper is one of the more abundant metals among the 129 priority
pollutants and as such has many sources of significant environmental re-
leases. Darta are generally available concerning releases from many of
these sources for incorporation into the materials balance for copper
(Perwak, et al. 1980b). A materials balance for copper is shown in
Tables 4-4 and 4-5 and Figure 4-4,

Copper is mined and milled in seven states, and effluent discharges
and solid waste disposal practices have been monitored in order to determine
the compliance with current envirommentai regulations. With these data,
releases from mining and milling can be estimated for the known produc-

tion volumes of the respective mills, based on approximate recoverv and
wagte treatment efficiencies.
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TABLE 4-3. EXAMPLE OF MATERIALS BALANCE OUTFUT INVOLVING
INADVERTENT RELEASES--ESTIMATED PRCDUCTION AND
USE/RELEASES OF CHLOROFORM, 1978

Production (kkg)

Commercial Production
Methyl Chloride Process
Methane Process
Loss during Production

Imports
Production as Contaminant
Vinyl Chloride Monimer
CH3Cl, CH,Cly, and CCl,
Chlorination of Water
Cooling Water
Potable Water
POTW*
Swimming Pools
Bleaching of Paper Pulp
Automobile Exhaust

Photodecomposition of Trichloroethylene

Marine Algae

159,000

7,670

-
1o
A
(@]
o

4350
{unknown)

186,784



TABLE 4-3. EXAMPLE OF MATERIALS BALANCE OUTPUT INVOLVING

INADVERTENT RELEASES--ESTIMATED PRODUCT AND
USE RELEASES OF CHLOROFORM, 1978 (Continued)

Uses/Releases (kkg)

Feedstock for F-22 Production 142,700
Exports 7,900
Destroyed/Retained in Products/Storage 3,968
VCM Products 2,290
Pharmaceutical Production 1,610
F-11/F-12 Production (and others) 47
CHCl3 Production 17
Pesticide Production 4

Unaccounted for (including laboratory

use and stockpiles) 11,600
Alr Water Land
Released to Environment 19,207 912 496 20,615
Pulp & Paper Bleaching 12,100 400 -=
Chlorination of Water 3,245 221 -—
Pharmaceutical Extvractions 1,525 275 290
Automobile Exhaust 965 - --
CHCl3 Production 370 14 5
Trichloroethylene
Decomposition 450 -- -
VCM Production 187 2 200
Transportation & Storage Loss 177 - -
F-22 Production 150 - -
Pesticides 38 - -
186,783

*Publicly Owned Treatment Works

Source:

Perwak, J. et al. An exposure and risk assessment for trihalo-
methanes. Final Draft Report. Contract EPA 68-01-3857.
Washington, DC: Mcnitoring and Data Support Division, Office

of Water Regulations and Standards, U.S. Environmental Protection
Agencv; 1980,
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FIGURE 4-3  EXAMPLE OF CRAPHLC PRESENTATION OF MATERTALS BALANCE
OUTPUT--ENVIRONMENTAL LOADING OF CHLOROFORM, 1978

Sonrce:  Perwak, et al. An exposure and risk assessment for trihalomethanes. FFinal Draft Report.
Contract EPA 68-01-3857. Washington, DC: Monitoringand Data Support Division, Office of
Water Regulations and Standards, U.S. Environmental Protection Agency; 1980,



TABLE 4-4. EXAMPLE OF COMMERCIAL PRODUCTION AND USE DATA--
SUMMARY OF U.S. COPPER SUPPLY AND DEMAND, 1976

Supply Consumption
Source/Consumer (MT) T
Domestic mine production and
beneficiation 1,287,940
Refined Scrap 204,080
Unrefined Scrap 149,660
Imports (refined) 235,810
Imports (cres-concentrates) 99,770
Industry Stocks, 1 January 1976 419,940
Copper Wire Mills 1,349,288
Brass Production 367,092
Cther 39,110
Industry Stocks, 31 December 1976 441,710
Total 2,397,200 2,397,200

Note: The above figures are for one year (1976). There is considerable
statistical variation from year to year; consequently, these do not
not reflect average values.

Source: Perwak, J. et al. An exposure and risk assessment for coppear.
Final Draft Report. Contract EPA 68-01-3357. Washingron, DC:
Monitoring and Data Support Division, Office of Warer Regulations
and Standards, U.S. Eavironmental Protection Agencv; 1980C
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EXAMPLZ OF MATERIALS BALANCE OUTPUT INVOLVING NATURAL SOURCES-~

U.S. ESTIMATED ENVIRONMENTAL RELEASES OF COPPER, 1976

Release (MT/vr)

Direct

Source air Aguatic POTW Land
Primary Froduction L 13.4° - 1,078,290°
Smelting 2004 Unknown Unknown
Secondary Production A 0.33 73 4
Metallic Ore Mining

& Related Activities A 343 - Unknown
Copper Wire Mills 164t,2 134! 1,4841 A

rass Production 32 lSl% 2941 42152
Iron & Steel Production 17102 656" - 896112
Coal Mining*= 4 - 18112 - ~
Pulp, Paper & Paperboard - 1103 - -
Inorganic Chemicals - 43 - -
Steam Electric Industry - 1743 - -
Machinery Mfgr. a 151! - -
Electroplating 4003 1,4003 9203
Miscellaneous Sources - 723 - -
Area Sources: 3

Abandoned Metal Mines - 3145 - -
Agricultural Applications * 3~6002 * 5 19,195425+6

Urban Runoff - 4412 34 *

Suspended Sediment - 18,400 - -
Incineration/Refuse 1002 - - 1,900%

P * bl 3 8
OTW - 2,073 - 9,680
Tetal 484 26,509 3,2697 1,110,923

Ap o s

Insignificant

*These emissions are directly applied to the category in which they are
reported; however, often during ocr shortly following release, they enter
other environmental media.

**Coal combustion is known to release some copper; insufficient data is
available to substantiate this quantity.

>The total estimated POTW influenc is 11,800 MI/yr (see Table 4).
only a portion of the scurces have been identified.

Thus,

Yyersar, 197s.

Arthur D. Little Estimate.

3Effluen: Guidelines Monitoring Data, analyzed by Versar, EPA, 1979.
4U.S. Department of Agriculture, 1974.

SSRI, 1979.

bepa, 1974.

TEPA, 1977.

8Table 6.

Martin and Mills (1976).

Perwak, et al.
Final Drafrt Report.
Monitoring and Data Supporc Division. Off
and Standards, U.S. Eavironmental Procact

An exposure and risk a2ssessment For copper.
Contract EFA 68-01-2857. ‘ashington, DC:

ice ot Water Regulacioms
ien Az=zucv: 1980

Source:
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As with manyv of the metals, copper occurs in the natural environ-
ment in combination with other elements. The release associated with
the mining and milling of these related ores can be assessed from in-
formation on the nature and scale of production, the level of sophistica-
tion of recovery and waste treatment technology, the frequency with which
it is applied, and the availability of documentation and monitoring data
on all of the above. Covper is a significant by-product/co-product of
lead-zinc deposits, occurs in czoals, and is released as a consequence of
iron and steel production. For these major associated production pro-
cesses, EPA documentation and other published research data were avail-
able to quantifv the resulcing copper release.

Copper is consumed in a variety of uses ranging from brass produc-
tion to electroplating to agricultural applications (as an algicide).
The Bureau of Mines annually publishes reports concerning the distribu-
tion of copper and other mined minerals in the U.S. economy. The U.S.
Bureau of the Census also publishes import-export data for all inorganic
chemicals. These sources provide a baseline for estimating releases
associated with the various stages of production and use of copper
(Table 4=4).

Frequently, information concerning treatment efficiencies or general
disposal practicescan provide :he basis for estimating enviroanmental re-
leases. For example in the case of brass producticn, effluent guidelines
data provided bv the U.S. EPA were used to estimate aquatic discharges
of copper from this source; the computed total fell within cthe realm of
reasonable losses as a percentage of ccpper consumption in this applica-
tion. 1In the case of electroplating, however, estimated releases based
on the available Effluent Guidelines Data (or continuing data source of
the U.S5. EPA) exceeded the amount of copper consumed bv that industry.

This overestimation can be attributed to some of the underlying
assumptions. Electroplaters do not always operate on a regularly scheduled
basis, nor is their volume of production consistent. Many are '"captive'
operations contained within a larger industry and produce cnly to meet
the needs of that parent industry. Independent electroplaters also use
copper scmewhat intermittently since scme materials are plated with
nickel, silver, zinc, or some combination. Therefore, a release estimate
for the materials balance based on "averaged' values from limited sampling
of electroplating effluents would be incorrect. Bureau of Mines staff
and industrialists familiar with the electroplating industrv were consulted
in order to approximate the waste recovery efficiency and the maximum
possible percentage of material loss.

A significant source of copper to the envircnment is through POTWs
which receive influent from urban runoff, industrial discharge, and domestic
and commercial units. A contractor study performed for the U.S. ZPA

£
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provided removal efficiencies of metals for a "representative" sampling
of POTW influents and effluents for primary, secondarv and advanced
treatment facilities. This infeormation was combined with data concern-
ing total treated effluent from POTWs in the United States and outlying
territories and an assumed distribution of treatment levels (2% of the
flow from primary treatment plants, 647 from secondarv and nearly 35%
from advanced).

A problem remained, however, in identifying the sources of copper
in POTWs. Average residential loading of 42 mg Cu/day/person was assumed
on the basis of samplings from sewer systems in St. Louis and Cincinnarti.
Residential areas provided roughly one-third of the copper to POTWs.
Adequate data on commercial and industrial contributions were not avail-
able to permit a determination of the source of the remaining 66% of the
copper in POTW influent.

Whenever environmental releases are arrayed and totalled, care has
to be taken to avoid double counting. The best example from the materials
balance for copper is the case of urban runoff. The volume of copper
carried bv urban runoff was determined from stream samples of urban runof®
to separate storm sewers, point sources, and unsewered areas. Possible
sources of copper released to the urban enviromnment that would be re-
flected in runoff include exposed construction elements, transportation
vehicles, industrial applications (plumbing, tubing, valves, etc.) and
settled particulates from atmospheric releases (e.g., coal burning power
plants). This latter source has alreadv been accounted for as an air
release. Clearly, though some of the atmospheric copper releases are
also included in the concentrations in runoff, separating these from th
other components of urban runoff is very difficult. Urban runoff itsalf
may flow to a POTW, so that there is opportunity for criple counting
the origiral releases to air. Often, as was the case in the copper nate-
rials balance, insufficient data are available to permit differentiating
the relative contributions of individual sources of a pollutant to urban
runoff and POTWs. Although instances of double counting cannot alwavs be
avoided, they do result in uncertainties in the analysis and need to be
identified.

®

4.,4.4% Pentachlorophenol

Pentachlorophenol (PCP) is commenlv used throughout the United States
as a wood preservative and its characteristics and applications are fairly
well known to this industry. As a result, much of the information in-
cluded in a materials balance for this pollutant came from specialists
in the timber and wood products industries, as well as from U.S. EPA
contractor reports and water quality programs. 1In comparison with mate-
rials balance analvses of others of the 129 priority pollutants. the PCP
materials balance (Scow et al. 1980) was quite simple and straightforward
due to the nature of both the manufacture and use of this compound.

At the
as shown in
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FIGURE 4-5  EXAMPLE OF GEOGRAPHIC DYSTRIBUTION OF PRODUCTION SOURCES--LOCATTONS OF
PENTCIILOROPHENOL MANUFACTURING AND WOOD TREATMENT PLANTS

Source:  Scow et al. An exposure and risk assessment for pentachlorophenol. Final Draft Report.
Contract EPA 68-01-3857. Washington, DC: Monitoring and Data Support Division. Office
of Water Repotations and Standards, U.S. Enviroumental Protection Agency; 1980.



facility produces PCP by the same process during which phenol is
chlorinated in the presence of a catalyst. During production, releases
occur to the air and to water. Air emissions are limited by a scrubber
mechanism enabling PCP recovery; incentives for control of atmospheric
release are economic, as well as regulatory. At the time of the penta-
chlorophenol study {1980), industry production of pentachlorophenol

was not subjected to regulatory control by the U.S. EPA; sampling data
on aquatic discharges were not available. 1In addition, there were no
reliable data on the efficiency of the production process with respect
to aquatic discharge upon which gross annual discharge estimates could
be based. Most of the PCP that is domestically produced is consumed in
the U.S. and there are no identified imports.

The wood preserving segment of the timber industry consumes more

PCP than all other users combined. Though consumption varies from vear

to vear, wood preserving consumes roughly the same share of total produc-
tion each year: an estimated 787% (U.S. EPA timber industrv) to as high as
85% to 93% (chemical industry). When applied to wood, pentachlorophenol
enhances toughness, prevents discoloration, and prevents attack by wood-
destroving fungi and insects. The timber industry is a relativelv mature
U.5. industry and as such is well established and fairly well known. For
this reason and because of the industrv's dominating consumption of PCP,
78% to 93% of manufactured PCP can be fairly well traced througn its life-
time of wood-associated uses.

The timber industry reports that 415 wood preserving plants cperatad
by 300 companies potentially use PCP. These plants are geographically
located on Figure 4-3, in a pattern consistent with the major timber re-
sources of the nation. Associated consumption of PCP by wood preserving
plants is shown in Figure 4-6 as it is distributed to six regions of the
U.S. At this stage, wood is impregnated with PCP and there are small
releases to POTWs and some to land. Most aquatic dischargzes from wood pre-
serving plants occurs during a wood conditioning process prior to applica-
tion of PCP.

Following PCP application, waste streams ar 90% of the 415 wood
preserving plants are evaporated so that there is no aquatic discharge at all.
Of the remaining 10%, most use a stream process to apply PCP treatment and
treat their wastewaters with roughly 81% fficiency resulting in a dis-
charge of 5.1 MT of PCP to POTWs (Scow et al. 1980). The other plants use
the Boulton process to treat wood and treat their wastewaters with a 447
efficiency (Scow et al. 1980Q) consequently discharging 0.2 MT of PCP to
POTWs. Only cne small woed treatment plant discharges its waste stream
directly to surface waters. This facility operates on an intermittenc
basis (less than 25 days per vear) discharging less than 26.5 kg annuallv.
Most of the PCP released by wcod preserving plants is contained ia sludg
and these releases were estimated to be 74.3 MT per vear om the basis o
siudge practices and removal efficiencies (Scow et al. 1980).
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Following the application of PCP to wood at wood preserving plants,
two important factors were identified and quantified: <first, the end
use of materials treated with PCP as illustrated in Figure 4-7; and
second, the regional consumption of ?CP-treated wood products as illus-
trated in Figure 4-8. Alcthough it was not possible to combine these two
factors in a verifiable manner (e.g.. identify the number of fence posts
in the North Central states), the end uses of an estimated 84.3% of
pentachlorophenol produced in 1978 were identified. From this end use,
it was estimated that 344 MT (or 1.9% of PCP used in preserving wood)
are volatilized to the atmosphere based on the known properties of treated
wood and PCP. It is alsc possible that PCP runs off the poles, fence
postse and railroad ties when exposed to rainfall and contributes at non-
point releases to groundwater, storm runoff basins, POTWs and surface
streams. There were insufficient data available, however, to quantify
this release.

Consumption of the remaining 15.5% of manufactured PCP is known, but
associated releases are generally not as well understood. Production
of sodium pentachlorophenol (NaPCP) is the second largest consumer, us-
ing 11.7% of annual PCP productipn. This is a relatively small segment
of the chemical industry whose waste streams are not vet subject to
Federal regulation. Consequently, insufficient data were available to
estimate releases resulting from production of sodium pentachlorophenol.
NaPCP is used to prevent bacteria growth in water towers, and in the
textile and tanning industries with small associated environmental re-
leases. It is also aun additive to outdoor paints and is believed to be
used in some toy paints manufactured and applied outside of the U.S.
A major concern was identified with respect to NaPCP in paints in this
materials balance, namely that misuse of outdoor paints, (i.e., indoors) and
imported painted toys present a significant pectential to human exposure.
However, it was not possible to estimate the magnitude of these exposures.

4.5 SELECTED EXAMPLES FROM MATERIALS BALANCES FOR OTHER POLLUTANTS

Several components of various materials balance analyses are pre-—
sented here as samples of methcds typically utilized to estimate re-
leases and as examples of special release situations. These selactions
are discussed in brief and, where appropriate, are accompanied by figures
or tables.

4.5.1 Releases During Transportaticn

In the materials balance flow diagram (Figure 4-2) reference is
made to the transport processes between major points in the pollutant's
life cycle (extraction or synthesis, manufacture, storage, use and
disposal) and subsequent pollutant raleases associated with transporta-—
tion. Relatively few standardized data are collected or mainctained
on potential environmental releases during transport largaly due to wide
variations in tramsport methods and handling practices bv che carriers,
themselves. In fact, documentation, when available, is usually limited
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to reported occurrences of accidental spills or leaks. One estimation
method is based on knowledge of tae pollutant's principal transportation
mode and of the types of its secondary users (large or small, nature of
the operation).

In a materials balance for phthalate esters (Perwak et al. 198la),
it was reported that the chemicals were transperted principally in
1iquid form via unpressured rail tank car, motor tank car, and, to a
lesser extent, in small quantities (55 gallon drums).

The amount of loss associated with transportation (other than from
accidents) was assumed to be a function of the size of the shipping
container and the remaining amount after the container is "empty.'" Most
esters are shipped by rail tank cars or tank trucks to distribution
points and sites of major users. Some of the smaller operators among
the 8000 compounders of plastics orobably receive the plasticizers in
55-gallon drums. Small operators using rotational molding, coating
prcocesses, and small injection molding processes could possibly obtain a
major portion of their plasticizer in this manner. Products made with
these processes account for approximately 75,000 kkg of phthalate esters
per vear.

If it is assumed that 807% of this productiom is accounted for by 20%
of the companies who are large enough to purchase in tank car lots, then
the remaining 207%, or 15,000 kkg, might be delivered from the manufac-
turer to the compounder in 55-gallon drums. If between one cup and cne
quart of plasticizer remains in each empty drum, then between 0.117 and
0.467% or between 18 kkg and 68 kkg could be wasted and released to the
environment when the drum is reconditioned, destroved, or stored in a
manner that allows the remeinder to be released.

Though it is unknown what percentage of the phthalate transported
in tank cars or tank trucks remains after the material has been delivered
and the tank is "empty," an estimate of approximately one-tenth of one
percent remaining was considered reasonable. This amount will either be
cleaned from the tank prior to loading another commodity or will remain
in the tank if the vehicle is in dedicated service. Information on
numbers of tank cars that are dedicated is unmavailable. Tor estimating
purposes, it was assumed that 0.1% of the material transported is cleaned
and flushed with water. The amount being transported in tank cars and
tank trucks would be approximatelv 977 of the total production. A
weighted average of the waste from the 3% delivered in 55-gallon drums
and the 97% delivered in tank cars is still approximately 0.1%. For
calculating a materials balance, it was assumed that 0.1% is lost be-
cause of transportation-related causes.

4.5.2 Publiclv Owned Treatment Works

For some pollutants, discharze from publicly owned treatment works
(POTWs) constitutes one of the larzest direct releases to surface

waters. Monitoring data on flow rates and pollutant concentrations for



POIW influents and effluents and on plant efficiency levels have been
complied by the U.S. EPA Effluent Guidelines Division and U.S. EPA
contractors. Considerable variability exists among these data sources.
Some report on a single POTW and others Teport on groups; reporting
methods and geographic coverage differs, also. Therefore, for

materials balance analyses of different pollutants, POTW discharges have
been estimatad in several manners using the available dara.

The discharge of cyanide from POTWs was estimated by three methods
(Fiksel et al. 1981), all based on data compiled from sampling and
analysis at 20 POTWs. One estimation was based on the average effluent
cyanide concentration (210 ug/l) times the total effluent flow rate of
all POTWs in the U.S. (34,000 MGD), resulting in an estimated cvanide
discharge of 9800 MI/year. This approach assumes that the effluent con-
centrations at the 20 plants surveyed were representative of all plants
across the country. An alternate approach used the total cyanide

discharged from the 20 Plants (169 MT/year) and the fact that the
historical flow rates of these plants represent 2.7% of total U.S. POTW
effluent flow to estimate a total discharge of 6300 MI/yr. This approach
is probably the most accurate if the 20 plants are representative of all
plants on a flow capacity basis. Finally, the percent removal of cvanide
in the 20 plants was approximately 15%. Then for che total influent to
POTWs of 18405 kkz/yr, the resultant discharge of cvanide would be 6400
kkg/vr. Each method assumes that the 20 plants surveved are representa-
tive of 211 U.S. POTWs (Fiksel et al. 1981).

Another method was utilized to estimate the total zinc discharged
from POTW to surface waters (Perwak et al. 1980c). a U.S. Epa contractor
determined that POTWs meeting secondary treatment standards removed an
average of 727 (range 457 to 96%) of the zinc in the influent. This
conclusion was drawn from data on 22 of the 103 plants which operated
te these standards and had sufficient data on all parameters of interest
to allow analvsis. The flow-weighted mean of the removal efficiencies
was 81% for the 22 plants. Data were Presented on removal efficiency for
10 primary treatment facilities in addition to the 22 secondary plants.
The median value of removal efficiency for the primary plants was 39%
while the flow-weighted mean was 17%. The latter was used in calcula-
tions to estimate partitioning between sludge and reslease to the aquatic
environment.

Few data were available on improved metals removal during advanced
treatment. However, it was assumed that metal removal efficiency is cor-
related to solids removal, and published data from a government survey were
used to characterize metals removal efficiency in advanced secondary and
tfertiary treatment plants. Baseq on this survev, 28% of the total flow
from POTI5 undergoes Primary treatmenc, 39 secondary, 18% advanced
secondarv, and 14% tertiary treatment. Advanced gecondarv is assumed

tC remove 887 of zine, while tertiary treatment is assumed to remove
867%.
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Table 4-6 summarizes the POTW zinc budget based on these assump-
tions and shows a total loading to POTWs of 22,083 MT, of which 7814 f

of zinc is discharged by POTWs to the aquatic environment, while 14,259
MT is discharged to land (Perwak et al. 1980c).

4.5.3 Yatural and Inadvertent Releases

There are several sources of natural inadvertent releases of pollu-
tants that contribute potentially large but usually widely distributed
releases tc the environment. The metals occur as natural constituents
of the earth's crust in soils and rock formations throughout the U.S.

As soils and rocks are weathered and eroded, the natural metals and min-

erals are released to surface streams. Nickel concentrations in soils
generally range from 5 mg/kg to 500 mg/kg; the concentration in U.S.

soils averages 30 mg/kg (McNamara et al. 1981). Other sources indicate

that nickel is found at average concentrations of 50 mg/kg in sedimentarv
rocks, shale, and carbonate rocks. The average annual total suspended locad o
nickel in the United States is estimated to be 3.6 billion MT, 257% of which
enters the major streams. Assuming an average nickel concentration of 30 mg/”
in scil, approxfimately 27,000 MT of nickel is discharged to surface wacers vi.
this route (McNamara et al. 1981).

Urban runoff also can provide a major contribution of pollutants
to POTWs and surface waters each year. Mercury has been found in urban
runoff at levels of about 0.2-33 ug/l. The mean value for a residential
area of 720 acres in Rochester, NY was found to be 18.1 ug/l, with the
median value for thé same set of 10 data points in the range 4-5 ug/l.
A second study involving less intensive sampling of stormwater and com-
bined sewer runoff in 11 cities across the U.S. (including Rochester, NY)
revealed concentrations ranging from less than 0.2 g/l to C.6 ug/l.
The mean and median values for this data set were both equal to 0.3 ueg/l.
(The mercury concentration reported for Rochester in this study was
0.25 ug/l.) Lacking further information, a range of 0.2-20 g/l in
urban runoff was used to show the possible magnitude of the source.
Thus, for runoff volumes of 17.3 x 1012 1l/yr and 2.6 x 1012 1/vr going
to surface waters and POTWs, respectively, 3.5-350 kkg goes to surface
waters and 0.8-80 kkg to POTWs each vear (Perwak et al. 1981b).

’,

4.5.4 Releases to the Atmosphere

Atmospheric releases of a pollutant can be significant and are a
potential pathway to surface waters. Included among the releases tc air
that are commonly evaluated in a materials balance are releaases from
chemical production, processing or refining, releases as a result of
consumptive use and release as a byproduct of indirectly related processes.
Automobile exhausts provide a source of atmospheric emissions which is
typically considered as an area source of release and poses a serious
problem in areas with high traffic densities.

Cvanides are cme grcup of pollutants that ias been detacred
automcbile exhausts (Fiksel et al. 1981). The averzge rate of hvdrogen
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TABLE 4-6. EXAMPLE OF MATERTALS BALANCE FOR PUBLICLY
OWNED TREATMENT WORKS: ZINC

(1) Treatment
(1) Zinc Loading (2) Removal POTW
Treated Flow (MGD) to POTW (MT) Efficiency Discharge (MT)
To Sludge To Water
) 3
Primary treatment 7,525 6,341 .17( ) 1,078 5,263
Secondary 10,137 8,543 13 6,920 1,623
P4
Advanced secondary 4,731 3,987 .88(®) 3,509 478
Tertlary 3,812 3,212 .86 2,762 450
Total 26,205 22,083 .65 14,269 7,814

(overall)

(I)EPA 1978 Needs Survey, FRD-2,
(2)

(3)
(4)

LT /yr) = flow (MGD) x 610 (107° g/1) x 3.785 (1/gal) x 365 (day/yr) x 10~ ° (i‘é'-‘—) = 0.8427 x flow.

Flow-weighted mean value calculated from Sverdrup and Parcel Associates data, February 1977.

Assume advanced treatment removes Zn proportionately to TSS--estimated from tables 17, 27, 31 of
EPA 1978 Needs Survey, FRD-2.

Source:  Perwak, J. et al. An exposure and risk assessment for zinc. Final Draft Report. Contract
EPA 68-01-3857. Washington, DC: Monitoring and Data Suapport Division, Office of Water
Regulations and Standards, U.S. Environmental Protection Agency; 1980.



cvanide emissions has been resorted to be 12 mg/mile. A fleet

composite emission factor was estimated for nydrocarbons in automobile
exhaust: 8 g/mile in 1976. The resultant CN/HC emissiocn ratio (1.5 x
10-3) multiplied by the total annual hydrocarbon emissions of

12 x 10° kkg/vear yields an estimate of HCN emissions of 18,000 kkg/vear.
Apolving the CN/HC emission ratio to estimates of exhaust emissions
compiled by U.S. EPA, the larzest cvanide emissicns from automobile
exhausts would occur in areas of the highest traffic densitv, such as
California (1500 kkg CN/vear) or the combined states of New York and

New Jersey (1500 kkg tons CN/year) (Fiksel et al. 1981).
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5.0 ENVIRONMENTAL PATHWAYS AND FATE ANALYSIS

5.1 INTRODUCTION

The results of the materials balance analysis will normally provide
important information on pollutants that enter the environment; the
amounts, tvpes, forms, rates, and locatioms (both in terms of region and
specific receiving medium) of environmencal releases; and indications of
direct exposure routes associated with the relesase of pollutants to the
environment. If the environment and chemicals were static, materials
balances, combined with information on receptor distribution, could be
used to estimate exposure of humans and other biota to environmental
pollutants. In most cases, the environment is not static but is dynamic
in the sense that pollutants may be transported, undergo physical, biol-
ogical and chemical transformations, accumulate or disappear, resulting
in an environmental distribution quite different from that associated
with the initial environmental release. For example, Figure 5-1
summarizes the major environmental transformations and transfers of
trichloroethylene and illustrates the dynamic nature of the chemical's
behavior following its release into environmental media (Thomas et al.
1981). Therefore, the envirommental pathways and fate processes of the pollutant
must be considered before one can determine with a reasonable degree of
confidence the pollutant's chemical form and environmental concentrations
to which receptors might be exposed.

In analyzing environmental pathwavs and fate, the following types
of questions are important:

® Do the pollutants remein in the environmental media (air, water,
land, biota) in which thev are initially released or are there
intermedia transfers?

e By what mechanisms are the environmental concentrations of the

pollutant decreased or increased, e.g., biodegradation or intra-
and intermedia transfer?

e What are the controlling external influences on intermedia
and intramedia transfer?

¢ What are the rates of these transfers or reaction mechanisms?

® Are there any potential degradation products of concern with
réspect to environmental or health risks?

® Is a steady state pollutant concentration distriburtion in the
environment achieved? Is the toral environmental load increas-
ing or decreasing? What are the environmental dynamics?
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e What is the anticipated spatial and temporal distribution of the
pollutant: in the environment, in different media, among different
types or forms of the pollutant, for different geographical areas,
for different time frames? Are these distributions confirmed by
monitoring data?

Answers to these types of questions will provide information on the
exposure of different receptors that come in contact with various environ-
mental media, particularly if these receptors play a role in the trans-
port, reaction or distribution of the pollutant (e.g., biodegradation,
uptake by plants, etc.) or are associated with a particular medium that
accumulates the pollutant (e.g., persons who ingest contaminated fish
tissue).

Monitoring data have often been considered as a substitute for en-
vironmental pathways and fate analysis since monitoring data directlv
provide the envirommental distribution of pollutants. Ideallv, an en-
vironmental pathway and fate analysis should be conducted in addition to
review of monitoring data for several reasons:

(1) For maay pollutants, particularly organic and new chemicals,
monitoring data are limited, sporadic, and/or of questionable
reliabilicy,

(2) Analysis of available menitoring data does not enable the
estimation of environmental concentration distributions in
media or geographic locations for which monitoring data are
not available.

(3) Analysis of menitoring data does not provide information on
how and where physical, chemical and biological processes in-
fluence the environmental distribution of a pollutant.

(4) Analysis of the effects of different pollutant control options
requires some knowledge of the relationship between environ-
mental loadings and concentration distributions; this
information is provided by fate models rather than by monitor-
ing data.

Monitoring data, when available, can be a direct source of informa-
tion for exposure analysis and can be used to calibrate (or extrapolate
from) models used to estimate environmental distributions. However, in
moSt exposure analyses, it will be important to evaluare pathways and
fate data as well as aid in exposure determinations and in the develop-
ment of regulatory recommendations.



5.2 GOALS OF ENVIRONMENTAL PATHWAY AND FATE ANALYSIS

The overall goal of environmental pathway and fate analyvsis is to
establish the distribution of pollutants--both spatially and temporallv-—-
in all environmental media. This general goal can be divided into a
number of specific objectives as follows:

(1) Define environmental media or ccmpartments of importance to
the environmental behavior of the pollutant, including sub-
compartments such as scil lavers, aerobic or anaerobic zones,
where necessarw.

(2) 1Identify important mechanisms for transpcrt and physical,
biological and chemical change (pathways) of the pollutant
within and among environmental media.

(3) Summarize and/or develop data on the rates of these transfer
and reaction processes, determine the prccesses that control
environmental fate and distribution, and identifv predominant
chemical forms or degradation products in various media.

(4) Estimate "lifetimes" or half-iives of pnollutants in the environ-
ment

(5) Using materials balance/envirommental loading estimates as in-
puts, trace the envirommental pathwavs of Doliuctants f£rom rtheir
sources to their sinks or ultimate distributicn in the environ-
menct.

(6) Estimate average or representative poliutant concentrations
and their time dependence in specific environmental media.

(7) Estimate concentrations and their time dependence in specific
zeographical lccations-~e.g.. river basins, streams, rain, ai
sheds, etc.

r

(3) Use monitoring data :zo compare (and to improve) the results cf
environmental pathwavs and fate analvsis wherever possible.

(9) Using pathwavs and environmental fate analvsis. develop informa-
tion for use in exposure analysis, and provide a basis for
estimating quantitative velationships between envirornmental
releases and exposure.

Ideally, a pathways and fate analvsis traces all of the enviroumental
releases of pollutants from specific sources through the enviroumental
athways that occur, and combiaes the resultant contributions of eacrh
lease and transfer co obtain the spatial and temporal distri-
tion of the pollutant in the envircument. A careful accouating of
Llucant inputs, inter- and intramedia transfers, and transformation/
:cumulacion/dezradaction trocesses, should reveal the variation in

e
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distribution of the pollutant over time. This might be accomplished by
using a simple partitioning model for a rough estimate, a complex
environmental model or similar analytical techniques. Large-scale multi-~
media models exist; however, they have been designed either for specific
pollutants or for specific environmental compartments and geographical
areas. These large models require extensive and elaborate calibration
procedures. Furthermore, the set of necessary input data--loading rates,
transport and transformation rates, and other characteristics of the
pollutant--is difficult to obtain or the data are not reliable enough

for the results to be credible. Resource allocations further constrain
such efforts. As a matter of necessity, environmental fate and pathway
analyses often are fragmentary and incomplete, focus on only a few major
pathways, and do not give complete distributions of concentrations of

the pollutant. To be useful in exposure analyses, environmental fate
and pathways analysis should at a minimum:

e distinguish key pathways from insignificant ones;

¢ focus on key pathways and on media where the amount or concentra-
tion of pollutant is large and where exposure of humans and
other biota is expected;

¢ estimate a probable range of pollutant concentrarions in differ-
ent environmental media, with time and space resolution appro-
priate to pollutant sources and receptor exposures of concern;

® provide estimates of uncertainties that can be carried through
the exposure or risk analysis.

The cutputs of the pathways and fate analysis will be greatly con-
strained by the amount of information available concerning the phvsical,
chemical, and biological characteristics of the pollutant; the types,
nature, and location of the pollutant sources; the existence of models
or calculational approaches available to estimate the concentrations; and
the resources committed tc the analyvsis,

In keeping with the goals of exposure and risk assessments within the
Office of Water Regulations and Standards, the methodology focuses on
water-related pathways and fate analysis. Non-water-related pathways
should, of course, be considered because of the interrelations ameng
environmental media, and in order to obtain a perspective on total exposure.

5.3 ENVIRONMENTAL PATHWAY AND FATE ANALYSIS METHCDS

Three general methods useful for envirommental pathway and fate
analysis are described in this section. The methods have similar goals,
several common steps, and may use some of the same data and information.
Each one, however, has a different focus. The choice of approach will
depend upon the nature of the pollutant, the scope of the exposure
analvsis, and the availability of data. In general, portions of more
than one approach may bSe used and the resuits integrated in order to

i
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develop a more complete understanding of the environmental pathways and
fate of a pollutant.

5.3.1 Environmental Scenario/Case Example Method

This approach will provide a qualitative assessment of pathwavs and
fate mechanisms, supplemented bv semi-g quantitative information cn pollu-
tant distribution where sufficient depth of analysis of specific case
eaxamples 1is galned from literature sources. It begins with a brief
review of materials balance and environmental loading data to identify
relevant scenarios or case examples for a particular pollutant (see
Figure 3-2 for steps in process). Fach major scurce category is iden-
tified and hypotheses are developed concerning pollutant fate, beginning
with the source and proceeding to an ultimate sink or environmentazl
distribution.

For example, considering agricultural application as a major source
of a substance used as an herbicide, one would indicate diagrammatically
the likely pathways and fate processes beginning with the application
and including: soil adsorptlon/desorptlon, chemical decomposition, bio-
degradation in the soil, volatilization, runoff and leaching into local
waterways, uptake by plants or animals and distribution along the food
chain (i.e., all major known fatz mechanisms). Exposure routes suggested
by this scenario include ingestisn through food and drinking water (boch
humans and non-humans) and possis>ly skin absorption through contact with
polluted water. A scenario such as this describes thre likelv pathwavs to
be examined further or validated in subsequent steps.

The second step is to assemble and review available data to aid in
evaluation of the pathway and distribution hvpotheses. Literature data
from both laboratory and field studies, as well as measured concentrations
in the environment would be reviawed for mechanisms and rates of transporet
or chemical and biological transformation. Data on the phvsical, chemical,
and biological characteristics relevant to detarmining the pollutant’s
fate in the environment would also be reviewed. Using herbicide applica-
tion again as an example, one would review laboratory and field data cn
plant uptake, soil adsorption, concentrations found in soils and water,
the rates of transfer from soils to ground (through leaching) or surface
water (through runoff) or to air, as well as data on speciation, photolvsis,
biodegradation, hydrolysis, and other transformation processes. These data
can provide quantification or at least support comparison of the processes
or major pathwavs involved.

When no data are available, one of several estimation techniques mav
be used to provide a rough idea of the significance of particular nroper-
ties of a chemical in its enviroumental farte. For example, Lvman et al.
(1982) have ccmpiled methods for estimating a aumber of phvsical, chemical
and biological oroperties of organic chemicals in one handbook; these
methods will be computerized in the near future.

5-5
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The third step is to draw Soth general and specific conclusions
concerning the key factors influencing the fate of the pollutant, how
the pollutant is partitioned in the environment, likely concentrations
in each compartment, and so forth. General conclusions may indicate
that certain sources are associated with higher water concentrations in
a2 particular habitat than others, or that one transformation process is
more important than others in the ultimate fate of a substance. Specific
conclusions may be drawn from selected subjects described in the litar-
ature, and may vield either semi-quantitative relationships between
loading rates and environmental concentrations, or specific data relating
to the rates of typical processes.

The final step is to relate the specific sources and loadings given
in the materials balance to the pollutant's environmental distribution.
This step can indicate where likely exposure to the pollutant mav occur
and give some idea of how exposure may change as a function of future
control strategies. In a sense, this final step involves reexamination
of the scenarios developed in the beginning, attempting to quantifyv then
and show the relationships between the sources and distribution of the
pollutant and resultant exposure.

The environmental scenario method seems most appropriate in the
following situations:

(1) Sources of the pollutant are relativelv well known and major
sources can be distinguished from minor omnes in terms of the
quantity released to the environment and its relationship to
potential exposure.

(2) The pollutant is well-known in the sense that field and labori-
tory studies exist, data on the chemical, pavsical and biol-
ogical characteristics of the pollutant are available, and the
behavior of the pollutant in the environment has, at least. been
addressed bv others.

(3) Monitoring data for the pollutant are available, so that
measured data rather than estimates can be used in forecasting
exposure. The fate and pathway analysis in this case is more
important for linking sources to environmental pathwavs and
spatial and temporal distribution rather than to estimate cen-
centrations.

(4) Large-scale models describing the pollutant pathwavs are either
not available, not useful, overly complex, or too general or
gross in scale for application given the resources available.
Additionally, the availability of other data described abeove
may make the use of complex estimation techniques unnecessary.
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5.3.2 Critical Pathwav/Distribution Estimation Method

This approach is focused on identifying the critical pollutant
pathways that are most influential in determining distribution of the
pollutant and the resultant concentrations in the environment. The
steps involved are shown diagrammatically in Figure 5-3 and described
briefly below.

This approach also begins with the results of the materials balance
analvsis. However, rather than scenarios of environmental pathways re-
lated to particular production or use patterns, aggregate loading rates
(temporal or spatial combinations) for different media are first devel-
oped, either on a nationwide basis or for specific regions with identified
environmental loading patterns. For example, the total annual loading
from direct and indirect releases to air, water, soil, and occasionally
biota, etc., are determined from the materials balance results; estimates
are then made of the sizes of receiving media, e.g., volume of water, air
or soil receiving the tctal loading. If possible, these estimates may be
made for regional or other smaller scale geographical locations, to focus
on areas of concern. General environmental characteristics of the re-
ceiving media important to the pollutant's distribution are also estimated--
2.2., pH, soil moisture content, etc.

Second, data on the phvsical, chemical and biological characteristics
of the pollutant are reviewed. Pertinent data mav include molecular weight,
aqueous solubility, vapor pressure, octanol/water partition coefficient,
bicdegradacion rates, chemical reaction rates, etc. These data are used to
provide iInsight into imporcant transformation processes that remove the
pollutant and/or convert it to other products or potential contaminants.
Products identified may also be considered for toxicity and further trans-
formation. (Time and resources generally pronibit full consideration of
these products in an eXposure assessment.)

Third, pathways and processes that result in transfer of the pollutant
from one medium to another are evaluated in order to identify the critical
transfer pathways and estimate the relative rates of the transfer processes.
For example, for a pollutant initially released to water, vaporization and
sedimentation might be considered in order to determine whether and how
rapidly the pollutant is transferred to the air or soil media. Basically
this analysis is a simple partitioning studv, to determine if the pollutant
tends to remain in the initial receiving medium or is transferred to others.
In some cases, all of the pollutant may be rapidly redistribuced to other
media; while in others, a slowly established equilibrium distribution may
be indicated.

Following an initial determination of the partitioning, the next step
is a more detailed examination of the pollutant fate in the media thar are
of most interesrt, e.g., those media or subcompartments into which the
pollutants are likelv to be partitioned. Each major fate process is re-
viewed, using rate and equilibrium relationships and estimarion techniques
from the literature, pollutant specific data (e.g., rate constants) from
laboratory or field studies, model ecosvstem results, etc. Typical Dro-
casses to be examined include:

3_0
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Air free radical oxidation, photolvsis, adsorption to
aerosols, dry deposition, <fallout. rainout,
scavenging

Water hydrolysis, photolysis, chemical cxidation, pre-
cipitation, adsorption/desorption with sadiments.
volatilization, biodegradation

Soil leaching, hydrolysis, surface photolysis, chemical
oxidation, volatilization, uptake, adsorption,
complexation

Biota biodegradation, metabolism, bioaccumulation, bio-

magnification, etc.

Some of these processes may have been consideread earlier, since they
are ones that result in intermedia transfer. By using very simple models,
generalized rate equations, or measured values reported in the literature,
the rates of degradation or transfer within medis can be estimated.,

Those processes are identified that are major determinants of the rate
of transfer, decomposition, or reaction, and hence the ambient concentracticn
levels.

The next step is to utilize the aggregate loading rates, general
partitioning estimates, and the estimated transfer or reaction rates to
calculate likely ranges of concentration of the pcllutant in the environ-
mental media. Frequently, these calculations will involve "single
compartment'' models or equationms along with physical/chemical properties.
One wculd assume that the entire loading of the pollutant enters one medium
with a specific volume, and estimate the resultant concentrations of
pollutant, changes over time, and/or steadv-state concentrations.
Steady-state values will be important for highly persistent pollutants; trans-
formation and transfer rates control the concentration distribution of
pollutants that are more mobile or shorter-lived in the environmment.

In some cases, several environmental compartments (and/or decay processes)
will have to be considered simultaneously, where both are important.
"Feedback"” from one set of calculations to another is required. In
general, however, these estimates are made to place boundaries on the
distribution and concentraticn of the pollutant and not to determine
absolute values. Thus, use of more complex, multi-compartment or single
compartment models mav not be necessarv or appropriate for this approach.

Estimates of environmental concentration ranges can then be made for
smaller geographical lccationms, using specific source loadings and
parameters describing the associated receiving media. A number of simple
models are available for this approacn, for example, Mackavy's fugacity
model (Mackay 1979) and simple computer models such as PLUME
(EPA 1979), among others. These models are described in greater
detail in Section 3.3.3. Semsitivity analvsis can be conducted tc
determine which parameters influence the cutcome to the greatest extent.
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The final step in this approach is to summarize the results in terms
of the critical pathways, estimates of the anvironmental distribution and
pollutant concentration ranges. and compariscn of these concentration
ranges with available monitoring data.

This overall method is appropriate for considerations in several
situations:

(1) when the pollutant is not well-known and few laboratory or
tield envirommental data are available;

(2) where there are only a few types of important pollutant
sources, and where distributions can be easily estimated,
or where data exist on major releases in specific areas;

(3) where monitoring data are sparse, or are widely distributed
or uncorrelated with release patterns;

(4) where insufficient data and resources are available to use
more complex environmental models, or where the quality of

input data does not justify their use:

(5) in specific situations identified by using the environmental
scenarioc method.

5.3.3 Modeling Apprcaches

As indicated earlier, simple calculations and modeling approaches
are an integral part of the envirommental scenario and critical pathwav/
distribution estimation methods. However, these siuple models usually
do not account for intermedia transfers and equilibrium relationships
between different media. Multimedia modeling may be warranted, resources
permitting, if sufficient data exist on the chemical, physical and
biological characteristics of the pollutant, if accurate source and
loading data are available, anc if appropriate models are zsvailable.

The results of such models can provide a more accurate estimated dis-
tribution of the pollutant in the enviromnment and provide a useful
mechanism for estimating the effects of different regulatory approaches.
Once the models have been valicated and calibrated, thev can be used in
many situations with modest resource commitments.

The general steps to be fcllowed in multimedia modeling approaches
are:

(1) Identify, from materials balance results, the major pollutant
sources and geographical areas considered for modeling.

(2) Identify the most significant environmental pathway for the
pollutant under the conditions selected ahove.



(3) Select the individual models or multimedia model applicable
to the situation, i.e., type of emitting source, pollutant,
receiving media.

(4) Compile the input data required bv the model(s) selected,
e.g., source/loading data, pollutant characteristics and
properties, environmental characteristics, and time.

(5) Use the model(s) to estimate pollutant fate (transport,
transformation, concentration) in the different media.

(6) Compare the model results to the results of the two approaches
described above, and to monitoring data. Comparison with
monitoring data is frequently required for calibrating the
model, and should be carefully accomplished before the model
is used for predictions.

(7) Perform a sensitivity analysis of model parameters that are
uncertain, or vary significantly in different locations.
|

(8) Analyze modeling results for insight into exposure of various
species, effects of regulatory actions, impact of reduction
in loading rates on envirommental levels, significance of
environmental process in determining pollutant fate, erc.

A number of computer models have been sponsored by the U.S.
Environmental Protection Agency and other agencies to aid in pollutant
environmental fate and exposure assessments. Information about specific
models is not reiterated in this report; instead, the reader is referred
directly to EPA's Environmental Modeling Catalegue (U.S. EPA 1979) for
detailed information on available models. Other mcdel reviews include
Miller (1978), among others.

Some examples of available models counsidering a single environ-
mental medium include the EPA UNAMAP system (air), EXAMS (surface water).
EXPLORE (stream), ARM (watershed) and SESOIL (soil). Examples of multi-
media models that link two or more environmental media include UTM and
ALWAS (air to watershed/stream), CMRA (overland to stream), and TOHM
(air to watershed/water). Other models include Mackay's fugacity method,
which estimates equilibrium partitioning of a pollutant between air,
water, sediment and biota (Mackay 1979), and Neely's microcosm model
(Neelv 1978).

Most pollutants released to the environment are likely to be trans-
ferred between media. A model can provide a fairly detailed approach
£or tracing pollutant levels in different media when the substance is
subject to removal or transformation bv competing processes. By account-
ing for the net rate of pollutant transport or transformation, the model



characterizes the pollutant's mass distribution in the environment,
temporal and spatial. Sensitivity analysis enables determination of
the significance of a particular process or variable. With an
efficiently developed model or set of models, assuming input data are
available, the modeling approach can provide valuable information,

in a timely and cost-effective manner.

However, currently there are significant difficulties in applying
multimedia models to most pollutants. Although a considerable amount
of research has been done in this area, most of the nmultimedia models
are still under development or have not been fully verified. Adequate
data (either chemical or environment specific) for input to models
are also often lacking. When *he input data used are uncertain or must
be estimated, the results lack precision. The unavailability of a
suitable, verified model and/or sufficient input data precludes the use
of multimedia models in many instances. When multimedia modeling is
performed, results must be interpreted with care, because a selected
model may exclude certain pathways related to the complete traverse of
the substance through the environment. Since the results are obtained
from environmental conditions, a scientist has to be concerned with
the extrapolation of the conditions simulatued to generalized results
and environments.

5.4 EXAMPLES OF ENVIRONMENTAL PATHWAYS AND FATE ANALYSIS

Several illustrative examples of the methods described earlier are
presented in this section. Only porticns of the calculations, results
or discussions are given to indicate the types and results of the apprcaches.

5.4.1 Envirommental Scenario Method

In an exposure and risk assessment for copper (Perwak et al. 1930)
the environmental scenario method was used to link sources Eadagéthways
with environmental distribution. This method was selected for this
pollutant because sufficient monitoring data were available for esti-
mating exposure, and field and laboratory studies had documented the
physical, chemical and biclogical processes that determine the pollu-~
tant's behavior in the environment. Figure 5-4 depicts the major environ-
mental pathways for copper released to the enviromment through human
activities.

Figure 5-53 shows in greater detail environmental scenarios for
several of the environmental pathways of copper. 1In the second scenario,
wastes from primary copper production, coal mining, and copper ore mining
and benefication are shown to enter the air and water environment by
several paths; runoff and leaching mechanisms carry wastes to surface water
or ground water, respectively. The surface water/sediment interaction and
other flows are also shown. TIn the fifth scenario, several uses of copper are
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shown--as an algicide (CuSO,) and as an agricultural chemical. The path-
ways from soil to ground and surface water, to sediments, and ultimately
to the ocean are shown.

These general descriptions were the starting point for subsequent
literature review, quantification of flow rates from selected sources,
and ultimately analysis of concentrations in the environment. For
example, in order to describe the first scenario, the nature of solid
wastes and tailings was reviewed, along with data from studies of acid
mine drainage, concentrations found downstream of mine drainage sites,
incidents of groundwater contaminationm, and leaching studies from a
variety of sites.

The analysis revealed that solid wastes, coal piles, and tailings
are major sources of copper disposed of on land. Copper exposed as a
result of mining practices is subject to greater tranmslocation in the
environment than releases from the other two sources due to the acid
nature of the leachate. Surface streams draining mined areas have been
shown to have localized spikes in copper concentration, with the level
quickly decreasing as the stream recovers in pH and alkalinity values as
a function of distance. The major processes affecting this reduction in
copper concentration are dilution, sorption, and precipitation.

In municipal waste landfills the copper concentration in leachate is
typically between 0.04-0.4 mg/1. Copper is quickly attentuated bv the
soil. Data on groundwater contamination were not available though such
contamination is rare in a proparlv operated landfill. In old mined
areas, acid mine drainage, and >orous tailings enharce the possibility
of groundwater contamination.

for the fifth scenaric involving the agricul:zural use of cooper
sulfate, data describing the fa:e of copper in the soil, water and sedi-
ments were analvzed; field data were examined for indications of the
roles of adsorption or sedimentation of copper and for mean and maximum
concentrations in water or sediment. Use of copper sulfate as an algicide
appears to be effective within a very short time frame, and field studies
indicate that concentrations of copper ion in the water column decrease
to background levels within a day following application. Copper is trans-
ferred from water to particulates, algae and sediments through sorption.
Sediment core councentrations reflect the use of CuS0Q4 over the vears in-
dicating that sediment is a significant ultimate reservoir for copper in
aquatic svstems.

5.4.2 Critical Pathwav/Distribution Estimation Method

The Critical Pathway/Distribution Estimaticn Method was used in the
pathways and fate analvsis for pentachicorophenol (PCP) (Scow 2t al. 1980)
which is characterized bv limited monitoring data, adequate data on basic
chemical properties, and a good general understanding of its overall
materials balance. Little documentation was availabla on PCP emissions
from particular consumers or producaers. The critical pathwavs approachn



was used in a risk assessment of this pollutanc in order to provide PCP
concentration estimates in various media and to determine the critical
pathways influencing its distribution. Since PCP use is concentrated in
a few industry categories, the fate and pathwavs analysis was fccused on
these operations.

In order to provide a better understanding of the fare, distributiocn
and potential for exposure to PCP following discharge from sigmificant
sources, simple quantitative models were used. Four sources to air were
considered for their contribution to national atmospheric levels of PCP.
Three sources--cooling towers, wood preserver evaporation ponds, and
direct aquatic discharge as a general phenomenon--were considered for
their local impact and exposure potential. The type of input data required
included source characteristics (e.g., dimensions, emission or loading
rate, etc.), environmental characteristics for a representative set of
conditions (e.g., wind speed and direction) and chemical characteristics
(e.g., transformation rates). As an example of how the approach is
applied, the development of the equationm describing local pollutant con-
centrations from a cooling tower plume is described brieflv.

First, the assumptions made in developing the equations were defined.
These assumptions included the values chosen for each variable, such as
plume buovancy and height, wind speed, temperature, aund others. Also,
variables not included in the equation but potentially influencing the
resulting concentrations were identified (e.g., rainout, large-scale
turbulence, chemical reactivity). Second, the fate of pentachlorophenol
during cooling tower evaporation was characcerized by a Gaussian concentra-
tion distribution using a simple plume model. The output of the model
equation--PCP councentrations as a function of distance from the source
for twe plume source heights--were plotted, as in Figure 5-6. The results
of the equation were used directly as concentrations from which to estimate
human exposure in subpopulations residing within specified distances
of a cooling tower.

5.4.3 Modeling Approaches

Computerized and hand-calculator models have been used in the environ-
mental ,fate and pathways analysis cof numerous priority pollutants. Three
approaches applied in exposure and risk assessments for phthalate esters
(Perwak et al. 1981) and dichlorobenzenes (Harris et al. 1981) are described
below. (No example is given of the application of a complex multi-media
model, though such models will undoubtedlv prove to be useful in future
exposures and risk assessments.)

5.4.3.1 DPhthalate Esters

3ased on two existing environmental fate models for ohthalate
esters: The Exposure Analysis Modeling Svstem (EXAMS), developed bv
the U.S. EPA (Wolfe et al. 1979), and Neely's partitioning model (Neelv
1978), ambient concentrations of di{2-ethvlhexyl) phchalate (DEHB) were
estimated in a simplified three compartment model for water {including
sediment and fish). Some of the model's assumptions were adapted in
this application to incerporate more current or relevant datz develoned
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ticus and Standards, U.S. Envirommental Protaccion Agency: 1980
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in the materials balance and in the review of physical and chemical
properties. Some of the data were scaled for a national approach from
a site-specific approach.

Concentrations in air in the U.S. were estimated using the equation:

dx

- kx

dt H
where: X = mass concentration

time

area source strength
mixing height

= rate constant for removal.

AN mOn
[}

The concentrations predicted by the models for DEHP in water, sedi-~
ment, fish and air were then compared with measured concentrations reported
in the literature. Figure 5-7 summarizes the predicted and measured levels.
Thé results of this analysis indicated that DEHP is usuallv presenc ar
extremely low concentrations in air, and at low levels in water; it is
subject to significant chemical transformation in air but virtuallyv none
in water; and it is likely to accumulate in sediment and fish *o levels
from twe to three orders of magnitude greater than water column concentra-—
tions.

5.4.3.2 Dichlorobenzenes

For the environmental distritution analysis of 1,2-dichlorobenzene.
twe separate fate models were implemented and the results compared.
Mackayv's Level I fugacity approach was used assuming all environmental
compartments--air, water, sediments, biota--were at equilibrium and
connected and there was no degradation or transport out of the selected
environment. The EXAMS model was run for three generalized, pre-compiled
aquatic systems--a pond, an oligotrophic lake and a river. Input data
to both models wera based on materials balance information and physical/
chemical properties of dichlorobenzene compiled from published literature.

For typical environmental loading rates, both models predicted a
high sediment to water ratio (two to three orders of magnitude) under
equilibrium conditions, and partitioning into biota. Table 5-1
summarizes the results. Table 5-2 gives more detailed results of the
EXAMS model. Volatilization was the primary means of disposition from
ponds and lakes, aquatic systems in which transport downstream is
minimal. The differences in the results of the two models were due to
the fact that a greater proportion of dichlorobenzene partitioned to
the air compartment in the Mackay model and the fact that EXAM
considered kinetic processes, as well as simple partitioning.
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TABLE 5-1.

EXAMPLE OF RESULTS OF MODELING OF ENVIRONMENTAL

DISTRIBUTION--COMPARISON OF RESULTS FROM MACKAY'S
EQUILIBRIUM MODEL AND EXAMS FOR 1,2~DICHLOROBENZENE

IN A POND SYSTEM

EXAMS Results
(Pond, 24 kg/day loading
370 kg steady state accumulation)

Maximum Concentrations

Water 3.0 mg/1

Water Biota 630 mg/kg

Sediment Biota 610 mg/kg

Sediment 460 ng/kg
Accumulation

Z in Wacter 16.22

%Z in Sediment 83.78

Mackay Results
(370 kg in system)

Concentrations

Water 0.0559 =g/l
Water Biota 18 mg/kg
Sediment Biota 12 mg/kg

Sediment 35 mg/kg dry
weight

Percent of Chemical per Compartment

a
in Water 0.30

o8

% in Sediment 64 .4

2part of the initial aquatic load has been removed by volatilizacion.

Source:

Harris, J. et al. An exposure and risk assessment for dichloro-

benzenes. Final Draft Report.

Contracts EPA 68-01-5%49, 6017.

o . . .
{asnlngton, DC: Monitoring and Data Support Division, Office of
Water Regulatioms and Standards, U.S. Eanvironmental Protection

Agency; 1981.



TABLE 5-2.

EXAMPLE OF RESULTS OF MODELING OF ENVIRONMENTAL DISTRIBUTION--
EXAMS OUTPUT FOR 1,2-DICHLOROBENZENES

a. Steady-State Concentrations of l.2-dichlorobenzene in various generalized aquatic
systems resulting {rom continuous discharge at a rate of 1.0 kg/hour?d

Maximum Concentrations

dAll daca simulated by che EXAMS (U.S. EPA-SERL, Athens, Ga.) model (see text for further

Including loss through physical transport heyound svstem boundaries.
~

Maximum {in Total Total
Water Water Sediment Steady-State Daily
Loading Dissolved Total Deposits ‘Plankton Benthos Accumulation Load
Svstem (kg/he) (mg/1) (mg/1) (mg/kg) (ug/e) (ug/g) (kg) (kg/dav
Pond 1.0 3.0 3.0 460 630 610 370 24
Oligotrophic
Lake 1.0 0.15 0.15 0.73 30 3.3 410 24
River 1.0 0.00099 0.€0099 0.024 0.21 0.048 1.2 24
b. The fate of 1,2-dichlorobenzene in various generalized aquatic sysCemsa
Percent Distribution Percent Lost bv Varicus Processes
Transformed
Residing in Residing in Traasformed by Lost Time for
Water at Sediment at by Chemical Biological by Other System Sel
Svstem Steady-State Steady~State Processes Processes Volatilized Processesb Purificati
Pond 16.22 83.78 0.0 Q.05 91.91 8.05 282.3 das
Oligotrophic 44 4y 1.89 0.0 0.0 94 .64 5.36 33,78
Lake
River 75.52 24.48 0.0 0.0 1.44 98.36 18.19 d:

information).

“Estimate for removal of ca. 973 of the toxlcant accumulated in system. Estimated from the results of

the half~lives for the toxicant in bottom sediment and water column
weighted according %o the pollutant's Initlal distribution.

Source: Harris, J.

et al.

An exposure anc risk assessment for dichlorobenzenes.
Contracts EPA 68-01-3949, 6017,

Washington, DC:

s, with overall cleansing time

Final Draft Reporct.

Monitoring and Data Suppert Division, Dffice

of Water Regulations and Standards, U.S. Environmental Protec:ion Agency: 1981,
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6.0 MONITORING DATA AND ENVIRONMENTAL DISTRIBUTION

6.1 INTRODUCTION

Monitoring data, as used in the context of exposure analysis, can be
defined as data on the concentration of toxic pollutants in the environ-
ment. Ideally monitoring data indicate ambient concentrations over wide
geographic areas and different periods of time. They are sometimes supple-
mented by data measured in field studies, which can be used to indicate
local conditions or special situationms.

Many different kinds of monitoring data may be useful in exposura
analysis. Both well-mixed equilibrium concentrations and unusually high,
temporary spill or discharge concentrations are of interest. The first
represents the long-term condition to which humans and other organisms
are typically exposed. The second, although a short-lived condition,
could potentially have acute adverse effects on exposed organisms. In
addition, for certain readily transformed or transferred chemicals, only
the second tvpe of data will exist. Depending upon the environmental
loading and fate characteristics of the pollutant, emphasis may be placed
on finding monitoring data pertaining to either long~-term or transient
conditions.

Traditionally, monitoring data have been considered as measured
concentrations reflecting ambienc concentrations in surface water,
sediment, foodstuffs, etc. However, for purposes of estimating ex-
posure to pollutants, information regarding concentrations in more
varied media are of interest.

Water--surface water (fresh and salt), ground water, raw and finished
drinking water, precipitation, POTW influent and effluent, landfill
leachate, industrial effluent, urban and rural runoff. etc.

Air--vapors, aerosols, and particulates in ambient air, industrial
emissions, automobile emissions, workplace air environment, etc.

Soils and sediments--dust; surface and subsurface soils; bedrock:
estuary, lake, river and stream sediments: etc.

Biota--soil and aquatic microorganisms, vertebrates, invertebrates,
mammals, birds, organisms in a foodchain; humans, including whole
body or organ tissues such as human milk, human adipose tissue, urine
and blood serunm.

rood--milk, meat, dairy nroducts, grain, vegetables, fish. animal
feed, etc. (both in a natural and/or prepared state).
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Other--treated items such as preserved wood, painted cbiects, food
packaging, clothing, or anv other product or item that may contain
the compound of interest.

Again, the particular media of interest devend upon the environ-
mental lcading and pollutant fate characteristics. For example, a highlwv
volatile product mav never be found ar significant concentrations in soil
and water but at high levels in air. A persistent compound with low
water solubility may be detectable only in sediments and soil. Use and
disposal characteristics of the pollutant will also determine which media
to consider; for instance, some chemicals may be found onlv in the air
of certain werking environments. Therefore, flexibility is required in
the methodology for analyzing monitoring data in order to allow emphasis
on the important environmental reservoirs and sinks for various pollutants
with a wide range of fate characteristics.

6.2 GOALS AND OBJECTIVES

The primary goal of the moritoring data review within an exposure
analysis is to develop, analvze, and present comprenensive data on the
geograpnic distribution of pollutant concentrations in various environ-
mental media, indicating trends or changes over time if possible. Spe-
cific objectives include:

1) In the initial definition and focusing of risk assessments, an
analysis of monitoring data is used to characterize the behavior
of a pollutant in the environment; ro determine whether local,
regional, or national risks are important; to identifv the geon—
graphical areas of concern; and when combined with effects data,
to reveal the significance of the porential risks.

(2) In some circumstances, when monitoring daca are suffic
extensive to be representative of typical environmenta
trations, they provide a description of environmental

ientlv
1 concen-
distribution.

(3) In the analvsis of mounitoring data, baseline levels can sometimes
be established (ambient conditions) for comparison with concen-
trations in polluted environments. In such an analysis, for
example, background concentrations near ore deposits mav be found
to be equal to or greater than those found in some industrial a=aas.

(4) Monitoring data can be used to confirm materials balance and en-
vironmental fate analvses, to provide a cradible basis for extra-
polating materials balance and fate considerations, and to provide
input data for large-scale modeling of environmencal fate.

(3) Moniroring data can suzgest important routes of exposura for
humans as wvell as ocher species, provide direct inputs to esti-
mates of exposure fe.g., concentration in foods for estimacing
human sxposure via ingesticn), and to help define the risk oo
regional and ocner subvopulations.



Though not all of these objectives will be met in each particular analvsis,
they provide a framework to be used to the degree possible, depending on
the available data.

6.3 METHODS AND APPROACHES

The approach to monitoring data analysis consists of three basic
steps:

(1) identification and systematic collection of data;
(2) evaluation, analysis and presentation of data; and
(3) 1interpretation and use of data in exposure analyses.

At the start of a monitoring data analvsis, materials balance studies
should first be reviewed brieflvy to help identify likely media for emphasis
in the systematic search for monitoring data. It will also be important
to define the boundaries of the search for monitering data--the geographic
focus, depth and breadth--so that the necessary effort is devoted to this
nortion of the risk analysis. Also, a desired format for the presentation
of data should be developed early in the work. The initial focusing step
in a risk analysis will aid this process.

Collection of data should be »ased upon a systematic literature
search. The U.S. Environmental Protection Agency, through its air and
water quality programs, provides a comprehensive source cf monitoring daca.
Particularly important for risk analyses will be the STORET system, NASQAN
(National Stream Quality Accounting Network), SAROAD (Stcrage and Retrieval
of Aerometric Data), NOMS (the National Organics Monitoring Survev), the
Pesticide Monitoring Program, the Air Quality Monitcring Prcgram, the
Human Tissue Monitoring Program, etc. (see Chapter 10 for a listing).

The STORET system, maintained by the Office of Water Regulations and
Standards of the U.S. Eanvironmental Protection Agency is a centralized
system for storage and retrieval of water quality data. The largest file
in STORET is the Water Quality File which contains data concerning 40
million observations at more than 200,000 monitoring stations in the U.S.
These data are of great use in considering the distribution of a chemical
in the environment. Another STORET file that often contains pertinent in-
formation is the Fish Kill File, which provides detailed and summary data
on major pollution-caused fish kills dating from 196C. Thus, in addition
to the traditional methods of literature search, the U.S. Environmental
Protection Agency centers responsible for these monitoring systems should
be contacted in order to obtain the most up-to~date data, provided the
scope of the exposure assessment warrants,

In addition to the U.S. EPA, computerized data bases and publicacions
of other federal agencies should be consulted such as the U.S. Geological
Survev, Department of Interior, Department of Energy, Department of Health,
Education and Welfara, Consumer Product Safety Commission. the National
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Aeronautics and Space Administration, National Oceanographic and Atmos-
pheric Administration, and the Corps of Engineers. Many of these agencies
and sources have compilations of literature data which may be useful.

In evaluating monitoring data for use in exposure assessments, a
series of questions should be posed:

(1) How, where, and when were the monitoring data obtained?

(2) Was the sampling process adequate to represent the environmental
compartment or subcompartment being monitored?

(3) Were the analytical methods used appropriate to the monitoring
problem and to the pollutant being measured?

(4) What were the semsitivity, reproducibility, and confidence of
the analytical results?

(5) How were the data aggregated and reported?
|

The answers to these questions are not always available, and differ
for every study and every pollutant. Frequently, monitoring data are not
complete because results are reported for samples taken from only a few
geographical locations. As a result, it is often difficult to determine
whether the monitoring data are applicable only to specific geograpnical
locations or whether they are representative of general levels in the U.S.
The numerical concentration values presented in monitoring data must be
used with caution because detection limits, accuracy, and precision of
the measurements are frequently not reported. The analytical metheds used,
potential interferences, and details of the measurement approach (for
example, whether the measurement represents the total metal concentraticn,
specific ionic species, or whether a specific chemical or family of
chemicals, e.g., phenols, are included). Frequently little informa-
tion is given on the seasonality or other temporal variations in the
measurements. Another problem associated with monitoring data is that
other parameters useful in interpreting the data, such as suspended solids,
pH, or the presence of other chemical species, mav nct be given. Perhaps
the most frustrating aspect of monitoring data is the lack of additioual
information that helps the investigator determine whether or not the
@onitoring data are sufficiently representative to be used in an exposure
assessment. When reporting monitcring data, it is essential to provide
complete references and give any additiomal information that was reported
in the original reference. 3Beczuse of these limitationms, monitoring data
do not always provide a clear ard accurate verification of real environ-
mental concentrations of pollutants and may, in some cases, vield no berter
information than estimates obtained from fate and pathwavs analyvsis.

However, monitoring data reprasent the onlv evidence of actual ex-
posure, since many aspects of materials balance develcoment and fate
analysis are highly speculative. Therefore, alchough there mav be some



uncertainty about values used, monitoring data shculd be used whenever
possible in an exposure assessment.

The presentation of the available data is a difficult problem in
some cases, and to an extent depends upon how the data will be used. The
data may be summarized for presentation as maps, charts, graphs, tables,
overlavs, etc. Attention to presentation style is important, since this
often effects the conclusions that are drawn from the data. Uncertainty
in the data should be indicated in the presentation. Ranges, average
and median values, and concentraticon frequency distributions should be
presented, along with detection limits, wherever possible. Illustration
of data trends (such as decreasing water concentrations over 10 vears)
provides useful information on the anticipated impact of increased pro-
duction or tighter environmental regulation on pollutant concentrations.

6.4 EXAMPLES OF MONITORING DATA

6.4.1 Copper and Silver

A tremendous amount of monitoring data has been collected for copper
in all media (Perwak et al. 1980). Copper levels in aquatic ecosystems
{water, sediment, fish) are available from the EPA STORET data base.
Figure 6-1 shows the distribution of total covper observations for the
U.S. from 1970 to 1979. Obviously, this type of a figure cannot be used
directly in an exposure analysis, but it does give some indication of the

range of total copper concentrations that are found in the U.S.

The monitoring data can also be aggregated by major river basins,
which represent large areas of the country. They can be depicted geo-
graphically as is shown in Figure 6-2 for silver (Scow et al. 1981), or
displaved in tabular form. The copper data for 1970-1979 aggregated for
major river basins are shown in Table 6-1 for water and Table 6-2 for
sediment. By use of this technique, certain areas of the countrv with
high copper levels can be identified. However, aggregation of data cver
such large areas can provide misleading results. Therefore, monitoring data
from minor river basins were also examined, including data only for 1978.
Table 6-3 shows that numerous minor river basins have mean concentraticns
greater than 50 'rg/l total copper and at least 10% of the observations
greater than 120 yg/l. However, only a few locations had median levels
of total copper greater than 50 ug/l. 1In addition, some of these minor
river basins were identified as having soft water (<30 mg/l CaCoj3), a
conditicn that increases toxicity. These results suggested that within
these minor river basins showing high mean levels, most observations were
less than 60 .g/l and a few were greater thanm 120 ug/l.

Data from individual monitoring stations in four areas with high
average copper concentrations were examined and compared with information
on specific sources of copper and evidence of actual impact on aguatic
biota. This analysis showed that high average copper concentrations



Percent of Samples in Range

41 /
77
: A
30% Zﬂ/
2V
A
A
A
| 2%
20% I ;;2; ;jjj
a
21
a
7
A7
0% (- %ﬁ/ 7
27
2V
Al
< A 2y

Concentration (ug/L)

FIGURE 6-1 EXAMPLE OF SURFACE WATER MONITORING DATA
DISTRIBUTICN BY CONCENTRATION RANGES--COPPER
1970-1979
Source: Perwak, J. et al. An exposure and risk issessment
for covper. Final Draft Report. Contract EPA 68-

01-3857. Washington. DC: Office of Water Regulations

and Standards, U.3. Zavironmental DPracecticn Agencyv;
1980.



Source: Scow, K. et al.

—

N

N

— e

ENCIRINAENTH PRV Ty Ard N ¢

STORET GrSiem

4

# o
. . N L
R T LR R
- BN R T Voo
N
- I T “«1)
. aon b :
n S OF . 21 + 20 G R
SEE T LG0TTON0 TR 220005 S n - e

FIGURE 6-2 EXAMPLE OF GEOGRAPHIC DISTRIBUTION OF MONTTORING DATA FOR SILVER

< An explosure and risk assessment for silver.
EPA 68-01-3857, 5949, and EPA  68-01-6017.
Standards, U.S.

Final Draft Report. Contracts
Washington, DC: Office of Water Regulations and
Environmental Procection Agency; 1981.



TABLE 6-1. EXAMPLE OF SURFACE WATER MONITORING DATA
DISTRIBUTION BY MAJOR RIVER BASINS--COPPER

feim .100-1 PEffigtagelgflggservaisgifg/l- 1000-10,000

ug/l ug/l ug/l 1000 yg/1 ug/l
New England 3 40 33 18 4
Mid Atlancic 1 38 49 9 1
Southeast 2 43 37 16 1
Great Lakes 1 45 48 5 <1
Ohio 1 44 49 5 1
Tennessee <1 32 58 9 1
Upper Mississippi <1 33 A 12 9
Souris and Red of North <1 36 62 2 <1
Missouri <1 44 49 6 <l
Arkansas and Red 1 45 43 11 <1
Western Gulf 3 47 29 18 <1
Hawaii 1 58 33 5 <l
Rio Grande and Pecos 9 43 34 12 2
jeper Colorado <1 37 35 5 1
Lower Colorado 2 23 39 33 2
Great Basin <1 43 YA 8 i
Pacific Northwest 3 55 35 6 <1
California 1 38 32 7 2
Alaska 2 48 44 6 <1
United States 4 41 44 10 1

Source: Perwak, J. et al. An exposure and risk assassment for copper.
Final Draft Report. Contract ZPA 68-01-3857. Wasnington, DC:
Cffice of Water Regulaticms and Standards, U.S. Eavirounmental
Protection Agencv; 1982,

H=3



TABLE 6-2. EXAMPLE OF SEDIMENT MONITORING DATA DISTRI-
BUTION BY MAJOR RIVER BASINS--COPPER

Region Percentage of Observations
1-10 10-100 100-1,000 1,000-10,000
mgkz _mghkg mg/k g mg/k 2

New England 33 50 15 1
Mid Atlantic 31 53 15 <1l
Southeast 41 56 1 <l
Great Lakes 14 65 17 2
Ohio 24 73 4 <1
Tennessee 20 69 10 1
Upper Mississippi 23 58 4 15
Lower Mississippi 24 . 72 2 <1
Souris and Red of North 24 41 <1 35
Missouri 54 39 7 <1l
Arkansas and Red 57 43 <1 <1
Western Gulf 37 39 2 <l
Hawaii <1 33 67 <1
Rio Grande and Pecos 16 84 <l <1
Upper Colorado 53 & 1 <l
Lower Colorado 40 40 20 <1
Great Basin - - - -
Pacific Northwest 14 81 5 <1l
California 18 75 7 <1l
Alaska - - - -
United States 30 60 8 1

Source: Perwak, J. et al. An exposure and risk assessment for copper.
Final Draft Report. Contract EPA 68-01-3857. Washington, DC:
Office of Water Regulations and Standards, U.S. Eavircnmen:al
Protection Agency: 1930.
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TABLE 6-3. EXAMPLE OF SURFACE WATER MONITORING DATA
FOR COPPZIR BY MINOR RIVER BASINS

River Basin Mean Cu 2502 of Cu 2102 of Cu 2502 of Hazdn
Major/Minor Name >50 ug/L  _>60 ug/L  >120 ug/L  Measurements <
2/3 Delaware R. - Zone 1 * %

2/5 Delaware R. - Schuylkill * *
2/6 Delaware R. - Zone 2 *
2/7 Delaware R. - Zone 3 * *
2/8 Delaware R. - Zone 4 * * *
3/7 Yadkin & Pee Dee Rivers * *
3/8 Catawba - Wateraef, etc. Res. * * x
3/9 Zdisto - Combahef R. * i *
3/13. Savannah R. * * *
3/311 Apalachicola R. *
3/32 Choctawhatchee R. * x
3/43  Pearl R. * *
4/3 French Broad R. % *
417 Duck R. * *
4/8 Tennessee R. *
5/9 Big Sandy R. *
5/18 East Fork, White R. *
5/21 Ohio R. * *
6/4 L. Erie Shore, Maumee R. to

Sandusky R. * *
7/2 Hudson Bay, Rainy River *
7/13  Chicago Calumet R. - Des Plaines R. *
9/12 Lower Missouri R. from Niobrara R. *

10/11 Lower Mississippi R. - Yazoo R. * *

10/16 Lower Red R. -- below Denison * *

10719 Atchafalaya R. * * *

10/20 Calcasieu R. * *
16/21 Lower Mississippi R. *

11/4 Gila R. * bad

12/1  Sabine R. * * *
12/2  MNeches R. * % * *
132 Clark Fork ~ Pend Oreille R. * *

13/3 Spokane R. * ®

14/4% Central CA Coastal *
14/51 santa Clara R.
14/9 Sacramento R.
15/7 Great Salt Lake

* x »
»*
%
*

lfewet than 10 measurements at this station.

Source: Perwak, J. et al. An exposure and risk assessment for copper.
Final Draft Revort. Contract ZPA 68-01-3857. Washington, DC:

Office of Water Regulazions and Standards, U.S. Eavironmental
Protection Agency; 1980



reported for some river basins were the result of a small number of very
high concentrations. The analysis of the Sacramento River showed that
the mean from 26 to 27 statioms for 1978 was less than 30 ug/l. However,
data for one station showed a mean level of 4585 ug/l for that year.
Furthermore, dilution volume and the nature of the receiving water
(particularly pH and hardness) had to be considered in conjunction with
monitoring data in analyzing the risks of copper exposure for aquatic
biota since sensitive species are known to exist in locations with high
levels of copper.

6.4.2 Pentachlorophenol

Monitoring data for pentachlorophenol (PCP) are sparse and exist for
scattered media and sampling sites (Scow et al. 1980). In 1980, the
total number of observations of PCP surface water concentrations in
STORET was 80. Additional surface water data were limited to scattered
observations of low levels in a small number of geographic areas. The
compound was reported to be present in influents to POTWs, but also
appeared to be removed effectively by treatment. PCP had been detected
(again at low levels) in a drinking water survev. No data were available
concerning levels in air or soil.

Despite the fact that PCP did not appear to be found at high levels
in aquatic media, the compound was reportedlv present in some food nroducts
(Table 6-4) and also found commonly in human tissue and urine (Table 6-3),
even in persoms not occupationally exposed. Thus non-aquatic exposure
routes had to be considered. The use of PCP as a pesticide results in
numerous opportunities for human exposure, particularly via inhalation.
Since no data were available on ambient atmospheric levels, fate models
nad to be used in the risk analysis to predict concentrations for the
most likely conditions under which the general population might be ex-
posed (e.g., in the vicinity of preservative-treated wocd or open burning
of such wood and downwind of cooling towers or wood treatment wastewacer
evaporation ponds).

6.4.3 Dichlorocethanes

As 1is the case for many organic compounds, monitoring data for the
dichiorcethanes are extremely limited (Perwak et al. 1982). Very few data
exlst showing levels in surface waters. 1In fact, only 10 observations above
the detection limit were found for 1,2-dichloroethane in the STORET data
base in 1980. However, several reports of ground water contamination were
found, as is shown in Table 6-6. In addicion, air concentrations have been
reported in heavily trafficked areas, as well as in highy industrialized
areas (Table 6-7).

These limited results suggest that exposure occcurs in specific areas.
but that exposure to the general populacion is generallv low. Obviously
the limited sampling of orﬂund watar and air does not prcvide a representa-
tive sample of widespread conditicns. 1In rthis case, generalizaticns about
expesure in other areas have to be made with caution due to the limited
sampiing and the nature of the exposurse route.
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TABLE 6-4. EXAMPLES OF MONITORING DATA FOR FOOD
AND FEED---PENTACHLOROPHENOL

Concentration (ug/l or ug/kg)

Sample Mean Range Reference¥®

Dairy 0.5 10 Johnson and Manske (1977)l
Grain and Cereal 1 10 -13  Johnson and Manske (1977)
Leaf Vegetables T 13 Johnson and Manske (1977)
Root Vegetables 1 10 Johnson and Manske (1977)
Garden fruits T 10 Johnson and Manske {(1977)
Fruits T 11 Johnson and Manske (1977)
Sugars 6 10 - 40 Johnson and Manske (1977)
Peanut butter 18 1.8 - 62 Heikes (1979)°

Bovine milk ND Lamparski et al. (1978)3

ND - Not Detected

T = average below detection linmit. Samples collectaed through U.S. in
FDA's Market Basket Study.

2
"Market Basket Study - U.S. populationm.

3Michigan dairy herds, detection level = 10 ug/l.

%
See source indicated below for references.

Source: Scow, X. et al. An exposure and risk assessment for pentachiorophenol.
FTinal Drafr Report. Contract IPA 68-01-3857. Washington. DC:
Qffice of Water Regulations and Standards, U.S. Environmental
Protection Agencv; 1980.



TABLE 6-5.

EXAMPLE OF MONITORING DATA FOR HUMAN

TISSUE AND URINE--PENTACHLOROPHENOL

Concentration
(ug/kg or ug/l)
Population and Sample Mean Range
Exposed workers - urine (Japan) 1100-5919
Non-exposed workers - urine (Japan) 10-50
General population - usine (Florida) 4.9 2.2-11.2
Occupational workers - urine (Florida) 119.9  22.2-27¢C
General Population - adipcse tissue 26.3 12-52
Occupational population - urine (Hawaii) 1802 3-35700
Non-occupational population - uripe (Hawaii) 40 ND-1840
Occupational/non-occupational population 217 3-38642
- urine
Combination of the above three groups 587 ND-38642
(Hawaii)
Occupational worker exposure - urine -
by wood preserving methods (Oragon)
Dip 2830 120-9080
Spray 580 130-2580
Pressure 1240 170-5570
U.S. General Population - urine 6.3 ND-193

ND - Not Detected

1Detection limit = 5 ng/kg.

2Detection limit

]
w

=

0Q
~
[

SDetection limit = 5 ug/l.

*Detection limit = 5-30 pg/l.

for reference.

n
4
19
i
o
U]
s
[¢]
£

*See source idenci
Source: Scow, K. et
chlorcphenol.

Washington, DC:

i

Final Drafc Report.

An exposure and risk assessment
Contract EPA
Office of Water Regulations and Stzandards,

U.S. Environmental Protection Agency; 1980.
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Reference”
Bevenue (1967a)
Bevenue (1967a)
Cranmer (1970)
Cranmer (1970)
Shafik (1973)*
Bevenue (1967b)%
Bavenue (1967b)

Bevenue (1967bH)

Bevenue (1667b)

Arsenault (1976}

Kutz (1978)°

for penta-~
h3-01-3857.



TABLE 6-6. EXAMPLE OF GROUND WATER MONITORING DATA FOR DICHLOROETHANES

Z Poslitive

Compound No. States Tested No. UWells Tested Samples Max fmun
(ug/1)
1, 1-dichloroethane 9 785 18 11,1330
T 1,2-dtchloroethane 12 1212 7 400
_‘:;

Source: Perwak, .J. et al. An exposure and risk assessment for dichloroethanes. Final Draft Report.
Contract LEPA 68-01-5949. Washington, DC: Office of Water Regulations and Standards,
U.5. Environmental Protection Agency; 1982,



TABLE 6-7. EXAMPLE OF MONITORING DATA FOR DICHLOROETHANES TN AMBIENT AIR

1,1-Dichloroethane Concentration 1,2-Dichloroethane Concentration
City No. Detected/No. Sampled Range (ng/m3) No. Detected/No. Sampled Range (ng/m3)
Hliagara Falls, NY 0/9 ND2 2/8 b
Rahway/Woodbridge,
Boundbrook, and )
Passaic, NJ 10/66 T-342 75/93 T-139,121
Baton Rouge, LA 12/43 T-500 36/43 9-10, 341
r Houston, TX 1/30 555 22/30 T-66,300
G
ANot detected,
b'l'rucc.
Source: Perwak, J. et al. An exposure and risk assessment for dichloroetLhanes. Final Draft Report.

Contact EPA 68-01-5949, Hashington, DC: Office of Water Regulations and Standards,
U.S. Enviroumcntal Protection Agency; 1982,
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7.0 HUMAN EXPOSURE AND EFFECTS

7.1 INTRODUCTION

The consideration of human exposure to toxic pollutants and the re-
sultant effects is critical to a risk amalysis or assessment. In the
past, risk assessments have commonly considered onlv human health effects,
often focusing on studies with laboratory aunimals and the extrapolation
of animal data to humans. As indicated earlier, the integrated
risk analysis approach described in this report considers human exposure
and effects a vital element, but not the scle element, of a comprehensive
risk analysis. In some respects, the human exposure and effects section
represents the culmination of the use of materials balance and environ-
mentcal fate analysis, since these efforts are often needed to estimate
exposure of humans to pollutants.

The exposure of humans to pollutants and the potenrial effects of
this exposure should be considered simultaneously. The rationale for this
is straightforward--unless an individual or groups of individuals are ex-
posed to a pollutant, they are not at risk of experiencing adverse effects,
even if cthe pollutant is thought to be capable of inducing serious effects.
Similarly, a pollutant known to produce no significant effects on humans
probably presents no substantial risk to humans even though there may be
widespread exposure. Thus, the risk to various populations and subpopula-
tions depends upon the combination of exposure of those populations to a
poilutant and the related effects of the pollutant.

As was the case with other parts of risk analysis, the comprehensive-
ness of the exposure and effects analysis is determined by the quantity
and qualityv of available data. 1In general, even for pollutants that have
long been recognized as toxicants, data on human effects, animal studies
or epidemiological studies, are expected to be more readily available
than are data on exposure. For recently identified toxicants, both effects
and exposure data are likely to be unavailable, and extrapolations or esti-
mates based upon other pollutants may be necessarv. Thus it is extremelv
rare that both the potential for effects aund exposure are thoroughly docu-
mented.

The general questions that need to be addressed in examining the
available data on exposure and effects are as follows:

(1) Is there evidence of actual exposure, i.e., monitoring data?

(2) Are the data available to estimate exposures of the general
population?

(3) Do the data indicate the existence of subpopulations receiving
higher exposures than the general populatiocn?



(4) Are there documented human effects (tests, accidental exposures,
occupational health studies) or must extrapclation from labora-
tory animal studies be made?

(5) Are there sufficient multi-species animal tests to permit
reliable extrapolation of the results to humans?

(6) Can evidence of exposure and adverse eifects on humans be
validated from epidemiological studies and extrapolated to
other exposure situations?

(7) Are there significant differences in human effects for differ-
ent subpopulatiocns?

In addressing the exposure of humans, one should bear in mind the
initial sources of the pollutant and the fate and transport mechanisms
that determine the magnitudes and rcutes of expecsure. Only when exposures
are related back to pollutant sources will it be possible to comsider the
alternative actions--regulatory and ccntrol--that could reduce the pcten-
tial or actual exposure. Therefore, all possible exposure pathways and
all of the environmmental media responsible for the exposure should be
carefully delineated. Both occupational and general exposure should be
considered, bearing in mind exposure routes of inhalation, ingestion, and
dermal contact. Specific subpopulations with higher than average exposure
should be identified--these subpopulations may be delineated by geograohv,
age, sex, occupation, food consumption patterms, activityv patterns, etc.
Identifying exposures in this manner requires heavy reliance on the mate-~
rials balance and envirommental fate portions of the risk analysis, since
these elements may be the basis for estimating environmental concentra-
tions at varicus locations where humans can be exposed, especially if no
monitoring data are availabie.

To some extent, the exposure analysis should reflect the nature of
effects. For example, if a pollutant is well studied and has been shown
to induce effects in laboratory animals at relativelv high exposure
levels, worst case scenarios can be constructed for exposure in order to
differentiate the low degree of risk at more reslistic exposure levels.
Thus, the efforts devoted to identifving and quantifving exposures cf sub-
populations might be reduced.

in evaluating the effects c¢f pollutants on humans, one snould con-
sider chronic functional disorders of various organ syvstems, as well as
the more often evaluated effects such as carcinogenicity, mutagenicity,
and teratogenicity. Chronic effects need to be emphasized since environ-
mental exposures for most chemicals (except perhaps those in the workplace
or resulting from accidental releases of chemicals) occur over a long
period of time, often at low exposure levels. To some extent, the numan
effects porction of an integrated risk analysis can be performed indepen-
dently of other portious, since it depends upon che results of derailed
iaboratory investigations or epidemiological studies rather than on
estimates of environmental loadings or cathwavs.



7.2 GOALS AND OBJECTLIVES

7.2.1 Human Exposure Analysis

The goal of human exposure analysis is to identify and quantify the
exposura2 of the general population and selected subpopulation groups to
a pollutant or family of pollutants. Ideally the specific objectives

include:

(1) Determination of the exposure of the general population to the

(3

pcllutant. The general pcpulation is meant to represent the
"typical" exposure, if such a population group can be defined
for a given pollutant. The following parameters must be identi-

fied:
* the source of the pollutant resulting in the exposure;

. the rcutes of exposure--e.g., ingestion inhalacion and/or
dermal contact;

. the duration and frequency of exposure-—-e.g., continuous,
1 hour per week, 1 hour per day, etc.;

b the amount or extent of exposure~-2.g., the consumption
as a functiecn of respiratory flow, amount absorbed, etc.:

] the size of the population exposed.

Determination of the exposure of the work Sorce to the pollutant
in terms of:

L] occupations in which exposure is encountered, the geco-
graphical locations and/or tvpes of facilities and opera-
ticns; :

® the numbers of workers exposed and their characteriscics—--

aga, sex, etc.;

L the source of the pollurant, the roure of exposure, &
duration and frequency of exposure, and the dose or d
rate as indicated above;

he
ose

Identification of specific subpopulation groups that experience
a nigher exposure to the pollutant than the "typical" person.
These subpopulations may be identified by geographic location,
size, age, sex, dietary or activity patterns. The parameters
of such exposure would be the same as those indicated above.



7.2.2 Human Effects Analvsis

The goal of human effects analvsis is to identifv and characterize
the health effects in humans that may occur as a result of exposure to
a pollutant. More specific objeztives include:

(1) Examination of the distribution, metabolism, bioaccumulation,
and excretion of pollutants in humans and laboratory animals
in order to identify target organs or svstems. In addition, it
is desirable te identifv the underlying mechanisms responsible
for the effects of pollutants in humans and the relationships
between exposure level (dose) and response in various species.

(2) Determination of the acute and chronic health effects on humans
expected and/or observed to cccur from occupational or accidental
exposures and the exposure pathways and levels that result in
these effects.

(3) Determination of the known acute and chreonic health effects of
pollutants on humans on the basis of epidemiological studies
and the exposure pathways and levels that result in these
effects.

(4) Consideration of the acute and chronic health effects that mav
be expected to occur from exposure to pollutants, based upon
review of laboratory animal studies, in vitro and in vivo
studies with mammals, test organisms, tissues, cell cultures,
or other biota. Extrapolation of the results to humans mav be
possible in some cases.

(5) Estimation of the 'no-eifect' levels of the pollutant for various
exposure pathwavs, based on animal data or human data, when
available.

The information obtained in the effects analysis should ultimately be
presented in a form that can be combined with exposure analysis for the
purposes of considering the risk to the general population or specific
subpopulations associated with the pollutant.

7.3 APPROACHES AND METHODS

7.3.1 Expcsure Analvsis

7.3.1.1 General Approach

Identifyving and quantifving the exposure of the genaral population
and the subpopulation groups is a difficult task, complicated by un-~
certaincies and lack of data, ard requires numerous assumptions and new
and often unproven estimation techniques. However, in order to estimate
the range of risks presentad bv a pollutant, some "informed' estimate



of exposure must be made and this requires taking a svstematic and compre-
hensive approach to analyzing the best available data.

The exposure analysis builds upon concepts and data from the matevials
balance, monitoring data, and environmental fate analvsis. The basic
steps in exposure analysis are as follows:

(1) 1Identify, as comprehensively as possible, all potential
sources of exposure of the human population to a chemical.
In this context, "sources' can signifv environmental media,
human activities, or consumer produccs.

(2) For each source, identify the route of exposure associated
with the source, e.g., inhalation, dermal contact, ingestion.

(3) For each source and route, identify key subpopulations based
upon demographic/geographic characteristics that are expected
to affect exposures.

(4) For each specific population group (e.g., general population;
work force; specific subpopulation characterized by age, sex,
type of activity. location, etc.) and for all possible routes
and sources of exposure for each group, attempt to quantify
the exposure as an average daily uptake or some other parameter
that may be related to effects levels and the numbers of per-
sons exposed.

Arraying data and information on an exposure matrix such as the one
in Table 7-1 is a convenient way to organize this effort. Beginning at
the left-hand side with the general population's exposure through the
three main exposure routes, the matrix shows in the columns to the right
the steps taken to identify exposure routes and to characterize, first
qualitatively and then increasingly quantitatively, the exposure situa-
tion and the exposure level. When data permit, an attempt should be
made to estimate the amount of the pollutant intake actually absorbed
and to estimate as precisely as possible the size of each population or
subpopulation. Depending upon the chemical, occupational exposures mayv
need to be considered in the same manner. Special exXposure situations
and scenarios may be identified in the materials balance, environmental
distribution, or fate analvsis because of characzeristics of sourcas or
environmental releases, geographic considerations arising from volume or
releases or intensity of sources, or unusual use situations. Often
these scenarios are a further refinement of the more generalized exposure
routes and need to be considered as separate exposure routes.

The subsequent discussion considers these steps Iin assessing ax-
posures, first those leading to the identification of axposure routes,
ana then methods for estimating exposure levels Zor the general popula-
tion and subpopularticns.



TABLE J-). EXPOSURE MATRIX

Exposure
Subpopulation/Assoclated Concentration Exposure  Exposure Duration/ Calculated Absorbed Slze of
Population Route o Source . in Mediuw Constant Frequency Iutake Dose Population
General fngestion Drinking water Adulc-~
typical 2 liter per
maxi mum day
Food C?iidrfn-—
typical i lter per
max Lawnn ay
Inhalation Urban--
typlcal child
max1lmum 4 wd/day
Rural--
typical adulg
maxinum 20 " /day
permai absorption Warer--
typical
maximum

Occupational Ingestion
Inhalation
Devmal Absorptfon

Special Situations or Scenarvios:

spills
nse of special products
Hve uedr disposal site or sowrce



7.3.1.2 Sources of Exposure, Exposure Routes, and Subpopulation Groups

Sources of exposure include media, products, or activities that
result in human exposure. This concept can best be explained by example.
Consider a chemical that is used in household detergent. Direct exposure
could result from contact with, or inhalation (perhaps even ingestion)
of, the product itself. Indirect exposure could result from contact
with the water solution in which the detergent is used, by contact with
the residual detergent om the clothing or material washed in the deter-
gent, by inhalation of vapor from the mixturz, or by ingestion of the
residual detergent from food placed on dishes washed with the detergent.

Thus, direct and indirect use of the chemical or pollutant must be
considered along with the routes associated with exposure to the gzeneral
population. In identifying these exposures, several general exposure
sources--related to environmental media--must be considered: ambient
water, drinking water, ambient air, and food. Pollutants that may exist
in these media may not be attributable to specific sources, but rather
to an aggregation of "sources,'" which yields a distribution of the chemi-
cal in the envircument. The approaches and methods used in environmental
pathways and monitoring are, in fact, designed to describe or develcp
this "ambient" media distribution. The source/exposure combinations ia-
clude the background level of exposure for the general population in
addition to exposure of subpopulations in specific areas or engaged in
specific activities. Tor example, although an average general exposura
resulting from ingestion of food containing a pollutant might be develop-
ed from average diet considerations, exposure of special subpopulations
who eat large amounts of meat, freshwater fish, milk, etc., must be con-
sidere

The identification of subpopulations should be approached in several
different ways in order to ensure a thorough examination of exposure. 1In
the discussion of the materials balance analysis, activities such as ex-
traction, refining, manufacture, transportation, distribution, storage,
use, and disposal weres defined; each of these has the potential for re-
leasing the chemical to the environment or perhaps expcsing persons direcrt-
ly. As an example, disposal operations, both of products and "in-planc”
materials, must be examined for the variety of exposures and routes.
Exposure might result from material disposed in a chemical waste facilitv,
perhaps indirectly through the ambient air enviromment of rhe site or _
surrounding public water supplies, with possible exposure routes including
inhalation, contact, or ingestion. Another source may be the "municipal ‘
dump" or transfer station at which exposure of the public could result
through contact with empty containers (with residual chemicals), or by
inhalation of dusts or particulates.

, all of the steps in the life cvcle of the pollutant should be
d in order to determine the potential for human exposure. The

£ reviewing these steps is to tie exposures to specific sources
llutant and to define subpopulations who sustain exnosure

1us
considere
purpose o
cf the po



levels greater than those of the general population. These subpopula-
tions may be subject to occupational exposures, mav live, work in, or
frequent areas of pollutant sources, or obtain drinking water from
supplies contaminated by pollutant sources.

Both the consideration of ambient pollutant levels to which the
general population mav be exposed and the review of pollutant sources
are required for identifying subpopulations exposed. Identifying the
potential exposure of specific subpopulaticn groups with unusual and/or
narrowly defined characteristics is a difficult task and requires care-
ful comnsideraticn. Furthermore, characterizing the populations and ex-
posures quantitatively in subsequent steps of the exposure analysis is
often not possible because data are lacking on the size of the popula-
tion or the exposure level. Nevertheless, it is important to attempt to
identify these subpopulations and to estimate the range of possible
exposures, so that the range of risks (exposure combined with effects)
can be estimated. Furthermore, differentiating the risk of exposure to
subpopulations from those of the "average" population may identify the
types of control strategies needed to reduce overall exposure and risk
associated with the pellutant.

The complexity of the sources, exposure routes, and subpopulation
groups and the effort devoted to identifving them will vary with each
exposure/risk assessment, and will depend upon the pollutant in question
and the purpose of the assessment. In some cases, it may be sufficient
to consider only the "workplace' exposure, the general population exposure,
or exposure of a single subpopulation group; in others, it may be
necessary to identify sources, routes, and groups to the fullest extent
possible. In determining what is reasonable and appropriate in each
case. one should bear in mind several key points:

(1) that the risk will be a function of both 2xposure and the
effects and, therefore, in-depth analvsis of exposure mayv not
be warranted if human health effects are not of concern;

(2) that the effort to quantifv exposure with precision may be in
vain if health effects are not well established or the back-up
data for exposure lack precision; and

(3) that the effort should be focused on the combinacion of sourcas,
routes, and population groups that have che potential for highest
total exposure.

7.3.1.3 Exposure Levels From Major Exposure Routes

After exposure sources, exposure routes and population subgroups
have been identified, the next step is to characterize the exposures
quantitatively for each source-route-population group combination. For



simplicity, this process can best be described by consideration of the
major exposure routes--inhalation, ingestion, and dermal contact--as they
applv to the general population, workplace population, and special sub-
populacion groups.

Inhalation

Exposure of individuals by inhalation can cften be estimated in a
straightforward wav. Data are available on the respiratory rate and
volume for individuals as a function of activity level (see Table 7-2).
Once these parameters have been estzblished, ambient concentrations need
to be established. Usually, monitoring data do not allow the computation
of a statistically meaningful mean or median that would describe average
exposure to the U.S. population. If data were adequate, however, such a
value could be used. Generally, it is more useful to consider the data
available, their geographical and source-related representation, and
choose a "typical value." Although this method requires judgment, it
can provide a more meaningful value for typical exposure.

In addition to the typical expcsure, or exposure to the general pop-
ulation, a maximum exposure should be established. If a statistical treat-
ment is possible, the 95th percentile, or a similar value, mav be chosen.
Otherwise, the data must be evaluatad to determine what this value migcht
be.

If monitoring data do not exist, estimates based upon anticipated
release rates and simple air models will be required. Depending upcn
the materials balance and fate studies, estimates of ambient concentra-
tions may be on a national, regional or more localized basis. Similarly,
OSHdA, NIOSH. cr other agencies may have available monitoring data or
methods of estimating concentrations in the workplace.

Determination of atmospheric ceoncentrations of a pcllutant to which
special subpopulation groups are exposed mav be difficult; however,
monitoring data may exist for selected materials and exposure situations——
for example, urban and rural environments, agricultural areas in which
pesticides have been applied, areas near producrion facilities, and other
industrial sources. Usually, however, air concentrations of pollutants
associated with special expcsure sitautions will have to be estimated.
These estimates would normally be accomplished in environmental fate and
pathway analysis and would be based upon the specific process or activitcy,
quantity of pollutant, its chemical and physical characteristics, and
environmental factors such as wind, rain, temperature, etc. Persons
located near smelter operations, cooiing towers, waste disposal sites,
or commercial cleaning facilities are examples of special groups for
which exposures may need to be evaluated. ,

Another source of inhalation exposure that mav be important in some
situations is inhalation of water vapor or fog (mist, droplecs), which
has evolved from a water stream containing a pollutant. For these
situations, estimaticn of the ccencentration of pollutant vaporized inco
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TABLE 7-2.

Time Reference and
Activity

Per minute:

Resting
Light Activity
Per day:

8 hours of working
"light activity"

8 hours of nonoccupa-
tional activity
8 hours of resting

Total 24 ar

Source:

RESPIRATORY VOLUMES FOR HUMANS ENGAGED

IN VARIOUS ACTIVITIES

Alr Volume (liters)

Adult Adult Child Infant
man WOman (10 v) (1 v) Yewborn
7.5 6.0 4.8 1.5 0.5

20.0 15.0 13.0 4.2 1.5

9,600 9,100 6,240 2,500 90
(10 h) (L h)

9,600 9,100 5,240

3,600 2,900 2,300 1,300 690
(14 h) (23 h)

/7,
~ ot
2.3x10

L A4 - 4
2.1x10° 1.5x10C

Pergamon Press; adopted Ocrtober 1974,

7-10

A /7,
0.38x10° 0.08x1C"

International Commission on Radiclogical Protection (ICRP).

Report of the Task Group on Reference Man. New York. NY:



the air space above the water source, or the pollutant concentration in
the mist or fog (susvended water droplets), must be esctimated. Again
physical.chemical properties of the pollutant, concentrations of pollu-
tant in the original water stream, and environmental parameters will be
important in these estimates. Approaches to making these estimactes have
been developed by the U.S. EPA (Adamson et al. 1979).

Once the air concentrations have been established to the extent
possible for each situation, this information can be combined with the
appropriate respiration rate to derermine the estimated 2xposure ievel.
The general methods will yield estimates of the quantity and rate of
pollutant inhaled by various population groups, e.g., g/day, mg/hr, etc.
Consideration of the source, route and characteristics of the eXposure
will determine whether the exposure is intermittent or continuous, short-
or long-term, and whether it is a one-time exposure or an average intake
over some time period.

The procedure described above considers potential exposure to a
pollutant. However, much of the pollutant inhaled mav not be absorbed
into the blood stream. Therefore, befcre exposures can be compared with
effects levels and the risks presented by these exposures assessed, one
needs to know how much of the material that is inhaled is actually ab-
sorbed in humans as compared to laboratory animals. An evaluation of
rates of absorption and metabolic pathways is conducted in conjunction
with the human effects analysis (see Secticn 7.3). Often, though, the
available data are not sufficient to indicate what portion of the poten-
tial exposure is actually available to the body. In these cases, it is
necessary to assume, as the worst case, total absorption.

An example of inhalation exposure estimates is provided in Table

7-3, which gives ranges of exposure levels for trichloroethyvlene in

ifferent envirommental scenarios (Thomas et al. 1981). The atmospheric
concentrations are maximum reported values in the vicinity of the two
major sources of atmospheric releases (TCE manufacturing facilicies and
cdegreasing sites) and reported ambient levels for other areas. A total
daily intake has been estimated for each of these exposure situations
on the basis of estimated duratiomns of inhalation exposure and standard
respiratory volumes for humans (in Table 7-2).

Ingestion of Food and Drinking Water

The most widespread exposure to peollurants for the largest number
of people will probably occur through the ingestion of food and drink-
ing water. As a result, it will be important to consider each of these
ingestion rcutes carefully and assess exposure to the general population
ard specific subpopulation groups. In general, the exposure to the work-
place population from food and drinking warer will be similar to that of
the general population so that this subpopulation does not need to be
considered separately for this exposure route.
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(a)

TABLE 7-3. EXAMPLE OF FSTIMATED INMALATION EXPOSURE TO TRICULOROETHYLENE

Near Nanutactaring Sit.

Maximum Observed
Concentration

3
s gy

Urban — bay (near manufacturer)
- Night (Bayvonne, NI)
faral - bay (hear rentulactarey )
= Night (Talledega Nat. Forest)

Near Degreasing Sites

Urban = bav (Aircratt Factory)

—- Niphit

(Bavonne, NI1)

Rural — bay (Aiteraft Factory)

Low Ambient

Kool ¢

(),

|

Nipht

- Rur

(Talledega Nat., Forest)

al (Talledega Nac.

Urban (Fast Coast)

Locat ion:,

Forest) or

(Ambicnt Backyround)

1440
47

1440

0.03

Weekday Dur-

ation of

Exposure(

(hrs/day)

16

16

24

Estimated

a . . W : - ;
Concentration estimates arce taken from Table 4-5 in source cited below.

(h)

bound estimate daily on exposure levels.

(¢)

Values are rounded.

(1CRP 1975).

Source:

Thomas, R. et al.

Contract

(See citation below.)

LPA 68-01-5949.

Washineton.

Weekend exposures will be 24 hr/day at night time levels.

DC e Monirorine

b) 1

'otal
Intake (c)
Lo (mglday)

2.3
2.9
0.6
2.3
l OO
0.04 \
(.06
0.0006

Hlence, these values provide an upper-

and Darn

Sunnnrt

. . 3
Based on respiration of 1.2 m3/hr (awake), 0.4 m /hr (sleeping),

An exposure and risk assessment for trichloroethylene. final

NDivician

about 20 m3/day

Drafrt Report,
WV F feria



Food

The ideal data for estimating human exposure through ingestion of
food are residues in various cooked and/or processed foods ircluded in
the American diet, and fcod consumption patterns of the general popula-
tion and subpopulation groups. After the food consumption patterns
for various subpopulations have been identified, the food residue data
can be used to determine quantities of pollutants ingested.

The closest approximation to this ideal is preobably the Tectal Diet
Studies conducted by FDA, Bureau of Foods (U.S. FDA 1977). In these sur-
veys, residues of certain chemicals in specified food groups are analyzed.
Composite samples are used for these food groups; residues in individual
foods are not available. The Total Diet Studies consider primarilv cthe
diet of a 16-19-year old male for calculations of dietary intake. The
pollutants considered by FDA are primarily metals and pesticides, and.
comprehensive information for many organic chemicals is lacking. Thus,
these data are useful primarily for initial estimates of the total amount of
a pollutant ingested by average populations consuming standard food groups.
They do not generally identify specific foods with contamination problems,
or population groups with high consumption.

In the absence of data from Total Dier Studies, or perhaps in addi-
tion to it, data on specific cooked or processed foods are desirable.
Information on residues in all food groups is rarely available. Thus for
any given pollutant, two options are available; the first is to determine
if the available information is an adequate representation of what might
be expected in the whole diet; or second, to make assumptions about what
mighc be expected in other fcods based on the fate of similar chemicals.

For example, residue data are coften available for fish as the only food
item. Since bicaccumulation may have occurred, it may be reasonable in
these cases to assume that fish constitute a major dietary exposure route
for humans. For example, in developing ambient water quality criteria,

the EPA assumes an average daily consumption of 6.5 g of fish, utilizes
bioaccumulation data to estimate the amount of pollutant contained in that
amount of fish, and combines this dietary intake with drirking water in-
take to establish a total intake of water-related pollutant (U.S. EPA 1980).
One should, however, consider whether additiomal major focd exposure routes
exist other than fish. For example, there may be some specific studies

on residues of pollutants in meat and poultry, where coutamination problems
are expected to occur. Sources such as these should be reviewed to deter-
mine the existence of data potentially applicable to the pollutant in question.

Rarely, however, is information available on residues in cooked or
processed food; residue studies in raw foods are much more common. Pollu-
tant ccncentrations from raw food camnot easilv be extrapolated to those
in cooked foods. The U.S. EFA has been grappling with this problem in
setting tolerances for pesticides in food and has not vet determined a
satisfactory way to extrapolate from data concerning residues in raw foods.
At present, tolerances are set on the basis of raw food.
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In the absence of specific rasidue data for focd, materials balance
and fate conmsiderations may be able to provide some fnsight into the
probability that a pollutant will occur in food. Data are scarce on
such things as pollutant concentrations in soil, uptake rate from soil,
bioconcentration by plants and animals, and it is unlikely that accurate
concentration levels in raw foods could be estimated. Furthermore, models
would still be required to determine the changes in pollutant concentra-
tions in foods during orocessing and preparation. Thus, except for
some pesticides and merals, only scattered data on isolated raw or
prepared food items are likely to be available, and in some cases no data
will be found. Unless the food items for which data are available repre-
sent the major source of diestary exposure, even these scattered data will
be of limited use in an exposure or risk assessment.

Once the data to be used for food contamination have been identified
or estimacted, consumption patteras must be established. The Agricultural
Research Service of the USDA conducted extensive food consumption survevs
in 1965 and 1978 (USDA 1972, 1980). These surveys include average con-
sumption patterns by age groups and geographic regiors. Other surveys
ccnducted by the USDA contain scme information pertaining to food consump-
tion; data on consumption of fishery procducts and focd fats and oils from
a survey by the Economics, Statistics, and Cooperatives Service (USDA
1976) are shown in Table 7-4, as an example of the tvpe of data that are
available. While data from USDA survevs are extremely useful for estimat-
ing ingesticn exposures, they do not provide information on variation in
consumption by different age group or populations in various geographic
regions. In addition, they may not provide consumption data for a specific
food item of incterest, for example, peanut butter. Thus in manv cases,
assumptions must be made about focd consumption in order to estimace
typical or maximum incake of a specific food item.

Despite the numerous limications described above, the following
process may be followed in attempting to determine the exposure to pollu-
tants through food ingestion.

(1) Examine the USDA/FDA Market Basket/Total Diet Studies to deter-
mine if the pollutant has been measured as part of a specific
or general study. Use values obtained as an indication of
general exposure through food ingestion.

(2) Review any specific studies related to the pollutant in terms
of residues or tolerances and, on the basis of food consumption
and diet informatiom, determine the exposure through ingestion
of those specific fecods. Project, if possible, the ingestion
of the pcllutant from similar foods and/or the total dier.

(3) Through literature research, analvsis of monitoring data, en-
vironmental fate considerations, analogies to other pollutants
and products, or simple models, determine the concentration
(range of concentraticus) of the pollutant in the food or food
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TABLE 7-4. PER CAPITA CONSUMPTION OF FISHERY PRODUCTS
AND FOOD FATS AND OILS IN THE U.S., 1976

Fish Food Fats and 0ils
Per Capita a Per Capita
consumption consumption
(pounds in 1976) (pounds in 1976)
Item Ttem
Fresh and Frozen Table Spreads
Fish 5.5 Butter 4.4
Shellfish .6 Margarine 12.5
Total 8.1 Total 16.9
Canned Cooking Fats
Salmon 0.4 Lard 2.8
Sardines 0.3 Shortening 18.2
Tuna 2.8 "
Shellfish 0.4 Total 21.0
Other 0.4
Total 4,3
Cured 0.5
TOTAL ALL FISH 12.9

®Edible weight

Source: U.S. Department of Agriculture (USDA). Food consumption,
prices, expenditures. Agricultural Fconomic Report No. 138,
Supplement for 1976. Washington, DC: USDA; 1975.
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(6)

group under consideration. (Often the many uncertainties in-
volved will make this very difficult if not impossible.) If
feasible, combine these estimates to obtain daily intake of
the pollutant for the various subpopulaticn groups.

rough consideration of the materials balance of the pollutant
and uses of the products that contain the poliutant, develop a
list of specific activities or scenarios that could result in
localized occurrence of the pollutant in food: e.g., use as a
pesticide on selected products, as a preservative, in a food
packaging material; discharge to a freshwater stream from which
people catch and eat fish; movement through the foodchain to
mother's milk; processing into a one-of-a-kind food product,
etc. For each scenario, attempt to identifv the subpopulation
group by age, sex, location, habits, etc., that may be exposed.

Consider changes in concentrations or residues of pollutants

in food prccessing and preparation. Although it is not possible
to evaluate these changes thoroughly, thev need to be addressed
at least qualitatively in the estimation of exposure, especiallv
in cases where levels of a pollutant in food may actually be
increased during processing (e.g., the addition of lead to foods
from lead solder in cans).

Combine, wherever possible, data on average daily intake and
exposure for the general population with data for specific sub-
pcpulations to establish ranges of human exposure.

In performing the last few steps given above, there are a number of
scenarios (activities) that are more or less routine for each pollutant
or product in which the pollutant may be a contaminant and each scenario
may represent an exposure situation that should be analyzed as a separate
exposure route:

(1)
(2)

use as a pesticide or fertilizer,
use as a food preservative or additive,

use in food processing or preparation activity, including
equipment,

use in a food container or packaging material,

release into soil or water from which food or food Crops are
grown,

release in the vicinity of grazing or rangeland,

use in an animal food or feed or packaging thereof,
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(8) wuse in water system for food washing or preparation,

(9) release into water systems in which fish, shellfish or other
wildlife live or feed, and

(10) wuse as a supplement in a poultry or livestock feed.

Through systematic consideration of each opportunity for exposure
the total exposure of humans to pollutants through food ingestion
may be estimated. Clearly this is an area of risk assessment that needs
considerable research, development and evaluationm.

Table 7-5, 7-6, and 7-7 give examples of the results of analyses of
exposure from food ingestion. The data have been developed and presented
in different ways. In Table 7-5, the ingestion of di(2-ethylhexyl)
phthalate was calculated on the basis of data on concentrations found in
various food items, and the levels of consumption of these items (Perwak
et al. 198la). Although these foods obviously do not represent a total
diet, it was felt that they were a close approximation of total dietary
exposure since nigh fat items were sampled in which phthalate esters
might be expected.

Table 7-6 shows the dietary intakes of copper reported in the litera-
ture (Perwak et al. 1980a). In this case, a separate analysis was not
conducted for two reasons. First, as is evident from Table 7-6 a con-
siderable amount of work has been done in this area, and the results are
in agreement. Second, the low order of copper toxicity to humans suggested
that dietary intake would not be a significant source of risk. Thus, a
great degree of accuracy in estimating dietary intake was not required.

Table 7-7 shows the estimated dietary intake of mercury byv a selact
subpopulaticn, fish eaters (Perwak et al. 198Ib). Again, intakes were
calculated through use of consumpticn data and general residue data for the
same fish species. The results show that an increasad consumption can
substantially increase intake over that of the population average, which
in this case was about 3 ug/day attributable to seafood.

It is important to peoint out that a relatively large amount of data
were available for analysis of the pollutants in the examples given above.
Since this is often not the case, the possibilityv for detailed considera-
tion is reduced. 1In some cases, quantitative estimation of dietary intake
is not feasible, although intake can oZften be compared qualitatively with
other exposure routes.

Drinking Water

Exposure of humans to polliutants through drinking water can vary
widely, even within a very localized area, depending on the water supplv.
The ideal information for estimating exposure through drinking water would
include a distribution of concentrations of the chemical irn drinking water,



TABLE 7-5. EXAMPLE OF ESTIMATED INGESTION EXPOSURE OF DI(2-
ETHYLHEXYL) PHTHALATE VIA SELECTED FOOD ITEMS

Average Daily Intake (mg/day)

Food Consumption? (g/day) Average Maximum
baked beans 7.0 trace 0.01
corn meal 9.6 0.002 0.02
canned corn 7.1 trace 0.001
white bread 12.0 0.01 0.14
eggs 43.5 0.004 0.03
cereal 37 6.01 0.13
meat 210 0.13 0.63
margarineb 15.5 0.03 0.6%
processed American

cheese?® 13.3 0.02 0.12
milk 230 0.04 0.14
fish 21.4 0.004 0.15

Total 0.25 2.1

#Please note that some of the categories of foods for consumption volumes
do not exactly match the categories of sampled food items in all cases.
For example, consumprion data are used for all meat, bread rolls, and
biscuits; however, only certain food items within these general categories
were sampled for DEHP. No estimate of consumption was found for baked
beans, so 7.0 g/day was assumed.

b , .
Consumption of these foods has been corrected for fat content:
margarine, 807% fat; cheese, 25% fat:; and milk, 27 fat.

Source: Perwak, J., et al. An exposure and risk assessment for phthalate
esters. Final Draf: Report. Contract EPA 68-01-3857.
Washington, DC: Monitoring and Data Support Division. Offic
of Water Regulations and Standards, U.S. Eavironmental
Protection Agency; 1981.
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Intake

(mg/day)
0.34

0.91

1.0

1.04

[
O

wle

TABLE 7-6. EXAMPLE OF INGESTION EXPOSURE ESTIMATES
FOR COPPER BASED ON TOTAL DIET STUDIES

Tvpe of Diet

self-selected
(24-hr)

self-selscted

self-selected

self-selected

Non-institutional
diets

diets (no liver)

balance study

institutional
diet

self-selected
diet composites

diets (with liver)

Number of

Subjects

4

11
11

36

12

11

female

female

male,
female

female

female

female

female

female

male

female

See source indicated below for references.

Source:

Reference*

White (1969)

Tipton et al. (1966)

Holden et al. (1979)

Tipton et al. (1966)

Guthrie and
Rebinson (1977)

Guthrie and
Robinson (1977)

Robiason et al. (1973)

Guthrie and
Robinson (1977)

Guthrie (1973)
Zook and Lehman (19653)

Guthrie and
Robinson (1977)

Perwak, J. et al. An exposure and risk assessment for copper.

Final Draft.ﬁéport. Contract EPA 68-01-5949, Washington, DC:
Monitoring and Data Support Division, Office of Water Regula-

tions and Standards, U.S.

Environmental Protection Agency; 1980.
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TABLIE 7-7. EXAMPLES OF INGESTTON EXPOSURE LESTIMATES
OF MERCURY TOR A SPECTFIC SUBPOPULATION

Upper Limic

Mercury Daily Intake
Concentration (ng)2 - 95%
Serving/ (ng/kg) Confidence a
Person Species g/Scrving Mouth Avg. Max.  Limits Maximum Intake
Person L Pike 206 15 0.01 1.7 51.37 141
Bass 167 3 0.75 2.0
Perch (marine) 144 2 0.13 0.59
Not identified 150 1
Person 2 Pike 253 19 0.01 1.7 79.46 222
Bass 218 4 0.75 2.0
Perch (marine) 181 2 0.13 0.59

a . .
Assumes a 0.5 ng/g mercury action limit.

Source:  Perwak, J. et al. An exposure and risk assessment for mercury. Final braft Report. Contrract
EPA 68-01-5949. Washington, DC: Monitoring and Data Support Division, Office of Water
Regulations and Standards, U.S. Fnvironmental Protection Agency; 1981,



comprised of data from enough locations to be representative, and the
corresponding numbers of persons exposed to each concentration range.
Unfortunately, this ideal situation rarely occurs.

Monitoring data for drinking water are more generally available
than data on pollutant levels in air or f£ood, but do not provide a com-
prehensive view of the many waterborne pollutants that may be found in
water supplies throughout the U.S. The most extensive monitoring of
drinking water was conducted in 1970; the survey sample in this study
included 6595 water supplies in the U.S., including well water, ground
water, surface water and tap water (U.S. DHEW 1970). However, the only
parameters considered were those regulated by the 1962 USPHS standards.
More recently, in 1974, EPA conducted the Natiomal Organics Reconnaissance
Survey (NORS) (Symons et al. 1975); this study sampled 80 water supplies
in the U.S. for halogenated organics. In 1976, EPA conducted the National
Organics Monitoring Survey, which looked at levels of a large number of
organics in 112 locations in the U.S. (U.S. EPA 1978a). These data com-
prise a partial basis for assessment of national exposure. Since 1976,
a number of additional studigs'have been conducted, usually in specific
locations or for specific water supplies.

The monitoring studies described above can sometimes provide data
to estimate the distribution of the chemical in drinking water over the
U.S. Populations can be asscciated with the water supplies samnled and
with ground water and surface water in general, but the extrapolation of
the distribution to the total U.S. population is not generally possible
with the data available.

If sufficient data on the pollutant concentration in drinking water
are not available on a national scale, localized data may be used in one
of two ways. If data are available for a location where high concentra-
tions would be expected on the basis of materials balance and environ-
mental fate considerations, the subpopulation of residents in the loca-
tion can be identified and their exposure estimated. In this case, no
estimate of exposure to other subpcpulations can be made. If the data
are not from a local "hot spct,"” they might be used to validate the re-
sults of model(s), which would then be used to estimate maximum concentra-
tions in drinking water in other locations. Modelling of pollutant fate
in surface water is more highly developed than for groundwater. Hence
this approach is more likely to be useful for estimating exposure via
drinking water from surface water supplies.

In many cases and for many locations, however, monitoring data for
raw or treated drinking water are unavailable or inadequate for purposes
of exposure assessment. FOr a worst case consideration, ambient concentra-
tion data (measured or 2=stimated from materials balance and pathways
analysis) may be used directlv for chemicals that would not be formed
during water treacment or encountered in the water distribution system.
If a more precise analysis is needed, losses or additicms during water
treatment must also be considered. {See chapters on Monitoring and Face.)
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The steps involved in estimating pollutant exposure of general and
specific subpopulations from drinking water include:

(1) Review appropriate natiomal surveys, STORET data, and EPA
regional data to develop appropriate national average values
and concentration ranges of the chemical and number of persons
exposed to the chemical, if possible.

(2) Consider local data from appropriate municipal water districts,
surveys, etc., to determine local concentration levels and to
generalize to national average levels if practicable.

(3) From materials balance and environmental fate considerations,
identify any localized areas and pathways that might result
in contamination of drinking water supplies. Through modeling
efforts, and in comparison with available monitoring data, deter-
mine whether these sources have led to contamination and at what
levels. To the degree possible extrapolate these conditions
to other locations and exposure levels.

(4) 1If no (or limited) data are available on drinking water, con-
sider ambient water monitoring data for the pollutant (surface,
ground, etc.) and investigate to what extent treatment would
remove the contaminant from the water in the water supply/
treatment process.

(5) From materials balance considerations, examine other unconven-
tional routes of entry of a pollutant into drinking water; for
example, from chemicals used in treatment, pipes/valves used
in distribution systems, etc. From monitoring data or simple
models, evaluate the concentrations that may result in drink-
ing water.

Once the concentrations of a pollutant in drinking water have been
determined for various exposure subpopulations, they must be combined
with an appropriate exposure constant in order to estimate the pollutant
intake. Although consumptions of 2 liters per day for adulcs and 1 liter
per day for children are commeonly assumed in exposure calculations, con-
siderable variation exists in consumption. In cases in which ingestion
via drinking water is a major exposure route, it may be appropriate to
consider a range of consumption values in estimating exposures. In addi-
tion, the rate of absorption of the pollutant in the gastro-intestinal
tract must be considered for pollutants in drinking water in the same
manner as for poilutants in food.

Tables 7-8 and 7-9 illustrate some results of amalyses of drinking
water exposure. Table 7-8 shows the drinking water exposures for 1,2-
dichloroethane,with associated populations (Perwak et al. 1982a). In
this case, as is common for many crganic chemicals, the reported values
of the monitoring data are near the detection limit of the analyvtical



TABLE 7-8. EXAMPLE OF ESTIMATED EXPOSURES TO 1,2-DICHLOROETHANE

VIA DRINKING WATER INCLUDING POPULATION SIZE

Population

General Population

Surface Water

Ground Water

Isolated Sub-
Populations

Surface Water

Ground Water

Source: Perwak et al.

ethanes.

Estimated
Population
Size

Assumption

million

million

Final Draft Report.
Washington, DC:

2 ug/1, 22/day
0.3 ng/i, 2%/day

maximum level of
4.8 ug/%, 2&/day

maximum level of
400 ug/2, 2%/day

Calculated
Exposure

(ug/dav)

9.6

800

An exposure and risk assessment for dichloro-
Contract EPA 68-01-5949,

Office of Water Regulations and Standards,
U.S. Environmental Protection Agency; 1982.



TABLE 7-9. EXAMPLE OF MAXIMUM AND TYPICAL ESTIMATED EX-
POSURES TO TRIHALOMETHANES VIA DRINKING WATER

Daily exposure (mg/day)
Assuming Maximum Adult Assuming Reference
Intaked and Maximum Intakeb and Media
Trihalomethane Concentration (ug/l) Concentraticn in Water Concentration in Wa
Median Maximum

Chloroform 0.059 0.340 1.2 0.1

Bromoform 0.004 0.:80 0.6 0.007
Dibromochloromethane 0.004  0.290 0.6 0.007
Bromodichloromethane 0.014  0.180 0.4 0.02

82.18 liter per day

b1.65 liter per day

Source: Perwak, et al. An exposure and risk assessment for trihalo-
methanes. Final Draft Report. Contract EPA 68-01-5949.
Washington, DC: Office of Water Regulatiomns and Standards,
U.S. Environmental Protection Agency; 1980.



procedures; hence there is considerable uncertainty attached to the values
shown and the calculated exposures. In such a case, it may be desirable
to be conservative, that is, to overestimate, rather than underestimate
typical exposure levels. 1In this example the population sizes were esti-
mated by extrapolating the percentage of water supplies in which rhe
compound was detected in the sample to the percentage of the total U.S.
population exposed. This extrapolation does not incorporate many compli-
cating factors, and the distribution in size of water supplies is assumed
to be the same in the sample as in the U.S. Though this assumption may

be valid for surface water, it is probably invalid for groundwater supplies
in which sampling has been very limited.

Table 7-9 shows human exposures to trihalomethanes via drinking water,
as estimated by use of maximum and median observed concentrations and cen-
sumption levels (Perwak.gglgl. 1980b). This table indicates (as does
Table 7-8) that a wide range of exposures can occur. In general it is not
possible to determine the population distribution of exposure levels. At
best, usually a median, mean, or "typical" and a maximum exposure can be
estimated.

Dermal Absorption

Dermal absorption of a pollutant from ambient or treated water and/or
directly from the use of the chemical or product contaminated by the chem-
ical should be examined in an exposure assessment. The process of esti-
mating the "average daily intake" of a pollutant by the dermal route is
slightly different than for other exposure routes; the concentration of
pollutant in the water or solutions, the nature of the chemical contacted,
the time of contact, and the area, location and integrity of the skin
exposed can all affect the uptake.

The first step is to examine the tyvpes of human acrivities in which
direct contact exposure to the pollutant can occur. In addition tec work-
place exposures or contact with pollutants during manufacture, the exposure
potential of use situations must be examined carefully, e.g., exposure
resulting from: mixing or application of pesticide formulations; pollutant
containment in paint, glue, stain, or similar materials; use of cosmetics,
gasoline or cleaning solvents; polvmers, films or fibers in apparel or
othHer products, etc. Laboratory data on the rate of absorption through
the skin may be available for a few chemicals. In the absence of such
data, estimates might be made through use of octanol/water (or other) par-
tition coefficients, although these procedures are unvalidated. Thus, in
many cases, the exposure analysis will be limited to establishing the
nature of the exposed population, its size, other characteristics affecting
the exposure (duration and frequency of exposure, extent and area of the
body exposed) and perhaps an extrapolation of rate based upon the rate of
absorption of similar chemicals. Data seem to be available concerning
chemicals used in pesticides and cosmetics; because of the variety of the
chemicals used and the apparent variation in rates of absorption, these
data may not be very useful in general estimates of average dailv intake.

~4
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The second category of exposures that should be examined is the ex-
posure of the general population and specific subpopulations who are in
contact with ambient or treated water which may contain the pollutant
as a contaminant. In this case, three steps are required:

(1) defining the numbers of persons exposed and the characteristics
of the exposure;

(2) estimating the concentrations of pollutants in water to which
persons are exposed; and

(3) estimating the rate of transfer from the water to the person.

A considerable body of literature exists on the number of persons exposed
to various activities which involve water--swimming, boating, bathing,
fishing, dishwashing, etc. Data on seventeen exposure activities in
personal, recreatiomal and household categories have been identified

and summarized by U.S. EPA (1979) including estimates of the populations
exposed, extent, frequency or duration of exposure. Estimates of the
concentrations of pollutant in the water used in these activities can
come from monitoring data or fronm estimates generated in the materials
balance and environmental fate and pathways analyses.

Estimating the rate of absorption through the skin is more difficulc.
An analysis of this process (U.S. EPA 1979) indicates that the diffusion
rate of the pollutant through the stratum corneum layer of the skin may
be the controlling factor; this is dependent upon the permeability co-
efficient of the pcllutant and the partition ccefficient of the pollu-
tant between the human skin and the water. Some data exist upon which
to base estimates; laboratory investigations of the diffusion rate of
pollutants tnrough skin are in progress. Through combination of analvsis
of activities involving water, concentrations of pollutants in water, and
rate of absorption through the skin, order of magnitude estimates of the
actual exposure by dermal contact--in terms of an average daily intake
for various activities or subpopulations--can be made.

Table 7-10 gives some examples of the estimated dermal exposure to
pollutants based upon absorption through skin. The estimates for penta-
chlorophencl (PCP) were based on a permeability comstant for phenol
(Scow et al. 1980). For the halomethanes, a permeability constant for
chloroform was used (Perwak et al. 1980b). In most cases, dermal ex-—
posure levels are small compared with those of other routes. However,
they can be large, as indicated by the home-use of PCP as a preservative.

Other Exposure Routes

Some other specific exposure routes should be considered for selected
pollutants. A major category is the use cof medical products. For example,
food supplements for humans can greatly increase exposure (i.e., zinc,
copper, other trace nutrients). Intravenous solutions and other products-—-
plasma, blood, dextrose or saline solutions--can be a means of entrv of
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TABLE 7-10. EXAMPLES OF ESTIMATED EXPOSURES TO POLLU-
TANTS BY ABSORPTION THROUGH THE SKIN

Sources:

ESTIMATED
_ EXPOSURE
POLLUTANT EXPOSURE (mg/dav)
Pentachlorophenol:
Persons bathing and dishwashing 0.003 - 0.03
with contaminated water
Home use of PCP as preservative 170
Handling of treated wood 0.5
Trihalomethanes:
Children swimming 1 hr/day in
freshwater pool containing
160 ug/f chloroform 0.2 (chloroform)
Children swimming 1 hr/day in
saltwater pool containing
~60 ug/2 bremoform 0.7 (bromoform)

Scow, K. et al. An exposure and risk assessment for penta-
chlorophenol. Final Draft Report. Contract EPA 68-01-3857.
Washington, DC: Office of Water Regulations and Standards,
U.S. Environmental Protection Agency; 1980.

Perwak, et al. An exposure and risk assessment for trichloro-
methanes. Final Draft Report. Contract EPA 68~01-3857.
Washington, DC: Office of Water Regulations and Standards,
U.S. Environmental Protection Agency; 1980.
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a pollutant to humans both from contamination of the fluid or from the
packaging material or tubing. Similarly, dental materials and surgical
implants can be a source of exposure. The contributions of these sources
to total exposure levels are highly variable, but can be very significant
for some pollutants and subpopulations.

7.3.1.4 Summarizing Exposure

As a result of exposure analysis, exposure to a pollutant by various
routes can be summarized for the general population and for specific
subpopulation groups. In this way, the activities that are most responsible
for human exposure can be identified, ranges of exposure levels can be
developed and used to help estimate the risk associated with exposure,
and pathways of exposure can be examined in order to determine the
potential effects of changes in control regulatioms.

The results of an exposure analysis for lead (Perwak, et al. 1982b) are
shown in Figures 7-1 through 7-3 and Tables 7-11 and 7-12. As shown in
Figure 7-1, the exposure routes for humans are numerous and complex.

The ingestion of paint chips is commonly thought to be the most pre-
valent lead exposure problem ia the U.S. toeday, and this is borne out

by the high exposure levels shown in Figure 7-3. and Table 7-11. Intake
of lead in food is the primary pathway for adults not employed in lead~
related industries and among children without pica (Figure 7-2). Inhala-
tion exposures, shown in Table 7-11, are heavily influenced by proximitv
to industrial sources.

Data were available to permit estimation of the rates of absorption
of lead, and exposure levels have been converted into absorbed doses
in Figures 7-2 and 7-11. The relative contributions of exposure routes
as absorbed doses to the exposure scenarios for adults and children with
pica are displayed in these figures.

Exposure may also be measurad by other parameters, such as levels in
blood or tissue. In some cases, this information can be combined with
actual effects information from epidemiological studies to achieve an
estimate of risk. This was the case for lead, and this informarion
(shown in Table 7-12) in combination with the exposure estimates can
give a good basis for the identification of sources of risk.

7.3.2 Effects Analvsis

7.3.2.1 General Approach

In developing an approach to address the effects of toxiec substances
in the envircnment on humans, a number of issues deserve attention.
First, one must determine what effects should he considered in the aralvsis.



aust

Animals

~
k‘)e
Pesti- ¥ M
cides ~

Lead
in earth’s
crust

Gasoline

n
Food &
Pica

Refining
Smelting
Fuels

FIGURE 7-1 EXAMPLE OF GRAPHIC SUMMARY OF ROUTES
OF HUMAN EXPOSURE TO LEAD

Source: Perwak, J. at al. An exposure and risk assessment for lead.
Final Drafc Report. Contract ZPA 68-01-3857. Washington, DC:
Monitoring and Data Support DUivision. Office of Water Regulations,
U.S. Environmental 2roreccion Agencv: 1982,



Air - 1%
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\ (lead soider in
\ cans 45%)

Food
(49%)

(lead solder in
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Drinking

Drinking Water A
Rural Areas — Water — 1% Urban Areas — 50 ug/day
20 ug/day T
Air Food
(37%) (62%)
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{lead solder in
cans — 31%)

\\

Smelters, Lead Works, etc. — 160 ug/day

Note:  Concentrations < 10 ug/€ in drinking water were assumed for these estimates, and no con-
sumption of wine or moonshine containing lead. In addition, these situations did not include

exposure from smoking.

FIGURE 7-2 EXAMPLE OF GRAPHIC SUMMARY OF ESTIMATED EXPOSURES
TO LEAD FOR THE GENERAL ADULT POPULATION

Source: Perwak, J. et al.

An exposure and risk assessment for lead.

Draft Report. Contract EPA 68-01-3857. Washington, DC:

Monitoring and Data Support Division, Office of Water Regulations,

U.S. Environmental Protection Agency; 1982,
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Drinking Water — 1% Drinking Water ang
Food (4%) ~Air=~1%

Paint and
Paint
Contaminated
Dirt
(90%)

Orinking Water

N and Air — 1%
Rural ~ 580 ug/day Urban — 1100 “g/day

Food
(20%)

Smelters, Lead Works, atc. — 1300 ng/day

FIGURE 7-3 EXAMPLE OF GRAPHIC SUMMARY OF ESTIMATED EXPOSURES TO

LEAD FOR A SPECIFIC SUBPOPULATION (CHILDREN WITH PICA)

Source: Perwak, J. €L al. An exposure and risk assessment for lead.
Jraft Report. Contract EPA 68-01-3857. Washington, DC:

Final

Monizoring and Dara Support Division, Office of Water Regulations

and Standards, U.S. Environmencal Protection Agency; 1982.
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TABLE 7-11. EXAMPLE OF EXPOSURE ESTTMATES OF LEAD FOR ADULTS AND
CHILDREN INCLUDING ESTIMATED ABSORBED DOSE (Continued)

bopulatien location Kout e Souree gt b tugake Arurhicd puge®
Cor/ day) (ug/day)
Do todaay Wates Most Supplles AU wg/h, 2 Vaay EpdY] 2
Contamluaced o0 ugl/l, 2 11day - M) > 1o
Highly Contamtaated 1000 wg/b, 2 L aday - 2000 » 200
Tahalac fon Asbient Atbr 10 pg,’m]. 20 unjld.ny 200 60
Cigarettes - - 1-5
(il ldiea
Rural Food Total bDlet - ’ 100 50
brinkfng Water Must Supplies <10 wg/l, 1 1day <10 <5
Contaminated <50 ug/Y, 1 1/day <50 «25
Highly Contaminated 2000 we/), 1 Y day > 1000 + 500
"‘ Tuhalacton Anbient Alr See Table 5—1b 0.34-3.4 0.1~}
(V8]
(8]
Pica Vead Palnt 12 lead, ) mg chityp 1000 500
Palnt or Otherwise 1000 ug/yg tead in dire, 160 50
Contaminated Diyy 10 wg/mouthing, 10 mout hiugs/
day
lirban Food Total Dlet - 10U 50
brinkiog Wate Most Supplies <10 ug/l, ) )/day 1) <5
Cont aminated <50 1.g/), 1 1/day <50 <25
Highly Contaminated > 1000 wg/), )} V/day > 1000 > 500
Pica Lead Palat 12 lead, ) mg chip 1000 500
Dict 1000 ,g/g lead an dir, 100 50
10 mg/mouthtng, 10 mouthing./
day
Dusc 10,000 ppfp Tead tn dust 1000 500

19 mg dust /mouthitag, 10
mouthings /dav
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*1o% absorption of ingested lead is assumed fo
luhaled lead is assumed to be 307 and 100% if

t"l‘.lbl(-: 5-1 in source clted below.

Source: Perwak, J. et al. An exposure and ri
Contract EPA 68-01-5949. Washington,
Oftice of Water Regulations and Stand
1982,
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CHILDREN INCLUDING ESTIMATED ABSOKBED DOSE (Continued)

Saurce
focal blet
Most Supplles
Contaminated
Highly Cont awbnated

Amb fent Alc

Lead Pafat

Mre

bast

r adults and 50X for children.

Anzunpt fon tatake

tug/day)

Aasumcd to be hall ot 300
adult

<0 pg/l, Y H/day <10
<SO /1, 1 1/day 50

[ (UL RTYTo N DA B Y X ) > 1000

o)

W /e, 3 wldae 40

Y e, 2 '

17 tend, 1 oag iy 1000

OO0 /e dead ba otir,
10 wg/uouthing, (0 wouthiags/
day 10i)

W 000 wefe Lowt 1n dust 10064
O g dust Jueatl dng, 1o
noattings fday

Deposition of

deposited lead is assumed to be absorbed.

sk assessment for leaa.

Final Drafc Reporr.

DC: Monitoring and Dara Support Division,

ards, #.S. Favironmental Protaction Agency,

Absorbed !)_os-:‘

(ng/day)
250
<5
~ 29

> 500

[ ¥4

500

S0
SO0



TABLE 7-12.

EXAMPLE OF LEAD LEVELS IN BLOOD IN

SUPPORT OF EXPOSURE ESTIMATES

LOCATION

Adults

Rural/Urban

Urban

Rural

Within 3.7 meters
of Highway

Living Near a Smelter

Children

Urban (primarily)

Within 30 merers
of Highwav

Near Smelter--Kellegg,
ID--1974 (immediate
vicinity)

1975

1979

El Paso, IX

BLOOD LEVEL
(1g/100 ml)

9-24

Most ~ 16

18--mean (adjusted for age
and smoking)

Less than 5% >30

l6--mean (adjusted for age
and smoking)
Less than 0.5% >20

23--mean

167% >40

40,000 children detected
annually >30

~ 20 yearly geometric mean

50% >40

997 >40
607 >60
Scmewhat reduceda

Almost all >60a,
and most >40

70% >40

14% >60

REFERENCE*

Bell et al. (1979)

Tepper and Levin
(1972)

Daines et al. (1972)

Landrigan et al. (1975)

Billick et al. (1980)

Caprio et al. (1974)

Walter et al. (1980)

Anonymeus (1979)

Landrigan et al. (1975)

a . . o . :
Reduction as a result of reduced atmospheric emissions as well as increased
sanitary procedures for the workers who were apparently exposing their
children to lead through their clothing.

*See source indicated below for references.

Source: Perwak, et al. An exposurs and risk assessment for lead. Final
draft report. Contract EPA 68-01-3857. Washington, DC: Monitor-
ing and Data 3Support Division, Office of Water Regulations, U.S.
Environmental Protection Agency: 1982,
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Second, the spectrum and quality of health effects data available
for use in assessing risk to humans should be examined. For chemicals
that have long been recognized as toxicants, data may be available from
epidemiologic studies or from reports of effects on humans, as well as
data for laboratory animals; for other chemicals, especially newly
developed ones, only laboratory animal or in vitro data may be available,
if any at all. As a result, one must be prepared to adapt the scope of
the analysis in accordance with the available data.

Third, one must consider the format of the effacts analysis.
Ideally, quantitative relationships based upon human data would be
developed between the exposure (2xpressed in terms of specific dose,
average daily intake, etc.) and the response of humans (death, morbidity,
changed reproductitive capacity, etc.). Generally, sufficient information
will not be available and, by necessity, data for laboratory animals will be
extrapolated to man. Frequently there will be insufficient animal data
to develop dose/response relationships and risk will have to be assessed
in terms of no observed effect levels and appropriate safety factors.
In cases in which no specific data associated with the chemical are
available, the only option remaining will be qualitative statements
based on structure/activity relationships or similarity with other chem-
icals.

Assessment of potential health hazards associated with exposure
to a particular chemical typically begins with a literature search.
There are many computerized ard manual data bases for healch effects
and toxicologic data (e.g., CANCERLINE, TOXLINE, MEDLINE, ENVIROLINE,
etc.) that can be used to obtain citations concerning human safety as-
pects of the chemical in question (see Chapter 10 for a listing). The
number and scope of citations in these data bases are expanded regularly.
By careful selection of keyv words and structuring the search to include
the possible effects of the pollutant, a substantial amocunt of data can
be obtained.

When the literature has teen obtained, all apmropriate and reliable
human and animal data should te evaluated. As an aid to the organiza-
tion and analysis of the information, a matrix of the tvpes of data that
should be analyzed is presented in Table 7-13. As indicated earlier,
direct human data are mors desirable, but generally not available.
Ideally, if one could fill in the human data columns of the matrix. then
data for the other columns would not necessarily have to be considered.
Not all types of health effects need to be thoroughly studied, in that
the data needs will be unique for each chemical. However, each area
should be examined briefly to determine if it is relevant to the chemical
in question, and if its inclusion in the risk assessment would be useful.

Once all available information has been thoroughly evaluated,
judgments should be made regarding the relevance of the mode of exposure
utilized in animal studies to that associated wich human exposure.
Interaction of agents that may result in synergiscic or antagcnistic
effects should alzo be indicated, if known. On the basis of the kinds
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TABLE 7-13. MATRIX FOR TNITTALLY ORGANIZING ANALYSTS OF HUMAN HEALTH EFFECTS INFORMATION

Health Effects Information

Data on Humans

FEpidemiological Accident

Mammalian
Data

In Vitro
Data

Inference/Extrapolation from
Other Related Chemicals

Metabolism, absorption,
accumulation, distribution,
excretion (pharmacokinetics
and mechanism of action)

Acute
Subchronic

Chronic

Carcinogenicity
Mutagenicity
Teratogenicity

Fetotoxicity

Functional Disorders and
EffecLs

CUS

Reproductive
Hepatic

Renal

Cardiac
Gastrointestinal
Respiratory
Digestive
Circulatory, etc.



of responses induced by the chemical, an assessment caun be made of the
acute and long-term adverse effects that might result from exposure to
the chemical, in a form usable for risk analysis. The output of the
effects analysis should include:

(1) The type and nature of the effects of the pollutant expected in
humans;

(2) The levels of exposure (dose, intake, etc.) that produce these
effects in humans and/or experimental animals;

(3) The quantitative relatioaships, if any, that have been docu-
mented between effect and exposure in humans or experimental
animals;

(4) The variation in effects and exposure/effects relationships for
different human subpopulations (age, sex, diet, etc.).

(5) The levels of exposure at which no effects are observed; and
(6) The level of uncertainty in the available data.

That every chemical will induce negative health effects if adminis-
istered in sufficient quantity is axiomatic in toxicology. The challenge
is always to establish what exposure levels are probably non-threatening
and what exposure levels are associated with certain risk. Thus,
toxicology cannot avoid being a quantitative discipline.

Human biology, however, is very difficult to quantitate. Thus,
quantitative predictions must be developed for a highly heterogeneous,
poorly reproducible system. As a result, reported values are generally
thought of as representing some point (hopefullv, the midpoint) of a
fairly broad range of effects rather than an exact number to be taken
at face value. Any quantitative conclusions regarding health risks
must be reached with care and with recognition of reliability and/
or limitations of the data upon which they are based.

In the sections below, the types of data that are desirad for human
effects analysis are briefly presented, along with an apprecach or hier-
archy for examining and analyzing these data. Examples of typical data
summaries from actual risk/exposure assessments are prasented in the
discussion. [In Chapter 9.0, possible methods for extrapclating animal
data to humans (quantitative risk assessment) will be discussed. ]

7.3.2.2 Details of Approaches and Examples

Abgsorption, Metabolism, Bioaccumulation and Excretion

In studyving the effects of a pollutant on humans, it is important
to know the routes bv which the pollutant can enter the body; the degree
of absorption, if any; the extent of metabolism; whether the pollutant
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is accumulated and in what tissues; and how it is excreted. These
factors are imporatnt for several reasons:

(1) They form the linkage between exposure of humans to concentra-—
tions of pollutant in the enviromment and the possible effects.

(2) They establish the relative significance of the various
routes.

(3) They may indicate target organ systems.

(4) They can aid in the interpretation of data on concentrations
of the pollutant in human and animal tissues (monitoring data).

(5) They may provide a rational basis for estimating the effects
of the pollutant on humans based upon animal or in vitro
studies.

(6) They may suggest other related chemicals (metabolites or pre-
cursors of the pollutant) that need to be examined.

Recommending a generalized approach to seeking and evaluating these
types of data is difficult; nevertheless one would generally starc with
human data if available and then proceed to experimental animal data.
For example, for established chemicals, pesticides, and most metals,
one can anticipate that epidemiologic studies, as well as animal data,
will be available. Important considerations needing investigation
include: degree of absorption; rate of clearance from blocd or plasma;
principal routes of elimination; sites and amounts of residues or
accumulations in body tissues; the half-life in the body for the pollu~
tant and/or its metabolites.

For example, if biliary excretion was found to be a major route
of elimination, species differences in the rate of biliary excretion
of the compound into the bile might result in species variation in the
biologic half-life of the compound and its toxicity. Another example
of the usefulness of these data is the use of tissue distribution
patterns in defining populations at risk. Toxicants are often con-
centrated in a specific tissue; some may be concentrated at their site
of toxic actiom, such as carbon monoxide, which has a high affinity for
hemoglobin. Other chemicals are sequestered harmlessly at storage
sites, but may be released at toxic levels on remobilization of the store,
e.g., chlordane stored in body fat, can be remobilized under weight loss
conditions; lead stored in bone can be remobilized with increased calcium
demand, such as during pregnancy and/or lactation.

Another reason for reviewing mecabolic and pharmacokinetic data is
that some substances in the environment are also essential elements or
autrients in many specias, e.g., copper and zinec. Understanding the
pathways and uses of the element in the body can help to establish wherher
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the amounts obtained from enviroumental sources are excessive for normal
body function and whether large or small increments can lead to toxicity.
In the case of copper, for example, one finds that absorption of ingested
copper 1is very incomplete (Venugopal and Luckey 1978). Furthermore,
ionic copper has a strong emetic action. As a result, ingestion of
copper and its salts in small quantities does not usually present a high
risk. 1Inhalation of copper dusts, fumes or copper-containing products
may present a more serious risk (Perwak, et al. 1980a).

Other examples could easily be drawn from the literature, but these
should suffice to indicate the importance of metabolism, accumulation,
pharmacokinetics, and mechanism of action data in effects analysis.

Acute Effects

Although cases of acute human effects resultings from exposure to
environmental pollutants are not very prevalent, it is important to
examine acute human toxicity data for several reasons:

(1) acute accidental or cccupational exposure to high concentra-
tions of pollutants may be the only human data available;

(2) acute effects may identify specific organ systems at risk to
chronic exposure; and

(3) the comparison of acute human effects with animal data combined
with metabolism and cther data, can support the use of chromnic
animal data for extrapolation to humans.

The majority of acute human toxicity data that is most often avail-
able in the medical literature, "poison centers,' and/or NEISS, results
from suicidal or accidental extosure, often in children. Standard tests
on industrial safety and hygiene may also contain acute toxicity values
for inhalation, ingestion, and dermal absorption. Although large bodies
of data from humans are often not available, the types of acute toxicity,
symptoms, and effects, and in some cases, minimal lethal values for man
are generally available. The minimum lethal dose, however, only indicates
that a single death due to the chemical has been recorded at that dose
which may be the results of a high dose accident or suicide attempt. 1In
fact, the minimum lethal dose may be equivalent to an LDg (the dose found
to be lethal to 5% of the exposed population); or it may be many times
higher than an LDgg (the dose found to be lethal to 9C% of the exposed
population). Thus, quantitative conclusions on human risk must be reached
with care, according to the limitations of the data.

Data may also be available concerning the acute toxic effects of a
chemical in laboratory animals, particularly rodents. Acute toxicity
studies provide information on the relative effects of different expo-
sure routes (inhalation, ingestion, skin contact), provide a measure of
comparison among many substances whose mechanism and sites of action may
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be markedly different, and are roughly indicative of the effects of
chronic exposure to small amounts of the chemical. Acute toxicity tests
are also frequently conducted to determine local effects of chemicals
when applied directly to the skin or eye. Thus, acute toxicity studies
place the overall acute toxicity of different pollutants in perspective.
In the development of new chemicals, for example, these acute tests are
often used as an initial screen to aid in the determination of whether
Or not to continue to develop a chemical. Such tests are also required
by regulatory agencies for pesticides, drugs, food additives, etc.

There are not generally accepted standard data to search for, or
special means of data presentation. A clear understanding of the impli-
cations of the data is the important concern. For example, very low
exposure levels of cyanide are very acutely toxic, but are rapidly
cleared from the body (Williams 1959), while lead may present no acute
toxic response at low levels, but its accumulation in bone can result
in grave consequences to man (Mahaffey 1977).

Subchronic Effects

Subchronic testing involves the administration of the test chemical
on multiple occasions. Experiments are generally conducted for 90 days
with rats or mice, for 6 months to 1 year with dogs. Subchronic studies
are typically conducted at higher exposure concentrations than chronic
studies. Pathologic changes are thus more clearcut because they occur
more quickly with the higher doses and are not obscured by other chrenic
changes such as aging. For example, focal myocarditis is a common
spontaneous type of lesion found in high frequency in aging populations
of rats (Simms 1967). A marked increase in the incidence of this lesion
after 90 days' exposure would be noteworthy, but might be attributed to
aging or a small population remaining at termination of a chronic study.

Carcinogenicity

Cancer is characterized by an uncontrolled growth of abnormal cells:
a carcinogen is defined as any toxic substance which has been demonstrated
to cause tumors in mammalian species by induction of a tumor type not
usually observed, or by induction of an increased incidence of a tumor
type normally seen, or by its appearance at a time earlier than would
be otherwise expected (Natiomal Cancer Institute 1976).

As is the case with other effects, examination of carcinogenic risk
begins by consideration of human epidemiologic data, if available.
Figure 7-4 presents in flow chart form a procedure for evaluating data
ocn carcinogenicity. Ideally, one would follow the ves pathways to
develop the most reliable estimates of the carcinogenic effects of the
pollutant. Thus the chart is organized so that the items in the bottom
row appear from left to right in order of descending desirability and
reliability. If data are limited to in vitro data, data on related
compounds, Or structure-activity relationships (SAR), the risk of carcino-
genicity can probably not be assessed reliably.
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The route shown on the left~hand side of Figure 7-4, based entirely
upon human data, is the ideal path in evaluating carcinogenic risks, but
will in reality very seldom be used because adequate data are lacking.
Epidemiologic data, even if available, most often do not represent
causal relationships, only correlations or associations, and must thus
be augmented by other types of data. Reports of occupational exposure
give a somewhat more direct indication of causality, but the dose-response
relationships may be difficult to define. Thus, in most cases, human
data alone will not provide a suitable risk estimate, although coupled
with experimental animal data, they may permit a more rigorous analysis.

If experimental animal data are available, there are four possible
routes to assessing risks depending on, first, the number of species
tested and, second, whether or not dose-response relationships are known.
In following any of these paths, careful attention must be paid to the
quality of the data, the incidence of spontaneous tumors in the control
population, consistency if more than one study is available, and
statistical validity. If the exposure route and experimental regimen
employed (e.g., intra-muscular injection) do not agree with the most
likely mode(s) of human exposure, the data must be interpreted
cautiously. Consideration should be given to data on metabolism of
the compound by the animal species tested, as compared with metabolism
in humans if this information is knownm.

If only in vitro data are available, cnly qualitative estimates
may be possible because of uncertainties regarding the association
between in vitro results and human or animal effects; the availability
of associated pharmacokinetic data, however, may allow an approach to a
rough quantitative estimate. Even less reliability will be possible if
no experimental data are available and only SARs can be established
between the compound and related compounds for which data are
available.

In following the path indicated in Figure 7-4, information from the
National Cancer Institute's carcinogenicity programs should be examined,
as well as data from the medical literature. Discussions with qualified
toxicologists/oncologists should supplement a critical analysis of the
literature for chemicals for which the data are equivocal or conflicting.
For example, animal studies weakly support an association between exposure
to benzene and carcinogenicity (Snyder et al. 1980), but the evidence that
benzene is a leukomogen for man is comvincing (Askoy 1977; Infante et al.
1977a,b; Ott et al. 1978). Benzene may in fact play a co—leukomogeﬁft——
role, which would explain the failure to induce leukemia in several
benzene-exposed animal species.



Mutagenicity

A mutation can be defined as any heritable change in the genetic
material (DNA) of a cell or organism. Among the sequelae of a mutation
are cell death, altered structure and/or function, and no overt immediate
effect, should the mutation be unexpressed by virtue of its recessive
nature. The types of changes that occur in the genetic apparatus of a
cell can range from modifications in the individual base pairs, result-
ing in point mutations in a single gene, through major chromosomal
structural changes that may involve entire sets of genes, to disruption
of entire sets of chromosomes. Some examples of these kinds of occurrences
in humans are sickle cell anemia (an example of point mutation) and
Trisomy 21 (Down's syndrome, an example of a major chromosomal disorder).

Some relatively rapid and technically accessible bioassays for
mutagenicity are being used as predictive tools to identify not only
agents with possible mutagenic activity, but also those that may induce
cancer or cause a teratogenic response. A large amount of experimental
evidence indicates that many agents that are carcinogens also can damage
DNA, and the correlation between activity of chemicals in the mutation
screens and activity as carcinogens is high [e.g., the Ames test has been
found to be 80 to 90% accurate in detecting carcinogens as mutagens
(McCann et al. 1975)]. This and similar tests are widely used as an
initial testing mode to identifv potential genotoxic agents, although
correlaticns between potency and response are often not good. Thus,
testing for mutagenicity has wider implications than merely determining
the potential for mutagenic risc following exposure to chemicals. Figure
7-3 is a flow chart describing the general approach to evaluating the
risks associated with mutagenicity.

With respect to assessing mutational changes that may result in
genetic damage in humans, a cri:ical component that often can be used for
carcinogenesis and teratogenesis risk assessment is not available. This
component is the identificaticn of exposure to a chemical agent with a
known human health-related genetic responsa as can be done with vinyl
chloride and angiosarcoma; thalidomide and limb anomalies.

Thus, the highest ranking data that could be used for risk analysis
for mutagenesis in humans will not likely be available. Planned and
already ongoing epidemiology studies may produce some useful correlations
and an analysis of the available data on spontaneous abortion may yield
additional direct data. A number of indirect data sources are available
from observations made on human tissues and body fluids. While these
are only indicative they do provide the most powerful source of information
presently available with respect to human exposure to chemical mutagens.

In the absence of human data, two tiers of experimental data can be
used in the risk analysis process. Specific locus tasts or heritable
translocation tests provide datz that can be used wirh most coniidence,
because they measure specific heritable changes. With the large rescurces
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and time required for the specific locus assay, there is not much likeli-
hood that this test will be used for materials except those that may have
a large medical and/or sccial importance. Thus, the heritable trans-
location assay appears to be the only readily available experimental tool
at this time for a direct measurement of transmissable genetic damage.
Its major disadvantage is that it measures only male-originated changes,
and it too is a relatively large and expensive bioassay.

The remaining battery of genetic tests, though useful, are only
indicative and the results must be evaluated with considerable care for
appropriate use in the risk analysis process. A number of criteria should
be examined in order to establish the usefulness of the experimental
data obtained from bioassays:

(1) heritable versus non-heritable changes,
(2) phylogenetic hierarchy,

(3) genetic endpoint,

(4) sensitivity of assay system, and

(5) wvalidation of assay data and assay system.

These criteria are interdependent and complex, so that a simple treat-
ment of these variables is not likely to be possible.

For example, a marked increase in chromoscmal aberrations was noted
(see Table 7-14) in mouse spermatogonia following gavage administration of
doses of aqueous phenol solution far below levels associated with other
effects and at environmental exposure levels that a large fraction of the
human population may encounter (Bulsiewicz 1977). In addition, an apparent
trend toward increased aberrations within a single treatment group in each
of five successive generations was evident. In that (1) most mammalian
species, including man, handle phenol biologically in a similar manner,
(2) the treatment route of this study is the same to which man will
likely be exposed, and (3) in vivo cytogenetic analyses in mammals are
considered more relevant than similar tests in vitro or gemetic tests
with lower organisms for predicting a mutagenic hazard for man, Bulsiewicz's
results were cause for concern. Unknown factors, however, such as tissue
and species made any discussion of the genetic implications of the re-
ported chromosomal aberrations for man more speculatrive than factual.

The means by which genetic assay data should be used in a risk assess-
ment has been considered by a number of prominent investigators in the field
(Freese 1973, Crow 1973, Bridges 1974, and Report of a Committee of the Euro-
pean Environmental Mutagen Society 1978). They generally agree that risk
analyses and subsequent action based on experimental tests other than the spe-
cific locus and heritable translocation assavs would not be easily supportable



7-14. EXAMPLE OF PRESENTATTON OF MUTAGENTCITY DATA--INCIDENCE OF
CHROMOSOMAL ABERRATTIONS IN SPERMATOGONIA OF PHENOL-TREATED MICE

% yA % % Z
Dosage l.evel Chromosome Chromatid Aneuploidy Polyploidy Associations
Generation (ug/kp/day) =~ Breaks Breaks —— ———— -
P 0 0 0.8 0 0.8 0
6.4 1.7 3.3 1.7 3.3 0.8
64 5.8 5 5 10.8 2.5
640 9.2 1.5 10 13.3 1.7
IJ 0 0 0 2.5 2.5 0
6.4 3.3 10 11.7 1.7 1.3
64 10.8 15 15 15.8 5.8
640 12.5 14.2 172.5 19.2 7.5
K, 0 0 1.7 0 0.8 0
- 6.4 9.2 8.3 9.2 5 5.0
64 15 15.8 17.5 14.2 7.5
640 19.2 17.5 19.2 22.5 5.8
IJ 0 0 0 0.8 - 1.7 0.1
6.4 5.0 5.8 13.3 8.3 3.3
64 10.8 14.2 22.5 15.8 9.2
640 10# 10%* J6* 32% 8.0%
Fa 0 0 . 0.8 0.8 0.8 0
6.4 6.7 8.3 10 6.7 10
64 15.8 20 20.8 23.3 15.8
640 20 25 27.5 30.8 17.5
FS 0 0 0 1.7 0 0.2
6.4 10 6.7 13.3 11.7 6.7
64 17.5 23 25.8 21.7 19.2
640 51.3+% 37.5% 37.5% 56.3% 25%

*Excludes 3 mice killed in moribund condition. Preparations made from the testes of these mice showed
absence of primary and secondary spermatocytes, spermatids, and spermatozoa.

Source: Scow, et al. An exposure and risk assessment for phenol. TFinal Draft Report. Contract
EPA-68-01-5949. Washington, DC: Monitoring and Data Support Division, Office of Water
Regulations and Standards, U.S. Environmental Protectjon Agency; 198]1.



Moreover, these investigators believe that a positive finding in the
heritable translocation assay should be given considerable weight in a
risk analysis.

No special data presentation methods need to be considered in muta-
genicity analysis; careful reporting of the interpretations of others
and correlation of one series of tests with another are, however,
important.

Teratogenicity

Teratology can be broadly defined as the study of malformations of
the newborn that occur as a result of an adverse effect(s) on the develop-
ing conceptus. In the past, the term malformation implied gross anatomic
malformations; but in recent times, the term malformation has been
broadened to include more subtle, functional abnormalities and even
postnatal behavioral and intellectual development.

A teratogen, the agent exerting an adverse effect on the developing
conceptus, exerts its effect in the time interval between conception and
the terminaticn of morphogenetic development in the post-partem animal.

The picture is complicated somewhat in that certain morphogenic events

are terminated at widely varying times in different species. For instance,
re-opening of the eyelids, opening of the external acoustic meatus,
formation of the vaginal lumen, and descent of the testes occur pre-
natally in man, whereas these events take place postnatally in the mcuse,
rat, and rabbit, the species mcst often used in experimental studies.

In addition, other factors such as metabolic differences, excretion rates,
placental variaticns, age of thte dam, and nutritional status may all in-
fluence the potential teratogenicity of a chemical in a particular species.
Moreover, the dose, route, and time of gestation at which a conceptus is
exposed are critical in defining whether a particular chemical is tera-
togenic in a particular species.

The assay procedures presently available to test for the teratologic
potential of chemicals are empirical, largely because the detailed biological
mechanisms of teratogenesis are not well understood. Clearly, under-
standing the mechanisms of teratogenesis would be the most fruitful
approach to predicting the risk of exposure to new chemicals or even well
established ones. Unfortunately, the state of the art of understanding
the mechanisms of action of most known teratogens is quite primitive.

There is evidence to support about 8-10 mechanisms of action: mutaticn,
chromosomal aberrations, mitotic interference, altered nucleic acid
integrity or function, lack of precursors and substrates for bio-synthesis,
altered energy sources, enzyme inhibition and osmolar imbalance and
altered membrane characteristics (Wilson 1977). Al.l of the above mech-
anisms are not mutually exclusive, i.e., both genetic and environmental
factors determine tertatogenic risk. 1In addition, many of these mech-
ansisms are non-specific effects seen only at high doses (e.g., enzyme

inhibition, altered energy sources) and extrapolation of these findings
to man is of questionable wvalue.



This lack of information on the mechanisms of teratogenesis is high-
lighted by the findings that show chemicals to which humans are widely
exposed such as aspirin, vitamin A and hydrocortisone, to be teratogenic
in certain experimental systems. Although there are no data to eliminate
these chemicals from consideration as human teratogens, there is also no
evidence that their consumption by pregnant females or by males prior to
fertilization at doses normally employed has resulted in malformation in
their progemy. In contrast, methyl mercury and methotrexate, which have
been implicated as human teratogens, induce a teratogenic response in a
wide range of species, including the smaller rodents usually emploved in
most experimental studies, i.e., mouse, rat, Syrian hamster.

One means of approaching a better understanding of the relationships
between teratogenic effects of chemicals in humans and in experimental
animals is to examine those instances for which a chemical has been
identified as a human teratogen and has been tested later in experimental
animals. The most well known case of this type is the one concerning
thalidomide, which is especially instructive, since it illustrates some
of the problems in using experimental animal data in a prospective manner.
Had thalidomide been tested for teratogenicity according to the usual
protocols in rats or mice, there would have been little or no indication
of any problem. In rabbits and subhuman primates, however, thalidomide
was demonstrated to be a potent taratogen.

One of the primary difficulties in extrapolating experimental data
from laboratory animals to man is the high probability of differences
in metabolic fate of chemicals, especially their disposition in gonadal
or placental tissues. Moreover, because of the complex behavioral
and dietary practices of humans, in contrast to the controlled regimens
of experimental animal test populations, there may be wide individual
variation among humans with respect to the ultimate metabolic fate of
chemicals taken into the body. Another source of variation in humans
is the intrinsic genetic individuality of each person in comparison
with the rather uniform genetic background of test animals, even those
of the "random bred" category. Since the susceptibility to teratogenic
stimuli appears to have a genetic component in humans, the presence of
genetic diversity is a further complicating issue in the use of
experimental teratology data for estimation of such a risk in humans
(Leck 1977).

Thus, although the methods of detection of potential teratogenic
agents have merit, at present there appears to be no clear correlation
between teratogenesis data for humans and that for experimental animals.
Accordingly, man has no alternative but to take a conservative approach
toward exposure to chemicals during pregnancv.

With the above precautions, the risks associated with teratogenesis
can be examined as shown in the general flow chart of Figure 7-5,
Following in depth examination of human data, if any, including
studies on related chemicals, in vivo and in vitro, laboratory

=49



Are there
human
data?

Exposure
to known

Are there
experimental

No No

concentrations?

Are there

epidemiological

data?

Structure
activity

data?

Human
data on related
chemicals?

in vivo
data?

relationships

in vitro
data?

Yes Yes Yes Yes Yes
Assess Evaluate Evaluate studies Evaluate assays
reliability
Extrapolation to humans
if possible
Ve 7 >
|
. . Only very
Risk Estimates qualitative risk
assessinent
statement
possible
FIGURE7-6 FLOW CHART FOR TERATOGENICITY RISK EVALUATION



experimental data can be examined and evaluated. High reliability and
certainty is given to animal studies in vivo, with caution to extrapola-
tion to humans as indicated above. In many cases, only qualitative
estimates of risk will be possible for teratogenesis.

Fetotoxicity and Other Reproductive Effects

The interrelationship among lethal action upon the embryo, maternal
toxicity, and teratogenic effect is complex and the distinction of ome
type of effect from another is not always clear. Until recently,
reproductive hazards have not been considered in depth by scientists,
industry, and regulatory agencies. A major obstacle in resolving this
problem is the serious lack of clear scientific knowledge about toxic
agents that affect reproductiom.

The reactions of an embryo to a particular chemical depend on a
number of factors: species differences involving absorption, metabolism,
excretion rates, distribution and concentration of a chemical in maternal
body tissues, transfer across the placenta, and the kinetics of a
chemical in the embryoLplacental unit. In addition, maternal adaptation
to prolonged exposure and the adequate concentrations of the chemical
during organogenesis, contribute to the problem of predicting effects
in man on the basis of tests in other mammalian species.

Single generation studies include reproductive, teratologic, and
postnatral effects resulting from exposure to a particular chemical.
The study of fertility and general reproductive performance includes
effects on gonadal function in both sexes, mating behavior, estrous
cycle, and early stages of gestation.

In order to study the long-term effects of chronic exposure to a
chemical where concentration may be a factor, the single-generation
study may be extended for several generations into a multigeneration
study. The toxic responses are reported as a series of indices for
each generation. The fertility index or conception rate represents the
percentage of matings that result in pregnancy and is affected somewhat
by the fertility and 1libido of the male. The gestation index is an
indication of the number of litters that contain live pups. It is an
incomplete measure of fetal mortality unless the entire litter is
stillborn. The sex ratio gives an estimate of the relative fitness of
each sex and viability and weaning indices are used to measure the
ability of pups to survive.

Many of the problems cited in the teratogenesis section on extrapo-
lating experimental data from laboratory animals to man are also relevant
to the analysis of the potential embrvotoxic and reproductive effects of
environmental agents on man. Epidemiologic data in humans are generally
unavailable since exposure is frequently unsuspected or difficult to
quantitate. A notable exception is the fetal alcohol syndrome.



Various forms of the pollutant may have differsnt effects, even in a
single species of experimental animals. For example, Table 7-15 gives
results of a study of the effect of copper salts on pregnant golden
hamsters. Copper was given intravenously on day 8 of gestation. Copper
in chelated form (as citrate) was more embryopathic than uncomplexed
copper (as sulfate) although the embryocidal activiries were similar.

One must be very cautious in attempting to relate fetotoxic and
other reproductive effects in inbred laboratory animals to similar effects
in a heterogeneous human populatiom. However, positive findings in several
laboratory species would suggest the possibility of similar effects in man,
particularly if the metabolic pathways of the chemical in humans and the
laboratory animals are similar.

Chronic Functional Disorders

Chronic functional disorders include irreversible changes resulting
from intermittent or continual 2Xposure to low levels of a pollutant that
result in detectable detriments in functional capacity (pathological,
physiological, biochemical, behavioral), the ability of the organism to
maintain homeostasis, or to compensate for a treatment-induced enhanced
susceptibility to the deleterious effects of other environmental insults.
Although all significant toxic effects are of concern, a reversible
functional effect, although undesirable, would be of vastly less
consequence to man than the development of an irreversible functional
effect. 1In addition, most human exposures to environmental pollutants
are typically long term exposures to low ambient concentrations, and,
therefore, chronic functional effects may be the most widespread
consequence of exposure to these compounds.

The ideal data for assessing the significance of a chemical as a

cause of chronic human disorders would be the results of chronic
administration of measured amounts of pure chemical to human subjects

by the appropriate route. Since these data are not likely to be avail-
able, one must consider whatever human data are available, data from
laboratory animals, and, when there are no relevant data for the chemical
of interest itself, data for similar chemicals.

In all, six types of data may be used in assessing the risk of
chronic functional disorders:

(1) human - chronic exposure;

(2) human - subchronic exposure;

(3) animal - chronic exposure;

(4) animal - subchronic exposure;

(5) human or animal - ascute exposure;

(6) extrapolation from other chemicals.
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TABLE 7-15. EXAMPLE OF PRESENTATION OF TERATOGENESIS DATA--EFFECYTS OF COPPER SALTS IN

Dose No. No. No. No.
Level Mothers Gestation Living Resorp-
(mpCu/ky) Treated _ Sacs Embryos (%) tions

2013 16 . 210 155 (74) 55 (26)
4.25 3 49 7 (14) 42 (86)
7.5 3 30 . 0 (0) 22 (74)
10.0 p) maternicidal - -

as Copper Citrate

0.25-1.5 13 172 143 (83) 29 (16)
1.8 6 81 48 (59) 33 (41)
2.2 8 99 65 (66) 34 (34)
4.0 2 maternicldal - -

Controls (demineralized water)

0.5-1.0
ml/100g 10 125 115 (92) 10 (8)

No.
Abnormal

Embrvos (%)

HAMSTERS

12 (6)
4 (8)

4 (2)
14 (17)
35 (35)

0 (0)

Source: Perwak, J. et al. An exposure and risk assessmenct for copper. Final Draft

Report. Contract EPA 68-01-3857. Washington, DC: Monitoring and Data

Support Division, Office of Water Regulations and Standards, U.S. Environmental

rotection Agency; 1980.



These types of data are listed in order of the priority that should be
given to their evaluation. Figure 7-7 presents in flow chart form a
general procedure for incorporating the best available data into an
assessment of chronic functional effects. The least desirable pathway

is the one based upon physical or chemical properties and/or structure
activity relationships. Figure 7-8 is a schematic diagram showing in
greater detail the evaluation process that might be followed for a pollu-
tant to which humans are exposad by dermal contact.

In evaluating data on chronic effects, the questions one wishes to
answer are as follow:

(1) What is the dose?
(2) What are the localized effects specific to the route of entry?

(3) What are the specific characteristics of route of entry, bind-
ing, absorption, distribution and elimination of this chemical?

(4) What are the chronic systemic health effects?

(5) What are the characteristics of systemic absorption, distri-
bution and elimination of this chemical?

Although human data are the most desirable anc presént the most
secure basis for answering these questions, these data are frequently
anecdotal descriptions of chronic diseases stemming from long exposure
to partly identified mixtures of chemicals. The symptoms are frequently
thought to be associated with particular chemicals, but careful analysis
may show that the association has not been substantiated. In addition,
complex behavioral and dietary practices and the intrinsic genetic
individuality of each person complicate estimates of risk associated with
a particular chemical. Very few pathological states are unique and
the pathognomic symptom is rare indeed. Thus, for example, demonstratiomn
of cardiomyopathy among individuals exposed to a particular chemical
does not necessarily implicate that chemical in the initiation of the
effect.

In the event that sufficient information is nct available from
chronic human exposures, one passes to the next most acceptable data
groupings, subchronic exposures and acute exposures.

Data from occupational exposures to a chemical are freque?tly
very valuable. The exposures tend to be chronic, and thg chemical agent
may be well identified. Documentation of these factors is very valuable.
These data need to be carefully scrutinized since the occupational
history of any individual may include many different exposures and other
predisposing factors need to be evaluated.
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Human accidental exposure data are not necessarily predictive of the
potential for chronic functional disorders. These exposures are not
often quantitated and they are most often single, acute events. There
is no certainty that the target organs that show pathological changes
resulting from a single high dose exposure will be the target organs
that are most often affected by a repeated lower dose. Epidemiologic
studies, in general, serve to corroborate the findings of more specific
animal or human work, but only infrequently define cause and effect
relaticnships.

Frequently the available data for humans are very much less useful
than would be expected. They provide descriptive clues suggesting
critical organ systems but are insufficient to characterize quantitatively
the relationship between exposure and effect.

Thus, animal data are frequently the only source of information
available for assessing potential for chronic human impairment. Some
of the problems in the use of animal data are relatively easy to
predict and are the same as those mentioned previously for other health
effects: extrapolation from laboratory animals to man must be accomplished
by use of a scaling factor to compensate for body weight differences
or surface area differences. In some cases, differences in life span
present problems. Behavioral patterns may introduce difficulties in
generalization between animal and human reactioms to a chemical, as will
subtle anatomical differences. For example, the structure of the rodent
respiratory system is such that nose breathing is obligatory--in humans
this is not the case. The result is a significant difference with
certain chemicals in the exposure producing toxic effects due to the
protection of the rodent lung by the extremely efficient nasal
filtering systems. Recognizing anatomically determined differences
between man and test animal requires biological sophistication and a
very cautious approach to extrapolation.

The other major problem of extrapolation of animal data to humans
stems from possible species differences in metabolic pathways. 1If it
can be demonstrated that a chemical is absorbed, stored, metabolized
and excreted by the same pathways in animals and man, onme can expect
similar toxic consequences. If the pathways or conversion rates or ex-
cretion patterns are very dissimilar, one should expect different and
usually unpredictable toxic consequences, in which case, the animal
studies would be an inappropriate basis for making predictions of the
effect in man.

A common problem with animal data is that fairly often a response
is species specific. A treatment-related response may be evident in
rats and monkeys, but not in dogs, rabbits, etc. If biochemical path-
way data are unavailable to explain the diversified response, the ccn-
servative approach is ordimarily espoused.
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The final pathway shown in Figures 7-7 and 7-8 is evaluation of
data for similar compounds. In a homologous series of chemicals, toxic
effects are somewhat predictable for one member of the series based on
known effects of other members of that series. 1In addition, some work
is being pursued which would allow prediction of toxic effect by analysis
of chemical functional groups (Kramer and Ford 1968). At this time,
however, such models do not constitute a validated approach to predic-
tion of human chronic functional disorders.

After the best available information has been assembled from human
and animal studies, the potential for a pollutant to cause chronic effects
can be estimated. The prediction of human effects from human data is ob-
viously more reliable than that from animal data. Although the human dose
may be poorly defined, one can be fairly sure that the signs are charac-
teristic of man. Some parameters, however, are not easy to interpret.

For example, changes in organ weight, change in liver enzymes in the
blood, increase or decrease in a particular antibody, have all been re-
ported at some time. It may not be possible, however, to determine
whether these changes are significant precursors tc organ dysfunction
or whether they are meaningless, random deviations.

Other changes noted in chronic studiess are reversible, that is,
they will disappear after the termination of the exposures. Two types
of effects tend to be reversible:

(1) exposures may temporarily modify cell function but fail to
cause significant cell death; or

(2) exposures may cause significant cell death in an organ
capable of regeneration.

Many cells in the body are essentially in final form (i.e., differ-
entiated cells that cannot divide and be replaced), and in limicted
supply. Chemical exposure that destroys these cells, is of the greatest
seriousness. Perhaps the most well known example is the heart. The loss
of cardiac muscle cells is irreparable and presents serious consequences
that have been well documented. Other types of cells can be easily re-
placed. This includes the fairly well-known replacement of nonspecialized
epithelium, connective tissue, and blood cells. It also includes the
more specific liver parenchymal cell. The result is that a healthy liver,
which is damaged even severely by chemical insult, has a very good chance
of complete recovery. Thus, in evaluating toxicity data, damage to organs
that have no potential for regeneration is far more significant than
damage to organs that undergo continual replacement or have a capacity
to regenerate when appropriately stimulated. An assessment of the ability
of organs to regenerate is shown in Table 7-16.

Another difference that determines the sericusness of chemical-
induced organ damage is the degree of redundancy in that particular
organ. The kidneys have sufficient structural excess to give entirely
adequate function, even if 50% or more is lost. The conducting svstem
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of the heart has no excess capacity and no alternative. Again, moderate
damage to the heart conducting system is likely to have more serious
consequences than moderate kidney damage.

When a summary of data shown to be relevant has been assembled, it
may be possible to draw conclusions concerning acceptable human exposure
levels. It may also be possible to draw tentative conclusions about the
seriousness or reversibility of the predicted disease state. In most
cases, these conclusions will be tentative and will be the result of com-
binations of human anecdotal data and animal experimental data substantisted
by epidemiological evidence. Predictions from chemical structure or cell
culture studies are not likely to give reliable information.
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8.0 EXPOSURE AND EFFECTS--NON-HUMAN BIOTA

8.1 INTRODUCTION

Although the principal focus of the exposure and risk analyses per-
formed for the Office of Water Regulations and Standards has been on humans,
it is important to consider the exposure of fish, other aquatic organisms,
and wildlife to waterborne pollutants and the adverse effects of pollutants
on these species for several reasous:

(1) they may be part of the human food chain and/or of economic
importance to man;

(2) they may be threatened or endangered species;

(3) because of a pollutant's critical environmental pathways or
fate, its environmental impact may be on non-human rather than
human receptors;

(4) assessments and regulatory recommendations of others may over-
look significant envirommental effects unless the hazards and
risks to non-human species are considered; and

(5) they may serve as warnings or indicators of an environmental
problem when media concentrations are low or non-detectable.

As in evaluating human risks, exposure and effects for other
species should be considered together. Since the risk to a species is a
function of both the exposure to a pollutant in a sufficient quantity or
for a sufficient duration to elicit adverse effects, the risk will be small
despite the potential tozicity of the pollutant. Similarly, exposure to
high concentrations or quantities of a pollutant will not result in
significant risk unless adverse effects can result from these exposure
levels. 1In general, effects data for aquatic organisms and wildiife
are more readily available than information on exposure. A large number
of laboratory investigations have been conducted, correlations have
been developed for factors such as bioaccumulation, and field or model
ecosystem studies have been conducted for many pollutants and sSpecies.
For most priority pollutants, the results of acute and chronic biocassays
on a limited number of species are available and published in the EPA
Criterion Documents.

In evaluating environmental effects, thers are problems inherent
in extrapolating from laboroatory data to field conditions. Unlike
controlled laboratory systems, the natural environment is complex and
multi-leveled, subject te both regular and irregular changes in its
physical and chemical make-up. Habitats even of the same tvpe (e.g.,
cold-water streams) may differ significantly in certain important
variables.



Many of these variables may significantly increase or decrease the con-
centration of a pollutant that triggers an adverse effect. For example,
differences in pH, hardness, temperature and other aspects of water
chemistry may cause different effects from those detected in a simple
laboratory test at the same "total" pollutant concentration.

Evaluation and quantification of exposure has its own difficulties
since one must know both the poonulation distribution and habits of the
species of concern, in addition to the pollutant's environmental distri-
bution. Materials balance and eavirommental pathways data provide in-
formation on pollutant concentrations and distribution. The exposure por-
tion of the risk analysis should determine as best as possible whether
there is exposure of receptors at those locations where the pollutant
is present and, if so, the extent, duration, and frequency of exposure of
important subpopulations. There are only limited data in the literature
on the population distribution of fish, other aquatic organisms, and
wildlife; their potential exposure to polluted water (drinking rates,
migration patterns in and out of polluted areas) is even less well known.
Therefore, in many cases, estimates or ranges of exposure will have to be
first developed or postulated and then compared with scattered observa-
tions (such as fish kill reports) in order to see if they are feasible
and realistic.

Although in principle all aquatic species and other biota that are
exposed to polluted water should be examined in risk analyses, the effort
and amount of data required generally prohibits such a detailed analysis.
Therefore, the exposure and effects analysis can be concentrated on;:

(1) sensitive species representative of each species category;

(2) species known to inhabit geographical regions or habitats
where the pollutant is present;

(3) species for which adequate effects or distribution data exisct;
(4) aquatic organisms, particularly fish.

Historical information on the long-term discharge patterns of the pollu-
tant is important in order to examine the adaptation of resistant strains
in the species present or shifts in the spectes composition of the local
community. Information on wildlife--both exposure and effects data--is
usually less common than for fish and other aquatic organisms. Also,
livestock are not usually considered in this part of a risk analysis be-
cause they are rarely exposed to lethal levels of a pollutant. Instead,
livestock are much more likelyv to concentrate pollutant levels in their
tissue and the potential exposure to this accumulation is a human problem.
In a similar manner, accumulation in edible aquatic species is addressed
in the human exposure section, drawing upon monitcring and biological fate
data. In cases where there is some understanding of the relationship be-
tween body burden and toxic effects levels, bioconcentration may be
addressed in the biotic effects and exposure chapter. Otherwise it is
discussed under biological fate in the environmental pathways chapter.

8-2



8.2 GOALS AND OBJECTIVES

8.2.1 Exposure Analysis

The goals of analyzing the expcsure of non~-human species are to
determine or estimate the significant exposure routes and the extent to
which aquatic organisms are exposed to pollutant concentrations in water,
sediment and other organisms, and the extent to which terrestrial organisms
are exposured to pollutant concentrations in soil, air, water and/or
other organisms. Exposure routes include ingestion, inhalation, and
dermal absorption. The extent can be defined in terms of the length
of time during which populations are exposed, the geographical area in
which exposure occurs, and the degree of exposure of an individual or
community. The degree of exposure may be expressed as the concentrations
to which the organisms are exposed or their daily intakes times
and absorption efficiency.

Ideally, the results of the exposure analysis for non-human biota
include:

e Identification of geographic areas with pollutant concentrations
in the water or other significant media (sediment, soil) high
enough to have deleterious effects om biota in order to identify,
geographically, subpopulations at risk. (Momitoring data may
reveal actual areas, and potential areas may be indicated by the
presence of sources of pollutant releases.)

e Identification of communities or particular species--size or
number, location (geographical or habitat-specific)--exposed to
the pollutant.

e Evaluation of behavior patterns (e.g., migratory, reproductive,
age-linked) of biota that may increase or decrease the potential
for exposure.

e Identification of time-dependent patterns of pollutant availa-
bility (persistence, seasonal fluctuations, etc.) and comparison
with species activity patterns.

¢ Zvaluation of the existence of mitigating or exacerbating environ-
mental parameters that can affect pollutant toxicity and the likeli~
hood of their presence in areas or habitats in which environmentally
significant pollutant concentrations are known or estimated.

8.2.2. Effects Analysis

The objectives of the effects portion of risk analyses for non-human
biota are:
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(1) Identification of those concentrations or ranges of concentrations
at which a pollutant may have deleterious effects on aquatic and
terrestrial organisms.

(2) 1Identification and evaluation of these effects--acute, chronic,
reproductive-—-as a function of exposure levels, time, etc.

(3) 1Identification of factors that influence the availability and
degree of impact of the pollutant on biota.

The results of the effects analysis should be compatible with the

results of the exposure analysis in terms of how the levels are quantified
so that the risk to aquatic anc¢ terrestrial organisms can be ascertained.

8.3 APPROACHES AND METHODS

8.3.1 Overview

In undertaking an exposure and effects analysis for non~human species,
one could begin either with developing an understanding of exposure of
aquatic or terrestrial organisms and then consider the effects of such
exposure, or begin with effects and then consider exposure.

In the first approach, one would rely primarily on the results of the
materials balance, monitoring data, and the environmental pathways analysis
to identify the media and types of habitats in which exposure can occur,
their geographical distribution, and the concentrations and durations
associated with exposure, and then seek to establish the species or
communities in those areas most likely to be exposed. Effects analysis
would then focus on selected species or communities, evaluating the
potential acute or chronic effects resulting from the estimated exposure
levels. This approach has the advantage of limiting detailed consider-
ation of effects to those species and populations for which exposure is
anticipated or known, thereby limiting the scope and effort of the
effects and analysis. The disadvantage, of course, is that one may only
give detailed consideration to exposure of certain populations for which
significant effects of the pollutant are not likely to ocgur, or to
organisms for which the effects of the pollutant are unknown.

Alternatively, in beginning with effects analysis, one first identifies
toxic concentration levels by examining a number of laboratory studies
for a range of species and then seeks to determine the geographical areas
and real situations where the sensitive species or communities may be ex-
posed to levels sufficient to give harmful effects. This method also has
advantages and disadvantages similar to those described above.

For practical reasons, it would seem appropriate to use both

approaches concurrently, with the goal of quickly focusing on the exposure
conditions of significance and on sensitive organisms. However, as

3-4



indicated in the introduction to this section, data on the harmful effects
of pollutants are more readily obtained by traditional methods of litera-
ture review and analysis, whereas exposure analysis may require a more
lengthy analysis and inputs from monitoring, fate and pathways, and
materials balance studies (tasks that may be proceeding concurrently).
Therefore, most exposure and effects analyses for non-human biota are
likely to begin with development of an understanding of potential effects
and then proceed to development of understanding of exposure situationms.

Figure 8-1 gives a schematic representation of the methodology used
for this analysis. Note the close interaction with the other portions of
the risk analysis.

8.3.2 Effects Analysis

8.3.2.1 Data Collection and Preliminary Data Review

The first step in analyzing aquatic effects is to collect readily
available data on the pollutant under study. The amount and type of
data readily available depends upon the pollutant being examined. If
the pollutant is well known and effects have been documented, priority
can be given to review articles and data compilatioms [such as the EPA
Water Quality Criterion Documents (e.g., U.S. EPA 1980a, b)]; however,
this reliance on secondary sources must be complemented by review of
original publications to clear up errors and contradictions between
studies that may arise. If the effects of the pollutant have not been so
well studied and reviewed, then more effort must be devoted to search for
published data. In addition, persons currently conducting research on
the pollutant may be contacted.

Data should be collected from both laboratory studies measuring the
effects of the pollutant on various aquatic organisms and field investi-
gations or case studies documenting actual effects of the pollutant in
the environment. Several information sources can be used:

e EPA sources--materials in the MDSD priority pollutant file;
e.g., criterion documents, NRC reviews, fish kill data, EPA-
published reports from field laboratories, etc.

e Computerized literature search in conjunction with the human
effects studies using TOXLINE, Chemical Abstracts, Pollution
Abstracts, Bio Abstracts, etc.

® Tormal literature search--this is a second stage search, which
involves retrieval of pertinent literature cited in the first
sources obtained, and hand search of selected journals, e.gz.,
Pesticide Monitoring Journal, Envirommental Contamination and
Toxicology, etc., which are likely to contain information om

environmental pollutants.
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If information on effects of a pollutant is not available, the
effects analysis must be bypassed because, in general, no method exists
for estimating toxic effects. If information on a structurally similar
chemical is available, it should be examined but not considered to be sur-
rogate data for the risk analysis since the relationship between structure
and toxicity is relatively unknown, making tentative any extrapolation
from one chemical to another. In the absence of effects data, the re-
search required to assess the toxicity of the pollutant (using standar
aquatic species and testing procedures) should be recommended.

8§.3.2.2 Critical Data Review and Tabulation

The second step of the effects methodology is to review critically
the data collected and tabulate effects concentrations, in addition to
consideration of the variables influencing these values.

Before the effects data are compiled, however, monitoring and fate
and pathways analysis results (or preliminary results) should be
reviewed. First, one should consider pollutant environmental concen-
tration ranges available from the monitoring section to determine
whether the pollutant is likely to have:

(1) no effect on aquatic organisms;

(2) some effects on certain sensitive species;

(3) effects on most species; or

(4) effects on all species, as a first approximation.

Second, a review of effects data and the initial results of fate and
pathways analysis can identify critical parameters influencing availa-
bility of the pollutant to biota (e.g., pH, hardness, temperature).

These considerations will help limit the scope of and define the remain-
der of the effects analysis.

In the data review, pollutant concentrations that have been

reported to have lethal and sublethal effects on aquatic organisms
are examined. Either previously compiled data or the results from the
publications collected in the literature search, organized into tables
that present species and effects levels in order of increasing concen-
tration, are used. Each result must be reviewed for its scientific

. validity and data with serious flaws (e.g., faulty control, death of
test subjects due to other causes, or lack of replication) rejected,
unless no other information is available; in which case, the weakness
should be highlighted.

The data are typically divided into several categories to facilitate
comparison: fish and aquatic invertebrate species, freshwater and
saltwater species, marine and estuarine species, lethal and sublethal
effects, and chronic and acute effects. Important parameters influencing
the effects at different concentrations are reported, when available,



for each experiment. These parameters include pH, temperature, water
hardness, type of bioassay (static or flow-through), type of water and
time of exposure. Tables 8-1, 8-2, and 8-3 are examples of effects
data tabulated from risk assessments for phthalate esters, zinc, and
mercury (Perwak, et al. 1981a, 1980, 1981b).

Exposure of aquatic organisms to the pollutant via gill absorption
is the major focus of the effects analysis for non-human biota. However,
depending on the availability of information and relevance to the pollu-
tant of concern, several other categories of effects must be considered
in this portion of the analysis:

e Toxicity of the pollutant to aquatic organisms through the
route of ingestion.

e Toxicity to terrestrial species, both (1) plants through root
uptake of pollutants in soil and aerial deposition and (2)
animals (usually avian aad mammalian wildlife species) through
ingestion of contaminated biota, water or dermal comtact with
soil.

Data on these subjects are developed and presented in a manner
similar to that for aquatic organisms.

8.3.2.3 Summary of Effects

The enviromnmental factors that potentially affect uptake and
toxicity of the pollutant are discussed either, through summarizing
research indicating key factors (e.g., species groups, water hardness,
duration) influencing the toxicity of the pollutant or, if that
is not possible, by compilation of results of a number of separate studies
in which important factors have not been controlled for. The importance
of these factors in the degree of impact of the pollutant on the environ-
ment and the likelihood of their existing at sites where significant
concentrations of the pollutant are found is discussed.

In many cases the informaticn on the effects of the pollutant is
insufficient to prioritize available data relative to their relevance to
risk analysis. However, if possible, it is practical to consider effects
in the following general order. When data are available, chronic effects
(which usually occur at lower concentrations) have priority over acute
effects for persistent pollutants to which long-term exposure is likelv.
For short-lived pollutants (e.g., highly volatile compounds) focus
should be placed on acute effects; however, 1if releases are on a continu-
ous basis, then chronic effects should also be considered. Effects on
fish and shellfish have priority over effects on other invertebrate
species because of their greater potential for ingestion by humans.
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TABLE 8-1. EXAMPLE OF ACUTE EFFECTS DATA FOR FRESHWATER FISH--PHTHALATE ESTERS
Exposure Through Watar
Concentration
Compound ] Species Effect Conditions Sourca ¥
Di-n-butyl I3 8luegi N 9 hr. LC., 17°¢C, static Mayer & Sanders
shehalate {Lepomiy macrochirus) c (1973)
1.2 - 96 hr. LCso static U.S. ERA {1978)
1.3 Fathead Minnow 96 hr. LCgq 17°C, static Mayer & Sanders
{Pimephales promelas) (1973)
9N Channe) Catfish % hr. LCey 17°C, static Mayer & Sanders
(Ictalurus punctatus) (1973)
§.47 Rainbow Trout % hr. Ll 12°C, static Mayer & Sanders
(Salma qatrdneri) (1973}
10.0 Bluegill 96 hr. LC50 not reported Julin (1975)
(Lepomis macrochirus) as citeg In
Johnson et al.
\1974; T
31(2-achylhexyl) -005 Ratnbow Trout No effect level  10°C. Flow- Menrle &
ohchalate {Salmo gairdneri) on sac fry through Mayer (1976)
) mortality
(100 days)
.014 Significant 10°C. flow- Mehrie &
increase througn Mayer (137€)
(P < 0.05) in
sac fry mortality
> 10.0 Fish! % hr. LCgp 17°C, static Mayer & Sancers
(1973)
100.0 8luegill 9% hr. LCSO not reported Julin (1875)
(Lepomis macrochirus) 9% crted n
Johnson et ai.
(1974)
Bucylbeazyl 43.3 Bluegill % hr. LC, static §.S. EPA {1978)
ohthalace {Lepomig macrochirus)
445.0 Sheepshead Minnow 9% hr. LC50 static U.S. EPA (1978)
{Cyprinodon variegatus)
Diechvl 29.6 Sheepshead Minnow 9% hr. LCSO static U.S. EPA (1978}
ohehalate {Cyprirodon variegatus)
98.2 Bluegill 96 nr. LCSO static U.S. EPA (1978)
{Lepomis macrochirus)
Dimetavl 49.5 Bluegill . % hr. tCcn static U.S. EPA (1978)
phthalate {Lepomis macrochirus;
n 58.0 Sheepshead Minnow 9 hr. Ly static U.S. EPA (1978)

(Cyorinodon variegatus)

‘Blu&gﬂl. fathead minnow, channel catfish and rainbow trout.

*See source indicated below for references.
Source: Perwak, J. et al. An exposure and risk assessment for phthalate
esters. TFinal Draft Report. Contract EPA 68-01-3857. Washington,
DC: Monitoring and Data Support Division, Office of Water Regula~
tions and Standards, U.S. Environmental Protection Agencv; 1981.
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TABLE 8-2,

EXAMPLE OF CHRONIC/SUBLETHAL DATA FOR FRESHWATER FISH--ZINC

Conc., Hardness Test
(ppb) Species Compound (mg/1) Duration Fffects Source***
5.6 Rafnbow trout Zn804 13-15 20 min. Threshold avoldance Sprague (1968)
(Salmo gairdnert) level
9] Flagfish adulcs (females) ZnSOA 44 100 days Growth reduced Spehar (1976)
(Jordanella florldae)
106 Fathead minnow Zntt L6 ? Effect on growth, Benolt and
(Plmephales promelas) survival or repro- llalcombe*
ductton fn l{fe-
cycle testks
180 Fathead minnow ZnSOa 2013 10 mo. 81% reduction in Brungs (1969)
egg production
187 Chinook salmon Zntt 22 ? Effect on growth, Chapman (1978)*
survival or repro-
duction in embryo
larval testh*
260 Rainbow trout ZnSOa 25 42 days Chronfc bioassay Sinley et al.
6.4 mortality (1974)
640 330 6.9 mortal fuy
852 Brovk trout Znt++ 44 ? Effect on growth

survival, or repro-

duction in life-cycle

testk*

JHolcome et al.
(1978)*

"As clted in EPA (1979).

*
The value represents the geometric mean of the levels at which there effects are observed.
of embryo-larval tests the geometric mean is divided by 2 to obtain a value comparable to life-cycle studies.

KAXS L0

Source:

Perwak, J. et al. An exposure and risk ussessment for zinc.
EPA 68-01-3857. Mashington, DC:

source Indicaced below for references.

Final Draft Report.
Monitoring and Data Support Division, Office of Water

Planning and Standards, U.S. Eavironmental Protecclon Agency; 1980,

In the case

Contract
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TABLE 8-3.

Washington,

Form of Freshwater
Mercury Invertebrate
Inorganic 0.92 (Daphnia
magna)
5¢ (Daphnia
magna)
Organic 0.12 (Daphnia
magna)
P
chronic value
bSub] ethal effect
Acute value (LC50)
Source: Perwak, J., et al.

Lowest Reported Effect Level (ug/l)

Freshwater
Fish

1P (salvelinus
fontinalis)

33.0° (Salmo
gairdneri)

0.04° (salmo
gairdneri)

S.Ib (Salmo
gdirdneri

Marine
Invertebrate

5b (Pseudocalunus

minutus)

3.6¢ (Mysidopsis
bahia)

1.28 (Mysidopsis
bahia)

150°€ (Gammarus
duebeni)

An exposure and risk assessment for mercury.

EXAMPLE OF LOWEST REPORT MERCURY EFFECTS DATA FOR AQUATIC ORGANISMS

Marine

Fish

10b (Fundulus

heteroclitus)

¢ (Fundulus

heteroclitus)

1252 (Fundulus

heteroclitus)

Contract 68-01-5949.

DC: Office of Water Regulations and Standards, U.S. Environmental Protection
Agency; 1981,



Lethal effects and reproductive impairment effects have priority over
sublethal effects--e.g., avoidance behavior and physiological changes--
because of their known adverse impact on receptor populations.

To summarize the effects section, individual species, species groups,
and age groups that are most sensitive to the pollutant are distinguished,
along with the importance of other environmental parameters, in order to
identify specific subpopulations of aquatic organisms that are likely to
be at higher risk.

8.3.3 Exposure Analysis

8.5.3.1 Introduction

Analysis of the exposure of aquatic organisms is generally more
qualitative than quantitative in nature. This is due to the difficulty
of reliably estimating biota populations and their distribution on a
national, or even regional, scale. Without this information, quanti-~
tative exposure models are not useful., As described previously, exposure
analvsis depends on the input of data from other portions of the risk
analysis.

Effects data point ocut the pollutant levels with significant bio-
logical impact and, therefore, better define the boundaries of the ex-
posure 3nalysis for the pollutant. This can also aid in organizing
monitoring data retrieval from large data bases (e.g., STORET). Effects
data are ailso useful in the initial part of exposure analysis in identi-
fying those species and their habitats on which to focus efforts, as
suggested by results indicating most sensitive species or identifying
environmental variables conducive to pollutant availability.

Monitoring data are very important to exposure analysis. Pollutant
concentrations in different environmental media or good estimates of
concentrations are required before effects data obtained in the labora-
tory can be evaluated for their relevance to natural conditioms. Without
knowledge of a pollutant's envircnmental concentrations, the risk to
aquatic species cannot be estimated; effects data only satisfy one~half -
of the data requirements. For this reason, monitoring data should be
collected with the sensitivity of non-human species in mind in order tc
facilitate exposure analvsis. The focus can be on significant exposure
pathways (e.g., surface water) and pollutant concentrations (e.g., greatszr
than a minimum effects level).

Environmental fate and pathway information is significant in the
exposure analvsis when used in conjunction with monitcring data. Under-
standing of the pollutant's behavior in the enviromment can indicate the
biological availability of the pollutant in environmmental media to which
biota are exposed. For example, if the fate data indicate a low free
fraction of a pollutant at high water hardness or a tendency for adsorp-
cion, this information can be used in the gualitative interpretation
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of pollutant concentrations reported in monitoring programs as "total"
levels, i.e., in assessing pollutant availability to and potential

effects on aquatic organisms. Areas that are likely to have the
environmental properties that might be conducive to pollutant availability
(e.g., areas with low water hardness, low concentrations of complexing
agents) can be identified through information from the fate analysis.

If more specific monitoring data (e.g., dissolved or available concen-—
trations) are available, these can be used to corroborate inferences

about types of habitats with a high exposure potential.

In the absence of monitoring data, fate and materials balance in-
formation may permit estimation of ambient concentrations through the use
of fate models (e.g., EXAMS, fugacity models).

Materials balance information can also be used together with monitor-
ing data to identify geographic areas where exposure of aquatic organisms
is likely to exist due to the presence of releases. Because of its
general nature, it is more useful for indicating areas (regions, river
basins, etc.) likely to have high pollutant concentrations relative to
other comparably sized areas than for targeting specific potential
problem sites.

Since the focus of the risk analysis process is often national
rather than local, the monitoring data collected and used represent
large areas (usually no smaller than a minor river basin). Therefore,
the monitoring data are not likely to directly corroborate the
fate and materials balance analyses due to differences in scale or
rounding off. As a result, quantitative analysis (e.g., implementing
speciation models on total metal concentration) is not possible because
of requirements for site-specific input data.

Other types of information useful in analysis of non-human exposure
as a confirmation of monitoring, fate, and materials balance data, in-
clude fish kill data and site-specific investigations of the effects of
the pollutant in the environment. Ideally, fish kill data provide in-
formation on types of sources, locations, and temporal distribution of
pollutant concentrations actually observed to have lethal effects on
biota in the field. Information that would help interpret these results
is usually not available. Field studies are likely to be more detailed
and to measure parameters influencing the pollutant's behavior at the
site of iavestigation but, because of the specificity of each study and
the usual short time span of investigation, the generality of these
studies is limited. It is unlikely there will be studies on all eco-
systems or biotic communities of significance with respect to a particular
pollutant. Despite the inherent weaknesses in and specificity of these
data, they may serve to confirm or tie together independent pieces of
information from other sections of the risk analysis.

The following sections describe the steps of the exposure analysis
depicted in Figure 8-1.
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8.3.3.2 Identification of Sensitive Species

If sufficient data from the effects analysis are available, the
first step in exposure analysis is to identify those species most sensi-
tive to the pollutant (e.g., salmonoids) and to determine their range
(nationally distributed or locally found). In many cases, however,
either data are not available for many species or the differences in
sensitivity among species is not great enough (perhaps due to a very
limited data base) to justify separate treatment of sensitive members.
When this is true, concentrations of the pollutant in water are identified
that are likely to cause deletarious effects on each group of aquatic
organism (e.g., marine fish, freshwater invertebrate). Table 8~4 is an
example of how these data may be organized (Scow et al. 1981la).

8.3.3.3 Identification of Areas with Expected or Measured High
Concentrations

This second step is approached in omne of two ways, again depending
on availability of data. The first approach is to use monitoring data,
for example, from the STORET data base, to determine the location of areas
with concentrations equaling or exceeding the effects levels set in the
Preceding step. Specific locations (e.g., a particular minor river
basin) or larger areas of the U.S. (the Northeast) may be identified
according to the distribution pattern of the particular pollutant.

Figure 8-2 (Perwak et al. 1980) is an example of one method by which
monitoring data may be organized for exposure analysis. If few monitor-
ing data are available, other information on the distribution of primary
sources and usage patterns (from materials balance or environmental path-
ways analysis) or fish kills (see Table 8-5, Scow et al. 1981b) can be
used to identify locations where high pollutant concentrations mayv be
found.

8.3.3.4 Identification of Factors Modifying Availabilicy

For certain pollutants, data from the envircnmental pathways analvysis
can indicate qualitatively what fraction of pollutant concentraticn in
water is actually available to aquatic organisms. For example, for many
heavy metals, factors such as hardness and PH may significantly alter the
effective concentrations causing deleterious effects. Monitoring data
can be better interpreted through understanding these influential variables,
even in a qualitative way. The STORET data base includes the distribu-
tion of water hardness and other chemical parameters on a national basis,
and these characteristics can be combined with data on the pollutant
concentration distribution. A4s an example, Table 8-6 lists the major
river basins that meet zinc concentration and hardness criteria indicat-
ing a risk to aquatic biota (Perwak et al. 1980). Since the methods with
which data are aggregated regionally for each factor are not alwavs
equivalent, quantification of tae relationship through techniques such as
regression analvsis has not been possible up to this time.



TABLE 8-4. EXAMPLE OF RANGES IN EFFECTS LEVELS
FOR AQUATIC BIOTA--SILVER
Silver
Concentration Effect
<0.1 ug/1 No effects reported for any species

0.1-1.0 ug/1

1.2 ug/l

2.3 ug/1l (maximum at
any time)

1-10 ug/l

13 ug/l

10-100 ug/1

100-1000 ug/1

>1000 ug/1l

Chronic effects on most sensitive freshwater
fish (mortality of trout in soft water) and
invertebrates (mayfly LCsg). Acute effects on
most sensitive marine invertebrates. (Sea
urchin egg development.)

EPA criterion to protect freshwater aquatic
life at wacer hardness of 50 mg/l as CaCOj3.

EPA criterion to protect saltwater aquatic
life from acute toxicity.

Acute effects on most sensitive freshwater
vertebrates (guppy) and invertebrates (daphnia).
The typical concentration range for chronic
effects on freshwater vertebrates and inver-
tebrates. Chronic effects on most sensitive
and typical marine invertebrates.

EPA criterion to procect freshwater aguatic
life at water hardness of 200 mg/l as CaC0j.

Most reported effects levels for freshwater
vertebrates and invertebrates fell within this
range. Chronic effects (growth retardation)
on freshwater algae. Typical range for acucte
effects on marine invertebrates.

Includes the highest concentration reported to
cause acute and chronic effects on marine
invertebrates. (Shrimp LCsg at 262 ug/l and

no spawaing at 103 ug/l). Sublethal effects
noted for marine algae in 4 days.

Includes the maximum reported concentration

causing acute effects on freshwater invertebrates.

(1400 ug/l. reported for rotifer LCsg) and
chronic effects on algae (freshwater) (toxic
at 2000 ug/1).

Source: Scow, K. et al. An exposure and risk assessment for silver.
Contracts EPA 68-01-5949, 6017. Washington, DC: Office of Water
Regulations and Standards, U.S. Environmental Protection

Agency; 1981.
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TABLE 8-5. EXAMPLE OF DATA ON FISH KILLS--PHENOL

Number
Date Water Body Location Killed Source
5-25-71 Roaring Brook Glastonbury, CT - High phenol, Zn, Cu in fish tissues
No toxics measured in water
6-8-71 . Casey Fork Cr. Mt. Vernon, IL 6,000 Wood preservation
8-6-71 Tunungwant Cr. Bradford, PA 53,000 Discharge for chemical industry
in area
8-6-71 Tunugwant Cr. NY, near Bradford, PA 45,000 From Bradford, PA
- 8-6-71 Allegheny R. Irvine Mills, NY 62,000 From Bradford, PA .
1971 Ohio R. New Martinsville, WV 5,000 Phenols from nearby chemical industry
1971 Milwaukee R. Gratton, W1 1,500 Phenols, oil from storm sewer (?)
1972 Severn Run (Branch) Odenton, MD 100 Phenols from plastics industry
19713 Kingsland Cr, Lyndhurse, NY 5,000 Phienoviic discharge from chemical industry
5-18-74 lHardisty Pond Southbury, CT 550 Mixed solvents, heavy oil, and phenol
5-22-74 Banmers Pond Naugatuck, CT 010 Asphalt and phenol
6-18-74 Red Clay Cr. Newcastle, DE 2,000 Haveg Industry phenol spill
6-19-74 New Haven larbor New Haven, CT 20,000 Htigh phenol, Al, piH, BOD, and coliform
7-29-74 Black Warrior R. Tuscaloosa, AL 10.700 17,000-21,500 1t phenol spill by
Reichhold Chemical
6-17-76 Black Rock Harbor Bridgeport, CT 25,000 Chemical, textile, metal industries, and
POTW nearby: high phenol, Cu, and Zn
in fish tissues
6-22-76 Bridgeport larbor Bridgeport, CT 20,000 Discharges from POTW, power plant
11-17-76 Creat Miami R. Ohio 0.848 Metal and cyanide production
1976 Bear Cr. Fairview, PA 28,000 Phenols, cvanides from agric. operations
5-10-77 Hebble Cr. Greence Co., OH 1,000 "Government operations"
6-1-77 Sanders Branch Hampton, SC Total Railway phenol spill
8-2-27 Beaverdam Cr. Damascus, VA 150 Discharge by American Cyanamid

Source: Scow, K. et al. An exposure and risk assessment for phenol. Final Draft Report.

Contract
68-01-5949. VWashington, DC: Office of Water Regulations and Standards, 0.S. Environmental
Protection Agency; 1981.
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TABLE 8-6. EXAMPLE OF CONSIDERATION OF BYOAVAILABILITY OF
OBSERVED CONCENTRATION OF ZINC IN SURFACE WATER

>50% of ppb >10%Z of ppb
River Basin Zinc  Mean Zn observations observations >50% of hardness
Major/Minor Name N >120 ppb >120 ppb Zn >300 ppb Zn Measurements <50 ppm

1/9 Merrimack R. 126 * *
1/14 Presumpcot R. & Casco Bay 24 * * *

1/24 Lake Champlain 10 * * *

2/8 Delaware R. - Zone 4 305 * * *

2/15 Rappahannock & York Rivers 296 * *
5/2 Monongahela R. 331 x

573 Beaver R. " 25 * A

5717 Kanawha R 338 * *

5/13 Miami R. 86 *

5/21 Ohio R., main stem & tribs 257 * * *

6/3 Cuyahoga R. 21 * *

6/13 Detroit 9 * *

7/2 Hudson Bay, Rainy River (23/02) 5 * * *

7/3 Upper portion, upper Mississippi R. 135 * *

7/6 l.ower portion, upper Mississippi R. 189 * *

7/12 Mississippi, Salt Rivers 9 x *

7/16  Fox R. 24 * *

7/19 Meramec R, 42 ® *

8/3 Menominee 50 * *

8/24  Green Bay, W. Shore 42 * *

8/49 Calumet-Burns Ditch Complex 42 *

9/14 S. Central Missouri R. 70 * *

9/17 Big Stoux R. *

9/12  Lower Missouri R. 37 *

Source: Perwak, .J. et al. An exposure and risk assessment for zinc. VFinal Draft Report. Contract

EPA 68-01-3857. Washington, DC: Office of Water Regulations and Standards, U.S. Environmental
Protection Agency; 1980.



8.3.3.5 Identification of Locationsin Which Risk to Aquatic Organisms
is Likely to Occur

The final step in the biotic effects and exposure analysis is to
summarize the results of the two sections to indicate areas where a
significant exposure potential exists. Areas may be regional (e.g., the
Northeast) or categorical (e.g., at the mouths of major rivers) depend-
ing on the data base and other factors discussed previously. In addi-
tion, exposure may vary temporarily if discharge patterns are seasonal,
if certain age-groups of a species are more sensitive (these also vary
seasonally), or if certain seasonal environmental processes (e.g., spting
rains) increase the availability of a pollutant.

8.3.4 Terrestrial Effects and Exposure Analysis

Although most of the information described here is concerned with
waterborne routes of exposure to priority pollutants, terrestrial systems
should also be considered for those situations in which a pollutant is
directly applied to plants (e.g., as a herbicide, seed fungicide) or for
pollutants that are likely to be distributed on or be disposed of in the
soil and expose plants through root uptake. Effects on plants, as well
as those on higher members of terrestrial food chains (e.g., pheasants),
should be considered when data are available. The effects and exposure
analyses for these terrestrial species are usually very brief, at most
indicating sites (e.g., vicinity of manufacturing plants, landfills)
where exposure of terrestrial biota may occur and the range of possible
effects. Discussion of envirommental factors determining exposure
levels (e.g., leachability of pollutant, soil pH) should be included when
applicable.

8-19



REFERENCES

Perwak, J; Goyer, M.; Nelken, L.; Schimke, G.; Scow, K.; Walker, P.;
Wallace, D. An exposure and ris< assessment for zinc. Final Draft
Report. Contract EPA 68-01-3857. Washington, DC: Monitoring and Data
Support Division, Office of Water Regulations and Standards, U.S.
Environmental Protection Agency; 1980.

Perwak, J.; Goyer, M.; Schimke, 5.3 Eschenroeder, A.; Fiksel, J.s

Scow, K.; Wallace, D. An exposure and risk assessment for phthalate
esters. Final Draft Report. Contracts EPA 68-01-3857, 5949. Washington,
DC: Monitoring and Data Support Divisionm, Office of Water Regulatioms
and Standards, U.S. Environmental Protection Agency; 1981a.

Perwak, J.; Goyer, M.; Nelken, L.; Scow, K.; Wald, M.; Wallace, D.
An exposure and risk assessment for mercury. Final Draft Report.
Contracts EPA 68-01-3857, 5949. Washington, DC: Monitoring and Data
Support Division, Office of Water Regulations and Standards, U.S.
Environmental Protection Agency; 1981b.

Scow, K.; Gover, M.; Nelken, L.; Payme, E.; Saterson, K., Walker, P.;
Wood, M.; Cruse, P.; Moss, K. An exposure and risk assessment for
silver. Final Draft Report. Contracts EPA 68-01-3857, 5949 and EPA
68-01-6017. Washington, DC: Mcnitoring and Data Support Divisionm,
O0ffice of Water Regulations and Standards, U.S. Environmental Protection
Agency; 198la.

Scow, K.; Goyer, M.; Payne, E.; Perwak, J.; Thomas, R.; Wallace, D.;
Wood, M. An exposure and risk &assessment for phenol. Final Draft
Report. Contract EPA 68-01-3857. Washington, DC: Monitoring and Data
Support Division, Office of Water Regulations and Standards, U.S.
Environmental Protection Agency; 1981b.

U.S. Environmental Protection Agency (USEPA). Ambient water quality
criteria for chlorinated benzenes. Report No. EPA 440/5-30-028.
Washington, DC: Criteria and Standards Division, Office of Water
Regulations and Standards, U.S. Environmental Protection Agency; 1980a.

U.S. Environmental Protection Agency (USEPA) . Ambient water quality
criteria for chlorinated ethanes. Report No. EPA-440/5-80-029.
Washington, DC: Criteria and Standards Division, Office of Water
Regulations and Standards, U.S. Envirommental Protection Agency; 1980b.



9.0 RISK CONSIDERATIONS

9.1 INTRODUCTION

In the previous sections of this report, goals and objectives, methods
and approaches have been presented for evaluating the characteristics of
a pollutant--the sources of its release to the environmment, its pathways
and distribution in the enviromment, and its exposure and effects on humans
and other biota. Each of these components is important in its own right;
yet for the regulatory agencies, as well as the public, it is essential
to integrate them in order to establish, as best possible, the current or
potential impact of the pollutant on man and his environment. Thus one
needs to establish a "bottom line" for the analysis-—how much of a problenm
is the pollutant, what are the risks associated with each increment in ex-
posure to the pollutant, and how do the risks compare with those of other
pollutants? The answers to these questions place risks and problems asso-
ciated with the pollutant in perspective, so that they can be evaluated
and acted upon, if necessary, by the parties involved.

In other research on the risks of envirommental pollutants, the term
"risk assessment' has been given two general interpretations. First, it
has been used to connote a broad assessment of the overall risk associated
with a pollutant, including risk to humans, fish and wildlife. Second, it has
had a narrower meaning, namely the quantitative human health risks asso-
ciated with a pollutant, often as a result of documented or estimated
carcinogenicity or mutagenicity (e.g., the extrapolation of laboratory
animal data on carcinogenicity to humans). In this report, the term "risk
considerations" is used to signify the evaluation and integrationm of the
information on the pollutant for the purpose of vielding an understanding
of the nature and extent of risks to humans and other biota associated
with the pollutant.

More specifically, the "risk considerations" portion of the risk
assessment should answer the following types of questioms:

¢ Does the pollutant cause a significant increased health risk to
the general human population?

e Does the pollutant cause significant increased risks to general
populations of fish, shellfish, wildlife and other aquatic species?

e What is the nature of the increased risks? Can the risks be
quantified? What are the risks to the general population groups?

e Are there identifiable subpopulations based on geography, age,
sex, lifestyles, etc., for whom the risks are higher than those
of the general human population? What iz the range of risks for
different subpopulations?



e What are the key components of, or contributors to, increased
risk for both general and specific subpopulations of humans and
other biota?

e Are there environmental or other factors that can mitigate the
extent, severity, or consequences of the risks attributed to the
pollutant?

e What are the sources and environmental pathways to which signifi-
cant widespread risks to humans and other biota can be attributed?

Quantitative answers to all of these questions would be desirable.
Practically, this may not be possible because of the lack of data on ex-
posure or effects of a pollutan:, the uncertainties in exiscing data and
the lack of agreement on methods to define and quantify risk. Thus only
in the very best of circumstances will there be data of sufficient quantity
and quality to specify the actual and potential risks associated with a
specific pollutant. More likely, ranges of estimated risks will have to
suffice. However, formal analysis of risk can indicate areas for addi-
tional data development, identify the areas of the grdatest uncertainties,
and point the direction for possible measures to reduce risk, if needed.

9.2 GOALS AND OBJECTIVES

The overall goal of this portion of a risk assessment is to develop
a qualitative and/or quantitative understanding of the nature, extent,
and severity of the risks imposed by a pollutant on humans, fish, wildlife,
and other biota. A subsidiary goal is to establish the sources, pathways,
or causal factors associated with these risks so that control actioms
for risk reduction can be identified and evaluated, when such are required.

For a given pollutant (or family of pollutants) specific objectives
for this work include:

(1) Estimating the average health risks to the general human popula-
tion, based upon average exposure and the range of health effects
associated with the pollutant.

(2) Identifying those human subpopulations--on the basis of age,
sex, geographic location, occupation, lifestvle, or other
descriptors--that sustain greater than average risks, and
estimating the extent and severity of the health risks asso-
ciated with the pollutant.

(3) Estimating the average risks to general populations of fish.
shellfish, other aquatic species and wildlife based upon
average exposure and the range of effects associated with
the pollutant.



(4) 1Identifying the subpopulations of fish, shellfish, other aquatic
species and wildlife~-by geographic location, species, habits
and other descriptors--that sustain higher than average risk,
and estimating the extent and severity of the risks to these
sub-populations associated with the pollutant.

(5) Identifying the sources, pathways, and causal factors asso-
ciated with risks for human and other species in order to
allow investigation of possible methods for risk control or
reduction.

(6) Presenting the information on risks in a manner that is informa-
ive and understandable to technical and non-technical audiences.

9.3 APPROACHES AND METHODS

9.3.1 General Considerations

9.3.1.1 Definitions of Risk

Risk may be defined as the potential for negative consequences of
an event or activity. 1In the context of assessment of risk from environ-
mental pollutants, the event or activity is the release of a pollutant
into and its subsequent traverse through the enviroument such that humans
and other biota are exposed, and the negative consequences are any ad-
verse effects on the exposed populations. Thus, if a poilutant is be-
lieved to be harmful and if it is present in the enviromment, there is
certainly a potential for exposure and subsequent harm; that is, some
risk exists. The purpose of the risk considerations portion of risk
assessments 1is to go beyond such a qualitative statement of potential
risk, by estimating or measuring this potential.

Although the nature of adverse effects may be well understood, the
key difficulty in risk estimation lies in determiring the probability
that adverse effects will occur. The probability is comprised of two
factors:

® The likelihood that groups of organisms will be exposed to various
levels of the pollutants.

e The likelihocd that exposed organisms will experienca adverse
effects.

These two factors correspond to the two major branches of investigation
described in previous sections-—exposure and effects.

Analyzing the probability of adverse effects of different nollutants

will present different types of problems, depending upon pollutant proper—
ties and a2ffects. For a highly persistent substance that is present in the
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human diet and known to have long-term effects, the main challenge lies
in estimating the likelihood of adverse effects hased upon observed
exposure levels. On the other hand, for a substance that is degraded
rapidly and appears only in scattered locations, but is known to be an
acute toxicant, the focus should be on estimating the likelihood of
exposure. Therefore, the risk estimation methodology must be flexible
enough to encompass these and a multitude of other situations.

For a population of susceptible organisms, risk may be expressed
in several ways. One can state the probabilities that certain fractioms
of the population will be adversely affected (e.g., 5% chance that 9/10
will be affected, 207% chance that 1/3 will be affected). This sort of
quantitative estimate is usually difficult to achieve. Alternatively,
one can state the expected number that may be affected, allowing a cer-~
tain margin for error to reflect uncertainties in the underlying data
(e.g., 200,000 + 50,000). Finally one can give an order-of-magnitude
estimate that has no real measure of confidence attached to it (e.g.,
at most 5% will be affected). Each of these ways of expressing the
degree of risk can be more detailed in terms of types of effects, e.g.,
the chance of a specific disease, premature death, extent of disability,
etc.

Hence, risk estimates may be classified into three types, correspond-
ing to decreasing level of precision with which the population at risk
and the degree of risk can be characterized.

e probability distribution,

® numerical interval, and

e order of magnitude.

The level of precision of a risk estimate cannot exceed the precision
of the exposure and effects data from which it is obtained. In cases
where probabilistic risk estimates cannot be obtained, it may be possible
to develop a range or numerical interval of risks. In other cases, lack
of data mav preclude any process cther than the most general or compara-

tive estimate of risk.

9.3.1.2 OQverview of Evaluation Approaches

An evaluation of the risks associated with an envirommental pollutant
will usually consist of more than one result; it will describe the spec-
trum of risks identified in a varietv of different cases characterized
by features such as:

e nature of the adverse eifect,
® sSubpopulations affected, and

s temporal aspects {(e.g., frequency).

O
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Often different receptor populations will be exposed in different
ways over differing periods of time, and will experience different
effects as a result. The spectrum of such risks must, therefore, be
described to the extent permitted by the available data on exposure and
effects, developed according to the methods of the preceding sectioms.
For some pollutants, these data may not be sufficient for quantitative
estimates, and consequently the risk assessment may be only qualitative.
However, even with incomplete data, it is often possible to make meaning-
ful statements about risk.

An overview of an approach for guiding the risk estimation process
is shown in Figure 9-1. As shown, effects and exposure are first con-
sidered in parallel. Then, depending upon the level of precision with
which effects and exposure can be quantified, the results are combined
into one of four possible outputs.

For conmsidering health effects, the first task is to review effects
data for the pollutant in order to ascertain whether toxic levels can be
quantified for specific toxic effects. The methods for dealing with
chronic or acute effects are substantially different; they have been
discussed in Section 7.0, and will be explored further below. The level
of precision of the toxicity estimates will determine the attainable
level of precision for the resulting risk estimates and will likely be
different for each category of toxic effect.

Exposure data are also reviewed in order to ascertain whether exposure
can be quantified, and to select a suitable level of precision for combin-
ing exposure with effects data.

There are four distinct possible outcomes of this procedure:

® Neither effects nor exposure are quantifiable. A qualitative
indication of risk may be given if the nature of the effects,
the predominant exposure routes, and populations at risk can
be identified (output 4 on Figure 9-1).

e Only exposure is quantifiable. By making conservative assump-
tions about effects levels, a hypothetical discussion of potential
risks is possible. Thus, if a risk indeed exists, one can at
least identify the subpopulations that would be most severely
affected (output 3 on Figure 9-1).

¢ Only effects are quantifiable. In this case, by postulating
realistic exposure levels, ome can discuss the risk that would be
present under various exposure scenarios (output 1 on Figure 9-1).

® Both effects and exposure are quantifiable. This is the only
output for which a detailed and quantitative assessment of risk
would be possible. 3By combining estimates of exposure and
toxicity with information about the size and distribution of the
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populations at risk, one can express numerically the risks to
different receptor categories, including the specification of
exposure routes, geographic extent, and frequency that character-
ize these risks (output 2 on Figure 9-1).

Although the discussion above suggests a straightforward approach
to estimation of risk according to four possible schemes, practical con-
siderations complicate the actual risk estimation. First, some health
effects may not be quantifiable in sufficient detail for numerical analysis,
whereas others may be. Discrepancies may exist among data on effects or
there may be a widespread distribution of effects among different sub-
populations. Second, exposure may not be quantifiable in sufficient
detail for numerical analysis. It may be possible to quantify exposure
for certain subpopulations and not for others; or the size of various
subpopulations may not be known. Thus, for any pollutant, one can expect
that there are many exposure/effects combinations (potential risks) that
can be considered only qualitatively, though some quantitative expression
of risk may be possible for some exposure/effects combinations.

The risk estimates obtained through these procedures should be quali-
fied by two important types of information: the assumptions incorporated
into each estimate, and the degree of confidence attached to numerical
estimates. Furthermore, any risk analysis should indicate what additional
data are required either to improve accuracy or precisionm or to confirm
certain assumptions.

9.3.1.3 Approaches Described in the Literature

Within the past few years, there has been considerable interest by
regulators, regulated industries, and the public in methods for esti-
mating risks, particularly the risks to human health. The setting of
tolerances for pesticides in food or feed, instituted in 1947, re-
quired consideration of exposure and effects to develop safe levels of
pesticide residues. The Delaney Amendment to the Pure Food and Drug act
required a different approach, by setting a zero tolerance for food ad-
ditives that contained substances carcinogenic to experimental animals.
In 1976, the federal government suggested procedures and guidelines for
health risk assessment of suspected carcinogens (U.S. EPA 1976).

Albert et al. (1977) suggested a rationale for assessment of carcinogenic
risk developed by the Environmental Protection Agency. In 1977, a com-
mittee of the National Academy of Sciences dealing with safe drinking
water discussed evaluation of risk of carcinogenicity and recommended

the linear extrapolation approach to low doses (NAS 1977).

The Environmental Protection Agency published its approach to the de-
velopment of water quality criteria, which considers quantitative and qual-
itative examination of both human health and envirommental effects data



(U.S. EPA 1979). The Interagency Regulatory Liaison Group further dis-
cussed methods of analysis and extrapolation of health data from labora-
tory animals to humans (U.S. EPA 1979b). Similarly, federal agencies
have suggested methods for evaluating the risks for air pellutants and
hazardous waste materials (U.S. EPA 1978; U.S. EPA 1979¢).

A number of health specialists have criticized the inflexible quan-
titative approach developed by regulatory agencies, and/or suggested
other approaches to the evaluation of risk from pollutants (Kensler,
1979; Gori, 1980; Peto, 1980; Whittemore, 1980Q). Clearly there is a
highly volatile controversy over the most desirable and appropriate
approach to evaluate the health risks to man and other biota. In this
methodology, several alternative approaches are recommended for consider-
ation. Depending upon the specific nature of the pollutant and the data
available on exposure and effects, one or more suitable methods may be
chosen for use in each risk analysis. These methods should always be
selected with a clear understanding of the associated uncertainties and
assumptions. The remainder of this section discusses in greater detail
the possible qualitative and quantitative approaches to risk estimation.
The reader is referred to the citations given above and to the appendix of
this report for additional details of quantitative risk assessment pro-
cedures.

9.3.2 Evaluation of Risk to Human Health

9.3.2.1 Overview

Earlier in this section, the goals were presented for identifying
and evaluating the human health risks in a qualitative and quantitative
manner for both the general and special population groups. The pro-
cedures used to evaluate risks are the same for both the general popu-
lation and subpopulations; however, the exposures may be different and
the resulting risk estimates may differ.

The first step in considering exposure should be to summarize the
exposure of the general population and the exposure of specific subpop-
ulations. The exposure can be summarized in terms of an average daily
intake or dose for each of several different exposure routes, or the
total cumulative exposure from all routes in the form of a daily intake
or dose, for the average individual. Alternatively, the additional ex-
posure to specific defined subpopulations can be presented separately as
average daily intakes for each of the various exposure routes. These data
will have been developed from the methods and approaches described in
Section 7.0. In addition, the numbers of persons in each of the various
subpopulations often can be estimated. The summary will normally include the
mean or range of daily intake for the typical person, regardless of geo-
graphic location, and may include a range based upon age or sex. Maximum
values or ranges should also be given for selected subpopulations whosa
characteristics result in greater than average intakes.
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In a parallel process, human health effects of the pollutant are
summarized as indicated by the available data from humans, experimental
animals, and other test systems concerning the range of possible adverse
effects. Finally, data are considered from supporting studies that may
confirm healch effects such as the results of mechanism of action or
pharmacokinetic studies. To the extent that the available data are
sufficient, no-observed-effect levels (NOEL) or lowest—observed—effect
levels (LOEL) for different types of health effects are presented; gaps
in the data are so identified. 1In these summaries, it is important to
identify the exposure routes, the dose levels for the different responses,
and the species for which the observations were made.

9.3.2.2 Qualitative Risk Analysis

The most general type of risk analysis that can be accomplished is
a simple comparison of the various exposure levels with the NOEL or LOEL
levels. From such a comparison, a qualitative indication can be obtained
of the nature and types of risk that persons may incur. For example, if
the lowest acute toxicity level for a particular functional disorder is
X mg per kg body weight and the average exposure is much less than X mg
per kg body weight, the risk of large-scale acute effects is low. If on
the other hand, a certain subpopulation is, or can be, exposed to levels
approaching or greater than X, the members of this subpopulation may be
at significant risk of the acute effect. This type of qualitative compari-
son places the overall risks in perspective, and indicates the areas
(effects and exposures) requiring additional studies or evaluations.
Since one is not attempting to obtain quantitative estimates of risk with
this approach, "mo effects" levels in laboratory animals can be compared
with human exposure levels in order to identify the potential (not probable)
risks to humans.

The degree of certainty with which these comparisons can be made
depends upon the precision with which effects and exposures can be
characterized. For example, the effects can be better defined if they
are based on human data, or experimental animal data substantiated with
appropriate pharmacokinetics and mechanism of action data. In vitro data
and data from cellular studies may also be useful in these simple compari-
sons in determining qualitatively whether human health effects can be
anticipated.

The qualitative approach to risk assessment, relying on general
comparisons of effects and exposure levels, is used when either both
exposure and effects cannot be quantified (output 4 on Figure 9-1) or
exposure can be quantified but not effects (output 3). If exposure
cannot be quantified, some hypothetical exposure values can be develcped
based upon plausible scenarios, and these exposures can be compared with
"no effect” or "lowest effect levels," as described above.

9-9



9.3.2.3 Semi-Quantitative Risk Analysis

When exposure to the general and specific subpopulations is known,
and effects data are available with some precision (at least for animal
systems), the analysis given above can be extended by consideration of
margins of safety. In the development of pesticide tolerances and water
quality criteria, the U.S. EPA considers the use of margins of safety to
develop tolerances and criteria for chemicals that are not carcinogenic.
The same approach can be used in risk analysis to obtain a relative rank-
ing of the risks of various subpopulations to specific effects. The
procedure is simply to match as best possible the NOEL or LOEL with the
exposure levels (by specific route) and to develop a margin of safety bv
dividing the exposure level into the effects level. Ranges in exposures
and ranges in effects levels can also be used in order to determine ranges
in margins of safety.

The advantage of this semi-quantitative approach is that some
order of prioritization can be made for risks to different subpopulations
and risks of different adverse effects. For example, a margin of safety
for adults for a specific effect may be 1000, but for children only 10,
if the pollutant exposure is primarily a result of contamination of milk
and the effects levels are based on total body burden or weight. Alter-
natively, the margins of safety for those who work in a particular industry
may be many times less than the margins of safety for persons living
near or far from the industry. Analysis of margins of safety for differ-
ent exposure routes by which the same population group can be exposed
may help to suggest the type of envirommental controls that could reduce
the exposure. In evaluating the significance of margins of safety, one
must bear in mind uncertainties in the underlying data and assumptions,
the accuracy and precision of the expcsure levels used, and the relevance
of the available effects data to the possible human exposure and effects.

Another term frequently used to establish the magnitude of risk
associated with ingestion of an agent is the ADI (acceptance daily intake).
The ADI is an empirically derived value that reflects a particular com-
bination of knowledge and uncertainty concerning the relative safety of
a chemical. The uncertainty factors (U.F., also called safety factors) used
to calculate ADI values (NOEL/U.F. = ADI) represent the level of confidence
that can be justified on the basis of the available toxicological data.
Generally established guidelines for uncertainty factcrs are 10, 100 or
1000. When the qualityv and quantity of data are high, the uncertainty
factor is low and when the data are inadequate or eguivocal, the un-
certainty factor must be larger.

In development of regulations, safety factors from less than 10
to over 10,000 are used in an attempt to reduce risks to negligible or
acceptable values or to balance risks with costs. In the risk evaluatiocn
process described above, the regulating agencies arz assigned the task of
defining what constitutes acceptable levels of risk since the analysis
attempts only to rank these risks semi-quantitativelv,
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Table 9-1 illustrates the expression of risk considerations by
use of margins of safety (Scow et al. 1980), as an example of a semi-
quantitative approach to risk assessment. The worst case scenario in
the table would result in an exposure to 3.2 mg/kg per day, providing
a margin of safety of 1.7 over the lowest reported no-effect level
(6 mg/kg), which is for fetotoxicity. Most of the exposure in this
scenario can be attributed to a spill of PCP. When the spill is excluded,
the exposure would be 0.4 mg/kg per day with a margin of safety of 13.
Other non-occupational exposure routes appear to have a margin of safety
of at least 200.

A variant of the semi-quantitative approach may be taken for certain
chemicals for which there is a significant amount of reliable epidemio-
logical data or monitoring data and the effects in humans are well
understood. For some pollutants, there may be a direct relationship
between the level of the pollutant in body tissues such as adipose tissue,
and acute health effects or chronic functional impairment. Also, epi-
demiology studies may provide information to relate exposure or daily
intake of a pollutant to observed levels in body tissues. This type of
information, when combined with average intakes for the general population
or specific subpopulations, can show the potential risk levels in sub~
population groups. Thus the approach combines exposure information
with epidemiology, bioaccumulation, and health effects studies, or moni-
toring data, to predict risk levels for exposed populations.

An example of applying this approach is taken from an assessment
of risks associated with lead in the environment (Perwak et al., 1982a).
Tables 9-2 and 9-3 present selected results of a considerable amount of
research that has been done on the epidemiclogy of lead exposure and
effects in humans. The exposure levels in human blood for various sub-
populations and pathways can be compared directly with lowest reported
effects levels and no effacts levels for humans. As indicated by this
comparison, humans appear to be at significant risk of incurring adverse
effects of lead exposure, especially children exposed through ingestion
of paint or inhalation and ingestion of contaminated dirt and dust aad
urban populations or those near industrial areas of highways with heavy
vehicular traffic.

9.3.2.4 Quantitative Risk Analvsis

The most quantitative and precise estimation of risk can be obtained
by use of human health data from epidemiologic studies. This is often nct
possible because of the lack of quantified exposure data, the uncertainty
in or lack of human effects data, or the confounding influence of a
number of other variables affecting exposure and/or health effects.

Because of the lack of human health effects data for many chemicals,
the availability of data for laboratory animals, and the continued desire
to set specific levels of ambient concentrations of pollutants for the
protection of human health, a great deal of emphasis has been placed in
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TABLE 9-1. EXAMPLE OF RISK CONSIDERATIONS BY USE OF MARGINS OF SAFETY~-PENTACHLOROPHENOL

Exposure Situation/Pathway

Maximum Exposure

Food

Drinking Water

Inhalation - Ambient

Dermal - Home Use - Spill
TOTAIL

b
Exposure of Typical Person

Yood
brinking Water
Tnhalation Ambient
Dermal

TOTAL

Exposure of Person Living
Near Coolling Tower

Food
Drinking Water
Inhalation
Dermal

TOTAL

Estimated

_ Exposure Margin of
(ng/day) (mg/ky/day) Safety
24 0.4 15
0.024 0.0004 15000
0.003 — 20
170 2.8 . 2.14
194.0 3.2 1.7
1.5 0.025 240

0.00002 -

0.003 -

0.003 - o
1.5 0.025 240
1.5 0.025 240
0.00002 -

2 0.03 200
0.003 -

3.5 0.55 109

aRatio of lowest reported no effect level (6 mg/kg for fetotoxicity) to exposure level.

bIt is not known how "typical"

these exposures are; the levels in drinking water are known to be low

and numerous locations have been sampled. No monitoring data are available for air. Limited data
are avallable for food, and the detection of PCP was not widespread.

Source: Adapted from Scow, K.

et al. An exposure and risk assessment for pentachlorophenol. ¥inal

Draft Report. Contract EPA 68-01-3857. Washington, DC: Monitering and Data Support Division,
Office of Water Planning and Standards, U.S. Environmental Protection Agency; 1980,



TABLE 9-2. EXAMPLE OF ADVERSE EFFECTS SUMMARY--

ADVERSE EFFECTS OF LEAD ON MAN

Lowest Reported Effect

Adverse Effect

Level

No~detected-effect-Level

Carcincgenesis
Mutagenesis

Impaired Spermatogenesis
Fetotoxicity

Encephalopathy

Noticeable Brain
Dysfunction

Peripheral Neuropathy

Nephropathy

Reversible

Anemis

Elevated free erythrocyte
protoporphyrin

(kg Pb/100 ml)

50
30-40
80--children

100-=adults

50-60--children

50-60

40--children

50--adults

50-60~-adults

15-20--children
and women

25-30--men

Urinary d-aminolevulinic 40
acid
§~-aminolevulinate dehydratase 10

Source: Perwak, J. et al.
Final Draft Repocrt.

Washington, DC:

(ug PH/100 ml)
> 40 occupational
40-120 occupational

23-41

60--children

> 30--adults

50--children

40

40--children
50--adulcs

20--children and
women

25--men
< 40

< 10

An exposure and risk assessment for lead.

Contracts EPA 68-01-3857 and 68-01-5949,

Monitorinz and Data Support Division, Office of

Water Regulations and Standards, U.S. Envirommental Protection

Agency; 1982a.
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TABLE 9-3. EXAMPLE OF EPIDEMIOLOGICAL EVIDENCE OF
HUMAN EXPOSURE--LEAD BLOOD LEVELS IN MAN

Sl

Location 3lood Level . Refarence®
(ug/100 ml)

Adulcs

Rural/Urban 9-24 Bell er al. (1979)
Most " 16

Urban 18~-mean (adjusted Tepper and Levia (1972)
for age and smoking)
Less chan 5% > 30

Rural l6--mean (adjusted
for age and smoking)

Less than 0.57%7 > 30

Within 3.7 meters of 23--mean Daines et al. (1972)
Highway
Living Near a Smelter 157% >40 Landrigan et al. (1975)
Children
Urban (primarily) 40,000 children de-

teczed annually

> 30

~ 20 yearly geo- 3illick et al. (1980)

metric mnean

Within 30 meters of 50% > 49 Caprio et al. (1674)
Highway
Near Smelter--Xellogg, %97 > 40 Walter 2c al. (1930)

ID=--1974 (immediate

. L 60% > &0
vicinity)

- a -
1975 Somewha: reduced Anonymous (1979)
1979 Almost all < 602

and mosit < 40

£l Paso, TX 70% > 40 Landrigan et al. (1975)

14% > 80

a : - : . ; . .
Reduction as a result of reduced atmospheric emissions as well as
increased sanicary procedures for the workers who were apvarently
exposing their children to lead through cheir cloching.

*3ee source indicated below feor refarences.

Source: Perwak, J. et al. An exposure and risk assessment for lead.
Fipal Draft Report. Contracts EPA 68-01-3857 and 68-01-5949.
Washington, DC: Monitoring and Daca Support Division, Office
Of Water Regulations and Standards, U.S. Environmental Protec-—
ticn Agencyv; 1982a.
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recent years on extrapolating laboratory animal test data to estimate
health effects in humans and assigning environmental criteria or standards
based upon this quantitative approach. As mentioned earlier, there has
been a great deal of controversy over the type of laboratory animal data
that should be considered, methods of extrapolation, the validity of the
results, and the use of these extrapolation procedures for the develop-
ment of regulatory standards. A complete discussion of these issues is
beyond the scope of this risk analysis methodology document. However,
since this type of quantitative analysis can be conducted where data are
available, it deserves some discussion, if only to indicate how the
methods can be used, and to stress precautions in their use. (Mathematical
details of the application of the methods are discussed in Appendix A.)

The toxicity of a substance in a particular species can often be
expressed in terms of a dose-response curve, which quantifies the like-
lihood or degree of a specific harmful effect occurring at various dose
levels. 1In scme cases, acute toxic doses for humans may have been iden-
tified. However, in order to obtain the dose~response relationships for
sub-acute or chronic effects in humans, controlled laboratory experiments
must be performed with a species of laboratory animal presumably having
similar sensitivity to the substance. When data in humans are lacking,
acute effects data for laboratory animals are generally easy to obtain.
However, evaluation of chronic exposure at low-dose levels, corresponding
to typical ambient concentrations of pollutants in the environment, re—
quires an enormous number of experimental animals to demonstrate a statis-
tically meaningful response frequency. Instead, a practice has evolved to
perform such experiments with a moderate number of animals at high dose
levels (maximum tolerated dose), and then to extrapolate the results of
lower doses. The extrapolation procedure raises a number of questions.

One point of controversy is the existence of a threshold for carcino-
genic and mutagenic response to a pollutant. Some argue that an organism
is able to cope with low doses of a substance through metabolic processes
Oor repair mechanisms, so that harmful effects do not appear until a
certain minimum threshold , or '"safe dose,'" has been surpassed. There
is evidence to suggest that for many types of chemicals different meta-
bolic processes occur at high dose levels than at low dose levels, and
this raises questions about the validity of linear extrapolation models.
Others contend that a toxic substance must be considered potentially
harmful at any dose and that a "zero tolerance" level shculd be assumed.
This issue has often been circumvented by the approach of selecting an
"acceptable' risk level and determining the corresponding acceptable
dose. From a practical point of view, the behavior of the dose-response
curve at low doses may be an academic question, since there is unavoid-
able background response due to a multitude of naturally occurring toxic
agents, as well as the genetic heterogeneity of human populatioms. Hence,
for a specific substance the real issue is whether the human response to
the substance significantly emerges from this general background "noise."



Another important issue is the applicability to humans of experi-
mental data on animals. The derivation of a human dose~response curve
from animal data is predicated ocn the assumption that a substance with
demonstrated toxicity inm certain laboratory animals has a probable
analogous effect on man. However, the toxic effects of many substances
appear to be species dependent, as a result of different metabolic patterns.
Toxdc effects of a chemical may differ even among strains of the same
species, or for different sexes and ages. Ideally, the toxicity for man
should be verified through epidemiologic studies in situations where
the substance was known to be present. Even if the substance is indeed
toxic to man, the issue remains of how to estimate the relative potency
of the substance in man as compared with animals. The common practice
is to use body weight or some power thereof to normalize the dose levels
between different species. However, there remain the questions of the
similarity of metabolism, bioaccumulation, and excretion of the pollutant
and its pharmacokinetics within the laboratory animal and man. One must
also reconcile the life span of the animal and its stages of development
relative to those of man.

Finally, the issue arises of what shape to ascribe to the dose-
response curve, when extrapolating from high to low doses. The simplest
assumption that can be made is that the dose~response relationship is
linear throughout the entire dose range. This follows from the so-called
"one-hit" hypothesis, which holds that each molecule of the substance
contributes equally to the likelihood of toxic effect, and hence that
there is no threshold. A rival hypothesis is offered by the Mantel-Brvan
method, which uses an S-shaped dose-response curve that generally yields
a much lower risk when extrapolated to Low aoses. Other methods that
consider multi-hit or multi-stage respcnse, time to response, and repair
mechanisms have also been discussed in the literature. (These methods are
described in the Appendix.) 1In practice, the linear "one-hit" model is
the easiest to apply, although it tends to give conservative results,
which may overestimate toxicity. At present none of these models has
been verified for specific health effects, and the use of any of them is
still controversial. For extrapolation of cancer risks, the multi-stage
models appear to agree best with known biological phenomena and are
presently recommended bl the EPA.

If these models are used in the attempt to quan:ify the relationship
between animal and human effects and effects levels, explicit mention
should be made of the assumptions in the process. These might include:

e Comparative susceptibility of humans and experimental animals.

e Interpretation of observed effects in animals.

o Method of dose administration.

® Computational procedure for dose conversion.

® Model selected for extrapolation -o low doses.

&)
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Given the present state of the art, the uncertainty associated with such
assumptions cannot be quantified, except perhaps by subjective evaluation.
However, it is possible to derive, in some cases, statistical confidence
bounds on the dose-response estimates, based upon the size of the experi-
ment and the number of responses. Thus, at least a part of the overall
uncertainty may be expressed numerically.

When it is possible to attempt a quantitative analysis of health
effects by extrapolating from laboratory animals to humans, the approach
may be summarized as follows. From a careful review of the laboratory
animal studies, the one or ones are selected that most closelyv reprasent
the human health effects considered in terms of animal species, dose
levels, exposure routes, biological and metabolic processes, confidence
of data, and other variables and assumptions made earlier. Wherever
possible, a variety of models--one-~hit, log-probit, multi-hit, etc.--~
should be used to extrapolate from the high doses of the animal experi-
ments to the low doses of the anticipated exposure levels for the general
and specific human population groups. Using these methods, one can then
estimate the range of risks to humans associated with exposure to environ-
mental concentrations, using confidence levels if possible.

A quantitative analysis of the carcinogenic risks of 1,2-dichloro-
ethane exemplifies this approach (Perwak et al. 1982b). No data were
found directly relating doses of 1,2-dichloroethane to responses in
humans. Because of apparent species specificity of responses and incon-
clusiveness of the results, studies of mutagenicity and many other toxic
effects in laboratory animals could not be extrapolated to humans. The
data selected for extrapolation were the NCI data that demcnstrated in-
creased alveolar/bronchial adenomas in male mice and increased mammary
adenocarcinomas in female rats (NCI 1978). These data are listed in
Table 9-4. Other types of carcinomas were observed in both species, such
as hemangiosarcoma, but the implied dose-response relationships were not
as severe.

The experimental results in Takle 9-4 for both mice and rats show
three animal groups: the vehicle controls (zero dose), the low-dose
group, and the high-dose groupr. 1In both species the low-dose results
were not statistically significant, so that the high-dose results alone
were used for extrapolation to humans. The first step in this extrapola-
tion was to calculate the equivalent human dose rate corvesponding to the
experimental treatment. The approach recommended by the EPA was followed,
which accounts for the duration of exposure relative to the animal l1ife-
span and normalizes the dose rate according to body surface area (U.S.
EPA 1979d). This approach is conservative, in that it results in a lower
equivalent human dose than would be obtained from simple multiplication
of animal dose rate (mg/kg/day) by human body weight.

Whether surface area or body weight is a more appropriate normaliza-
tion factor is still open to debate. The former method yields a dose
rate about 6 times lower for rats, and about 14 times lower for mice. Thus.
the choice of method introduces an uncertainty of rougly an order of magni-
tude into the risk estimates.
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TABLE 9-4. EXAMPLE OF CARCINOGENICITY DATA USED FOR RISK EXTRAPOLATION OF 1,2-DICHLOROETHANE

Average
Species Body Time-Weighted Observed Observed Duration of Animal
Tested Weight Average Dose Response " Effects Exposure Lifespan
(kg) (mg/kg/day) (%) (week) (week)
Male mice 0.025 195 15/48 (31%) alveolar/ 78 950
bronchial
adenomas
97 1/47 (2%)
0
(vehicle controls)0/20
Female rats 0.32 95 18/50 (36%) mammary 78 110
adeno~
cinomas
47 1/50 (2%)
G

(vehicle controls)0/20

Source: Perwak, J. et al. An exposure and risk assessment for dichloroethanes. Final Draft Report.

Contracts EPA 68-01-5949 and 68-01-6017. Washington, DC: Monitoring and Data Support Div.,

Office of Water Regulations and Standards, U.S. Environmental Protection Agency; 1982,



The actual calculation of equivalent human dose was performed as
follows, assuming an average human weight of 70 kg:

1 duration of
animal weight,3 5 exposure
X &) X (=———"———
human weight ) (7) (animal )
lifespan

Human dose = 70 kg X animal dose X (

The correction factor for body surface area is the cube root of the
ratio of animal to human weight, as shown by the U.S. EPA (1979d). a
correction factor of 5/7 was also included since the animals were treated
only on five days per week. As a result, it was concluded that:

® the dose of 195 mg/kg/day, which produced a 31% effect in male
mice, was equivalent to a human dose of approximately 600 mg/day;
and

¢ the dose of 95 mg/kg/day, which produced a 36% effect in female
rats, was equivalent to a human dose of approximately 560 mg/day.

These results are roughly the same, with slightly greater potency implied
by the rat experiment. Therefore, only the rat data were used in subse-
quent risk estimation.

Three separate extrapolation models were applied--the linear, log-probit
and multi-stage models (see the appendix) using the data for female rats
(i.e., 36% response at a human equivalent of 560 mg/day). The "one-hit"
extrapolation is performed by simply assuming a constant increase in
probability of tumor induction for each increment of dose. This leads
to a gradually rising dose-response curve, which is nearly linear at
sufficiently low doses. The log-probit model assumes that carcinogenic
doses are log-normally distributed, resulting in an S-shaped dose-response
curve with a threshold-like effect. These two models, generally speak-
ing, tend to bound the range of risk estimates that could be obtained
from other dose-response models. The one-hit model is conservative, in
that it probably over-estimates the true response at low doses, whereas
the log-probit model usually results in much lower risk estimates for
typical human exposure levels. The multi-stage model was applied to the
combined rat and mouse data. The multi-stage model generally gives dose-
response estimates intermediate to the on-hit and log-probit models.

It must be noted that interpretation of the results from these three
extrapolation models for assessment of human risk due to exposure to

1,2-dichloroethane is subject to a number of important qualifications and
assumptions:
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e Although positive carcinogenic findings exist, there have been
contradictory negative findings in tests with the same species
using different routes of exposure. No adequate explanation has
been found for these disparate results.

® Assuming that the positive findings indeed provide a basis for
extrapolation to humans, the estimation of equivalent human
doses involves considerable uncertainty.

e Occurrences of human exposure to 1,2-dichloroethane are assumed
to be numerous.

e The effect on rodents of chronic exposure at low doses, such as
those possibly encountered in human exposure, may be deduced by
extrapolating from higher gavage doses used in the NCI experiments.

© Due to inadequate understanding of the mechanisms of carcinogenesis,
there is no scientific basis for selecting among several alternate
dose-response models, which yield differing results.

In Table 9-5 the estimated risks of exposure to 1,2-dichloroethane
obtained from these models are summarized. The expected number of cancers
per million exposed population is shown for daily exposures to 1,2,-
dichloroethane ranging from 1 ug to 1 mg. The gap between the estimates
is large in the low-dose region; only at doses above 10 pg/day does the
log-probit dose/response curve begin to rise more steeply. The dose
corresponding to a per capita risk of 10™2 is about 100 ug/day according
to the log-probit model, which is about eight times greater than the
level obtained from the linear model. The multi-stage model predicts

a risk intermediate between these two levels in the range of 1 ug/day to
100 ug/day.

In Table 9-6 the results from the three extrapolation models are
applied to estimated average lifetime exposure of the general population
and several subpopulations to 1,2-dichloroethane via ingestion and in-
halation. As shown, the subpopulation drinking highly ccntaminated ground-
water appears to be the group at highest possible risk due to waterborne
axposure. Because of limited monitoring of levels in groundwater, the
3ize of this subpopulation cannot be estimated reliably. Other uncertain~-
ties result from the availability of only limited data on residues in
spices and other foods and on atmospheric concentrations in urban areas.

Thus there is a substantial range of uncertainty concerning the
actual exposure levels and carcinogenic effects of 1,2-dichloroethane.
However, present scientific methods and limited data availability do
not permit a more definitive assessment of risk to humans resulting
from environmental exposure tc this compound.

9.3.2 Evaluation of Risk for Aquatic Species

Although much of the focus of the risk considerations section of an
overall risk assessment is devoted to evaluating human health risks,
risks to fish, other aquatic spacies, and wildlife should also be con-
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TABLE 9-5. EXAMPLE OF ESTIMATION OF UNIT CARCINOGENIC RISK:

NUMBER OF EXCESS LIFETIME CANCERS PER 1,000,

000 POPULATION

EXPOSED TO DIFFERENT LEVELS OF 1,2-DICHLOROETHANE

Number of Excess Lifetime Cancers Pea lO6
Extrapolation Method Population at Exposure Level

1 ug/day 10 ng/day 100 ug/day

One-hit extrapolation 0.8 8 80
Log-probit extrapolation negligible 0.1 13
i
Multi-stage model 0.5 5 50
Carcinogen Assessment Group 0.5 5 50

800

690

500

a . P . .
Estimated excess lifetime cancers are given based on three different

dose-response extrapolation models. The lifetime excess
per 1,000,000 population exposed represents the increase
normal background incidence, assuming that an individual
tinuously exposed to 1,2-dichloroethane at the indicated
over their lifetime. There is considerable variation in

incidence
over the

is con-
daily intake
the estimated

risk due to uncertainty introduced by the use of laboratory animal
data, by the conversion to equivalent human dosage, and by the appli-

cation of hypothetical dose-response curves. In view of

several

conservative assumptions that were utilized, it is likely that these

predictions overestimate the actual risk to humans.

Source: Perwak, J., et al. An exposure and risk assessment for
dichloroethanes. Final Draft Report. Contracts EPA
68-01-5949 and 68-01-6017. Washington, DC: Monitoring and
Data Support Division, Office of Water Regulations and
Standards, U.S. Envirommental Protection Agency; 1982.
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TABLE 9-6. EXAMPLE OF ESTIMATION OF CARCINOGENIC RISK DUE TO
ENVIRONMENTAL EXPOSURES: ESTIMATED RANGES OF CARCINO-
GENIC RISK TO HUMANS DUE TO 1,2-DICHLOROETHANE EXPOSURE
FOR VARIOUS ROUTES OF EXPOSURE

Estimated No. Excess
Average Lifetime Estimated Lifetime Cancers
Route Exposure. (ug/day) (per million exposed)P
One hit Probit CAG
Drinking water <2 1.6 <0.1 1
Food -5 4 <0.1 3
Inhalation
rural <0.4 0.3 <0.1 0.2
urban <0.8 0.6 <0.1 0.4
industrial 32-120 30-100 1-20 20-60
in the vicinity of
production facilities 0.38-80 0.6-60 <0.1-10 0.4=-40
Isolated subpopulations
‘groundwater (maximum) 800 600 500 400
inhalation in industrial 1300 1000 1000 700

area

aData taken from Table 7-3 of the scurce cited below.

Estimated excess lifetime cancers are given based on three different

dose-response extrapolation models. The lifetime excess incidence of

cancer represents the increase over the normal background incidence
assuming that an individual is continuously exposed to 1,2-dichloro-
ethane at the indicated daily intake over their lifetime. There is
considerable variaticn in the estimated risk due to uncertainty
introduced by the use of laboratory rodent data, by the comnversion
to equivalent human dosage, and by the application of hypothetical
dose-response curves. In view of several conservative assumptions
that were utilized, it is likely that these predi:tions over- .2
estimate the actual risk to humans.

Source: Perwak, J., et al. An exposure and risk assessment for
dichloroethanes. Final Draft Report. Contracts EPA 68-01-
5949 and 68-01-6017. Washington, DC: Monitoring and Data
Support Division, Office of Water Regulations and Standards,
U.S. Environmental Protection Agency; 1982.
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sidered. 1In general, qualitative approaches seem to be more practicable
than quantitative approaches. This is a consequence of rthe large number
of species that might be considered, and the general lack of detailed
exposure data for these individual species. Case studies or exposure
scenarios seem to be a useful apprcach for characterizing the range of
risks.

The first step in the evaluation of risk to aquatic species is to
summarize information available on the exposure of different species,
the locations of that exposure, and the environmental conditicns that
affect exposure. Some of this information may be general, in the sense
that actual exposure of fish and wildlife to observed concentrations of
pollutants may or may not occur; however, the situations may be described
as potential exposure conditions, where it is known that both the en-
vironmental concentrations exist in the water, and fish and/or other
aquatic species are known or suspected to inhabit the area in which these
concentrations are found. Environmental conditioms that affect exposure
include factors such as rainfall, hardness of water, pH, seasonality of
pollutant concentrations, salinity, etc.

The second step is to summarize data on fish and wildlife effects
in terms of the most sensitive species, types of effects observed, LCSO's,
and/or other indicators of toxic effects, and parameters that may in-
fluence toxic effects (e.g., other pollutants, water hardness). As was
the case in the human effects analysis, it should be possible to summarize
no-effect level data for different species, or lowest reported effects
data, as well as more commonly available values such as LCSO's. In both
the exposure and effects summaries, ranges of values for exposure and
effects should be presented, if available, as well as the relative degree
of confidence in the data.

The next step requires a qualitative comparison of the exposure and
effects data. From this comparison, one can determine the species and
locations in which significant adverse effects might be expected to occur.
For example, if it were established that the LC54's for a particular
species had values that were in the same range as environmental concen-
trations of pollutant in a particular location, and it were expected that
species might inhabit that location, then there would be a possibility
of significant risk to that species in that location. Thus the analysis
becomes one of establishing the "key intersections' between exposure
and effects data with regard to specific species and geographic locations.
In this regard, risk comsiderations for fish and wildlife often tend to
be more specific with respect to geographic lccations than do risk
considerations for human health.

The end result of this process can be a listing or summary of
species, locations, exposures, and effects levels, which indicate the
combinations most likely to result in high risks. In some cases, it is
possible to attempt some quantitative comparisons, i.e., to determine
the extent of a specific health effect on fish and wildlife by utilizing
values such as LCSO'S and concentrations in the ambient water. As ex-
plained in the section on aquatic effects, caution must be exercised in
developing these mathematical relationships because of the differences
between results under laboratory conditions and field conditions. For
this reason, it is important to identify those environmental factors or
conditions that can influence the adverse effects.
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In order to develop the risk analyses further, case studies of in-
dividual exposure/effects situations can be investigated. For example,
one can pick several of the "key intersections" of axposure and effects
data and determine through field interviews, discussions with local
experts, examination of evidence of fishkills, or actual field sampling
programs, whether there is real evidence of exposure and/or damage to
the fish or wildlife population. Specific sources located in or near
the area can be investigated, appropriate mathematical models of pollu-
tant dispersion can be used to estimate concentrations of the pollutant
in the water and comparisons with ambient monitoring data can be made
in order to help define the potential risk for those sensitive species
that inhabit the area. Environmental factors should be considered that
could affect toxicity and are specific to these geographic areas. The
main purpose of these case studies is to confirm the existence of sig-
nificant risk to fish or wildlife species in areas in which exposure
can occur and effects are anticipated. The number of case studies con-
ducted depends upon the scope of the risk analysis and the numbers and
types of locations in which exposure is expected to occur, and the nature
and magnitude of the potential adverse effects.

An example of the information that can be obtained in the case study
approach is given below. Analysis of the aquatic risks associated with
copper in the environment, showad that LC5q's for a number of sensitive
species were below 100 g/l in the laboratory (Perwak et al. 1980). River
basin summaries (STORET) revealad that the mean levels of copper reach or
exceed this level in numerous locations in the U.S. and this suggests
that the potential risk to fish and invertebrates is widespread. Further
examination of detailed data from individual monitoring stations in
several of these river basins indicated that the mean concentrations were
not representative of ambient conditions, but resulted from very elevated
concentrations in a few locations. Consideration of the form of copper
involved, factors favoring complexation and adsorption, and actual reports
of fish kills indicated that risk exists to organisms in specific loca-
tions, but that the risk is neither as severe ner as widespread as would
have been predicted from laboratory data.

The end result of risk considerations for fish and wildlife will
generally be a series of summary statements indicatiag the locations in
which adverse effects are likely to occur, the specias that are likely
to be affected, the environmental conditions that influence whether or
not the potential effects actually occur, and the results of case
studies to confirm or establish the magnitude of the potential problems.
In addition, areas for further investigation should be identified.

9.3.4 Summary of Risk Considerations

The approaches described above can provide specific information on
the nature and extent of the risks to both general and specific human
subpopulations and to fish and cother aquartic biota. Depending upon
the type and level of data available concerning exposure and effects,
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specific conclusions may be drawn giving the ranges of risks and the
degree of precision associated with these risks. In some cases, only
qualitative aspects of risks can be presented; in others, quantitative
information may be appropriate.

In either case, the overall risk posed by the pollutant should be
portrayed so that regulators and the public can visualize whether or not
significant problems are expected to occur. A number of methods of pre-
senting this overall summary of risks are possible: tables or charts
showing specific risks to humans and other species, charts or graphs
showing the relative risk associated with different effects, etc. An
approach that has the potential for effectively summarizing the results
of risk considerations is to prepare a graphic presentation of exposure
and effects in terms of the same variable and to indicate the areas in
which the combinations of exposure situations and effects levels can
present significant risk. This approach could be followed for both human
health effects and effects on fish and aquatic species and could be
specific to a particular type of effect, type of exposure, or other
characteristics.

One method of presentation is to plot the relative frequency of
exposure in terms of concentration or average daily intake, the frequency
being defined in general terms such as '"usual," "frequently," "occasional,"
"rare exposure.'" On the same graph, one could plot the likelihood of
various toxic effects at levels such as LCsy for various species. The
intersection of the exposure and effects curves, or more precisely the
area bounded by the intersection, would indicate the areas of significant
potential risk. '

As an example of this type of presentation, Figure 9-3 shows a dia-
grammatic plot of the relative frequencies (ordinate) of both aquatic
exposure levels and reported effects levels in terms of the surface
water concentrations of arsenic (abscissa) (Scow et al. 1982). -Surface
water concentrations of 1 mg/l are rarely observed. The shading indi-
cates the approximate degree of uncertainty associated with the data
points used. The area under the intersection of the curves represents
the region of potential risk where the observed water concentrations have
values that exceed reported adverse effects levels.

Though such a plot of exposure and effects frequencies can be a
useful conceptual tool, its interpretation must be made in iight of the
representativeness of the monitoring data base, the validity of gener-
alizing from the available toxicological data (number of species tested,
chronic versus acute effects), and other factors such as biocavailsbility.

If sufficient data are available concerning effects and exposure

levels for humans, a similar plot could be used to summarize the like-
lihood of significant potential risk.
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FIGURE 9-2 EXAMPLE OF RISK CONSIDERATIONS SUMMARY FOR AQUATTC BIOTA--ARSENIC EXPOSURE
AND TOXICITY TO AQUATTIC ORGANISMS

Scow, K., et al. An exposure and risk assessment for arsenic. Final Draft Report.
Contract 68-01- 6160, 6017. Washington DC: Monitoring and Data Support Division,
Office of Water Regulations and Standards, U.S. Environmental Protection Agency,

1982,
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10. BIBLIOGRAPHY OF REFERENCE MATERIALS FOR
USE IN EXPOSURE AND RISK ASSESSMENTS

10.1 INTRODUCTION

The following bibliography is intended to provide an initial means
of identifying reference materials for use in conducting exposure and
risk assessments for environmental pollutants. The bibliography is
organized according to the following six topical areas of investigation:

Materials Balance

Environmental Pathways and Fate

Monitoring Data and Environmental Distribution
Human Exposure and Effects

Exposure and Effects--Non-Human Biota

Risk Estimation
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10.2 MATERIALS BALANCE

Abstracts and Searches

Applied Science and Technology Index
Bibliographies from U.S. Bureau of Mines
Chemical Abstracts

Engineering Index

Environmental Abstracts

Metals Abstracts

NTISearch

Pollution Abstracts

Industry and Consumer Associations

American Chemical Society

American Institute of Chemical Engineers

American Institute of Industrial Engineers

American Institute of Mining, Metallurgical and Petroleum
Engineers

American Iron and Steel Institute

American Paper Institute

American Petroleum Institute

American Public Works Association

American Society of Sanitary Engineers

Association of Home Appliance Manufacturers

Chemical Manufacturers Association

Environmental Defense Fund

Environmental Information Center

Gas Appliance Manufacturers Association

Glass Packing Institute

National Agricultural Chemicals Associatiom

National Ash Association

National Association of Recycling Industries

National Family Option

National Association of Manufacturers

National Lime Association

National Solid Waste Management Association

Natural Resources Defense Council

Society of Manufacturing Engineers

Seciety of Mining Engineers

Scciety of Plastic Engineers

Synthetic Organic Chemicals Manufacturers Associacion

The Fertilizer Institute

Water and Wastewater Equipment Manufacturers Association

Zinc Institute

10-2



Periodicals

Agricultural Chemicals

AIChE Journal

American Dyestuff Reporter

American Paint Journal

American Paper Industry

Automotibe Engineering

Beverage Industry

Chemical and Engineering News

Chemical and Metallurgical Engineering
Chemical and Petroleum Engineering
Chemical Engineering (Chemical Engineering Equipment Buyers Guide)
Chemical Engineering Progress

Chemical Marketing Reporter

Chemical Processing

Chemical Week

Chemtech

Coal Age

Coal Mining and Processing

Engineering and Mining Journal

Food Engineering

Food Industry

Industrial Wastes

Journal of the American Water Works Association
Journal of the Air Pollution Control Association
Journal of the Water Pollution Control Federation
Machine Design

Mining Engineer

Modern Packaging

Modern Plastics

0il and Gas Journal

Packaging Design

Pit and Quarry

Plant Engineering

Plastics Engineering

Plastics Technology

Plastics World

Process Engineering

Pulp and Paper

Rubber Age

Solid Waste Report

Solid Wastes Management

TAPPI

Textile Worlds

Water and Sewage Works

Water and Wastes Digest

Water and Wastes Engineering
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Books

Census of Manufacturers, U.$. Dept. of Commerce, Washington, DC

U.S. Geological Survey Yearbook, U.S.G.S., Washingtom, DC

Mineral Facts and Problems, U.S. Bureau of Mines, Washingtom, DC

SME Mining Engineering Handbook, I.A. Given (ed.), AIME, NY

Chemical Process Industry, R. Shreve and J. Brink, MeGraw-Hill, NY

Unit Operations of Chemical Engineering, W. McCabe and J. Smith,
McGraw-Hill, NY

Metal Bulletin Handbook, R. Packard (ed.), Metal Bulletin Ltd.,
London

Metal Statistics, P. Cere (ed.), Fairchild Publicatioms, NY

Minerals Yearbook, U.S. Dep:. of Interior, Bureau of Mines,
Washington, DC

Mining Engineer's Handbook, R. Peele (ed.), John Wiley and Sons,
NY

0il and Gas International Yearbook, P. Jenkins (ed.), Business
Enterprises, London

Petroleum Processing Handbook, W.F. Bland and R.L. Davidscn
(eds.), McGraw-Hill, NY

Chemical Regulation Reporter, The Bureau of National Affairs,
Washington, DC

Chemical Engineering Practice, H.W. Cremer and T. Davis (eds.)
Butterworths Scientific Publications, London

Moody's Industrial Manual, Moody's Investors Service, NY

Fncylcopedia of Chemical Technologv, R.E. Kirk and D.F. Ohmer,
Interscience Encyclopedia, Indc. NY

The Encyclopedia of Chemistry, C.A. Hampel and G.G. Hawley
(eds.), Van Nostrand Reinhold Co., NY

Directory of Chemical Producers, U.S.A., Chemical Information
Services, Stanford Research Institute, Menlo Park, Ca

Chemical Sources, U.S.A., Directories Publishing Co.,
Fleming, NJ

Manufacturing Processes Dictionmary, H.R. Clauser (ed.)
Technomic Publishing Co., Westport, CN

Industrial Product Directory, Cahness Publications, Stamford

SOCMA Handbook, American Chemical Society, NY

Rare Metals Extraction by Chemical Engineering Techniques,
W.D. Jamrock, Pergamon, NY

Jane's World Mining, Jane's Yearbooks, London

Mines Register, New York

Handbook of Non-Ferrous Metallurgy, D.M. Liddele (ed.) McGraw-
Hill, New York

larke, R.K., J.T. Foley, W.F. Hartman, D.W. Larson. 1976.

Severities of Transportation Accidents, Sandia Laboratories
Report, SLA-74-001.

Annual Reviews, U.S. Air Carrier Accidents, National Transporta-
tion and Safety Board, Bureau of Aviation Safety

Preliminarv Analyses of Aircraft Accident Data. (Annual) U.S.
Civil aviation NTSB Reports.
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Accidents of Large Motor Carriers of Property. (Annual)
Bureau of Motor Carrier Safety, Federal Highway Administra-
tion, U.S. Department of Transportation

Accident Bulletins and annual Summary and Analvses of Accidents
on Railroads in the United States. U.S. Department of
Transportation, Federal Railroad Administratiom, Bureau of
Railroad Safety

AAR-RPT Railroad Tank Car Safety Research and Test Project.
A series of Reports 1972-1976

Solomon, K.A., M. Rubin, and D. Okrent, 1976. On Risks from
the Storage of Hazardous Chemicals, University of California,
University of California, Los Angeles Report UCLA - ENG -
76125, December 1976

Major EPA Studies

Development Documents for Effluent Limitations Guidelines and
Standards (by point source category). Washington, DC:
Effluent Guidelines Division, Office of Water and Waste
Management, U.S. Enviroumental Protection Agency

Fate of Priority Pollutants in Publicly Owned Treatment Works.
EPA-440/1-80-301. Washington, DC: Effluent Guidelines
Division, Office of Water and Waste Management, U.S.
Environmental Protectiom Agency; 1980.

Water—Related Fate of 129 Prioritv Pollutants. Volumes I and
II. EPA 440/4-79-029a, b. Washington, DC: Office of
Water Planning and Standards, U.S. Envirommental Protection
Agency; 1979.
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10.3 TFATE AND PATHWAYS ANALYSIS

Periodicals

Advances in Agronomy

Advances in Applied Microbiology

Advances in Chemistry Series

American Chemical Society Symposium Series

American Journal of Botany

Analytical Chemistry

Applied and Environmental Microbiology

Archives of Environmental Contamination and Toxicology

Atmospheric Environment

Biochemistry

Bulletin of Environmental Contamination and Toxicology

Canadian Journal of Chemistry

Canadian Journal of Microbiology

Chenosphere

Chemical Engineering News

Endeavor

Environmental Health and Pollution Control

Environmental Health Perspectives

Environmental Pollution

Environmental Science and Technology

Estuarine and Coastal Marine Science

Journal Agricultural Food Chemistry

Journal of Air Pollutiom Control Association

Journal of Association Off. Anal. Chem.

Journal cf Environmental Quality

Journal of the American Chemical Society

Journal of Water Pollution Control Federation

Marine Chemistry

Marine Pollution Bulletin

National Academy of Science (NAS) documents

Nature

Pesticide Monitoring Journal

Proceedings of the American Society of Horticultural Science

Proceedings of the Industrial Waste Conference (Purdue University
Engineering Bulletin)

Proceedings of the Royal Society of London

Science

Soil Biology and Biochemistry

Soil Science

Soil Science Society American Proceedings

The Science of the Total Environment

Water, Air and Soil Pollution

Water Pollution Abstracts

Water Research

Water Resource Bulletin

Water Waste Treatment

Weed Science

World Health Organization (WHO) documents



Books, Articles, and Reports
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10.4 MONITORING DATA AND ENVIRONMENTAL DISTRIBUTION

Data Bases
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Pesticide Soils Monitoring Program - U.S. EPA
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STORET - Storage and Retrieval of Waste Quality File, Water
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10.5

HUMAN EXPOSURE AND EFFECTS

Computer-Based Toxicological Information Services

Database

CANCERLIT

CANCER PROJ

EMIC

ETIC

EXCERPTA MEDICA

MEDLINE

NTIS

RTECS

DB

TOXLINE/TOXBACK

Literature

Accessible Through

National Library of Medicine

National Library of Medicine

Department of Energy
Department of Energy

Lockeed's DIALOG Service

National Library of Medicine

Lockheed's DIALOG Service

National Library of Medicine

National Library of Medicine

National Library of Medicine

Database Content

All aspects of cancer

Ongoing cancer research
projects for most recent
3 years

Chemical mutagenesis
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APPENDIX A. MATHEMATICAL DETAILS OF RISK CALCULATIONS

A.1 INTRODUCTION

In rare instances, epidemiological studies provide direct informa-
tion about the adverse effects of a substance to humans. However, even
in these instances, the actual exposure intensity and duration that was
responsible for these effects may be difficult to quantify. Consequentlyv,
most risk estimates for humans are based upon laboratory studies with ex-
perimental animals. It is preferable to base an estimate upon several
studies with different species, in which case a range of potency may be
established for the pollutant in question. Wherever possible, confidence
limits and measures of statistical significance should be introduced to
qualify these results. Even in a single experiment, different interpre-
tations of the data may lead to uncertainty about the response. Further,
the extrapolation from responses in laboratorv animals administered high
doses to the low doses characteristics of most human exposure to environ-
ment pollutants is necessarily an uncertain process. Hence several
different methods should be used to establish the range of potential risk.

A dose-response curve can be defined as a relationship between the
amount or rate of the chemical administered and the probability of the
subject experiencing an adverse effect at that dose. Hence, the curve is
a cumulative probability distribution function and should increase from
zero to one, assuming that higher doses are increasingly more toxic.

The estimation of risk on the basis of experimental data involves
the selecticn of a hypothetical dose-response curve, and the fitting of
the parameters of this curve to the data. Although ideally algorithms
would exist for calculatioms of risk due to all tvpes of health hazards,
at the present time the only effect for which a substantial body of theorv
exists is carcinogenesis. Three different types of dose-response models
for assessing cancer risk are described in the following sectionms.

e The linear non-threshold model (Chand and Hoel 1974, Cornfield
1977, NAS 1977) is based upon the "one-hit" principle, which
asserts that each molecule of the substance has an equal probabilityv
of producing a specific effect. The resulting dose-response curve
is exponential, and is approximated by a linear curve in the low-
dose regions. This method tends to produce "upper bound" risk
estimates, which probably exceed the actual risk to humans.

¢ The Mantel-Bryan (log-probit) model (Bliss 1934, Mantal et al.
1971, Mantel and Brvan 1961) assumes that the susceptlolllty of
receptor organisms is normally distributed with respect to the
log of the dose. Hence the cumulative distribution of response
is the integral of a log-normal density function. The resulting
dose~response curve has an S- -shape, and usually yields lower
estimaces of risk because of the implied threshold effecct.
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¢ The multi-stage model has been independently developed by several
investigators (Armitage and Doll 1961, Crump et al. 1976, Crump
et al. 1977, Hartley ard Sielken 1977) and generalizes the linear
one-hit model to allow polynomial functions of dose and time. It
often reduces to a linear model in the low-dose region, but pro-~-
vides a better fit when the data indicate that there is a threshold
effect.

These three methods and their application are discussed in greater detail
below.

A.2 HUMAN EQUIVALENT DOSES

The calculation of the equivalent human dose for extrapolation of
animal data can usually be accomplished by simply multiplying the human
weight (70 kg) by the animal dose expressed in mg/kg per day. To cover
situations in which doses are expressed in different units, a procedure
was developed to compute equivalent human doses for any experimental
situation. The following formulae require knowledge of the weights,
dietary intakes, and respiration rates of the experimental animals.

Let DH’ DA denote human and animal doses respectively,

W., W, denote human and animal weights (kg),

H® A
IH,IA denote dietary intaxkes (kg/day), and
RH’RA denote respiration rates (m3/day)

Four cases are addressed corresponding to four different units of measure
for the animal dose Da. In each case, the equivalent human dose is com-
puted by normalizing the intake relative to body weight. For skin absorp-
tion, however, Dy refers not to an estimated intake, but simply to a
concentration in water.

(i) D, expressed in ng/day:

A WH
Dy (ug/day) = D, - T
A
(ii) DA expressed as ppb in diet:
W I
H A
D (pob) = D - . o
: W
H A 3\ IH
WH
. ) = ) I . 2
D, (ug/day) DI g



(iii) DA expressed as ug/l for skin contact:
Dy (ug/1) = D,

DH (ug/day) = 0.002 DA
(this assumes human absorption of 2 ml/day of

water containing a pollutant)

(iv) DA expressed as ng/m3 for inhalation

W R
3 H A
D (ng/m”) = D, * — ¢ ==
H A W, Ry
W
D (ug/day) = D R . -B. 1073
H ’ ATA W,

In order to facilitate the application of these formulae, the conversion
chart in Table A-1 shows numerical conversion factors for experiments
with mice and rats. The approach for converting acute doses is entirely
analogous, except that the units of intake are ug rather than ug/day.

In the case of carcinogenic effects, it is sometimes assumed that
equivalent doses are proportional to body area. The U.S. EPA recommends
this mechod for designating equivalent doses of carcinogenic substances
(U.S. EPA 1979). Presumably this method reflects a view that carcinogenesis
is related to the area of some physiological membrane. It is also the
logical choice when the route of exposure is skin absorption. Thus:

Weight of substance to which human is exposed
Body surface area of human

is equivalent to

Weight of substance to which animal is exposed
Body surface area of animal

Because the surface areas of similar solids are proportional to the squares
of corresponding linear dimensions and volumes or weights are proportional
to the cubes of corresponding linear dimensions, ome can approximate sur-
face area by weight raised to the two~thirds power. Thus

N
(Body surface area) is proportional to (Body Weight)~/3
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&=

Species

Human

Mouse

Rat

TABLE A-1.

FACTORS FOR CONVERTING DOSES FROM LABORATORY
ANTMAL STUDIES TO HUMAN EQUIVALENT DOSES

ASSUMPTIONS®
Rate of
Rate of Respira-
Weight Ingestion tlgn
(kg) ﬂkg/day) (m~/day)"
70 4 10.7
0.025 0.003 0.033
0.3 0.015 0.14

Lqu1valent human doses are assumed proportlonal to weight and rate of intake.
are based on minute volume while 1

Note:

Adult mice and rats are usually heavier than 25 and 300 g.
used with caution.

—

il el

Dose

ug/day
ppb
g/l
ng/m3

ug/day
prb
ug/l3
ng/m

HUMAN EQUIVALENT DOSE

ng/l
Contact

ng/m3
Breathing

ng/day

Total Food

2800
8.4 4.2
0.002
0.09 8.6

=

3.5 1.75

Rates of respiration

Thus the numbers ahove must be

If surface area is used as a normalizing factor rather than body weight,

then human equivalent doses should be reduced by a factor of 14 for mice and a factor of

6 for rats.



This has the effect of reducing equivalent human doses by about 14 in
the case of mice, and by about 6 in the case of rats (Table A-1).

In many experiments no explicit account is taken of time. However,
time is an explicit variable in the multi-stage extrapolation described
below, and it is an implicit variable in all other extrapolations. Cancer
occurrence increases with age in both humans and experimental animals
and is a multi-step, time-~dependent process. For mice and rats the inter-
val of the usual life span of 2-3 years is the normal exposure interval
for a valid carcinogenicity study. The most plausible assumption is that
the normal lifetime of an experimental animal is equivalent to the normal
lifetime of a human.

Procedures for estimating human equivalent doses often account for
time factors in several ways:

e If the substance was administered to experimental animals on an
intermittent basis, e.g., 5 days per week, then the assumed dose
is reduced by a corresponding factor, e.g., 5/7.

o If the duration of exposure was shorter than the experimental
animal lifetime, then the assumed dose is reduced by the ratio
of those times, i.e., duration/lifespan.

It should be noted that such procedures do not take into account the
relevant pharmacokinetics, and are merely a device for reducing the dose
and hence obtaining a more conservative risk estimate. They generally
do not affect the results by more than a factor of 50%, which is small
compared with the total range of uncertainty. Uncertainties due to dose
estimation and techniques of extrapolation can often span several orders
of magnitude.

A.3 ONE-HIT MODELS

The "one-hit" models describe a mechanism of carcinogenesis in which
a single event triggers the cancer. The event may be a molecule of the
carcinogenic substance reaching a suitable receptor site or it may be
some more complex but undescribed happening. The basic supposition is
that the probability of this event in a short time interval dt (short
compared with the time of observation, which is usually the major part
of a lifetime) is proportional to the duration of the time interval. The
factor of proportionality, called the "hazard function," may be a function
of time and of the dose level. Thus the hazard function is written
h(x,t) where x is the dose level and t is time, measured in lifetimes.

In the linear extrapolation, this function is taken to be proportional
to dose:

h(x,t) = bx (A=1)
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where b is a factor of proportionality and x is the dose level. The
probability of a "hit," that is, initiation of cancer, is proportional
to the duration of a time interval:

P {initiation of cancer in the interval (t,t = dt)}

= bx dt

In this form one can see the reason for calling the extrapolation linear--
doubling the dose, for example, doubles the probability of initiating
cancer.

The multi-stage model generalizes this approach, replacing the
product bx by the product of two polynomials, one a polynomial in t, the
other a polynomial in x.

n m
h(x,t) = Zaitl 2o i (a=2)
]
i=o j=o

This approach allows a great deal of flexibility, though as a practical
matter the polynomials cannot be too large or one loses track of their
significance.

Let Q(x,t) be the probability that no cancer has been initiated in
the interval (0,t) when the animal has been subjected continually since
time O to a dose level of x. The second underlying assumption is that
the probability of initiating cancer at any particular cime is independent
of whether or not cancer has previously been initiated; this assumption
allows us to multiply probabilities and

Qx,t +de) = Q (x,t) (L - h(x,t)dt). (A-3)

Rearranging terms

[

. + h(x,t)Q = 0

Q2

Q(x,t) exp [- fgh(x,t)dt] (A-4)
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Let P(x,t) be the probability that cancer is initiated in the interval
0,t)

"

P(x,t) 1 - Q(x,t)

1 - exp [—fgh(x,t)dt] (A-5)

P(x,t) can also be identified as the cumulative distribution function
for the random variable '"time until cancer is initiated"--that is, the
probability that the time until cancer is initiated is less than t is
P(x,t). The derivative dP/dt is the probability density function f(x,t)
for these intervals

dp
dt

f(x,t)

= h(x,t) exp [—f;h(x,t)dt]

= h(x,t) Qx,t) (A-6)

The function f(x,t)dt has the interpretation of the probability that
cancer is initiated in the interval (t,t+dt). Finally, we note that
hx,t)dt = £(x,t)de/qQ(x,t) can be lnterpreted as the probability that
cancer is initiated in the interval (t,t+dt) given that it has not been
initiated up until time t.

A.4 LINEAR EXTRAPOLATION

In the linear extrapolation h(x,t) is given by Equation (A-1).

-bxt
e

Q(Xat) (A_7)

-bxt
- e

]
’._-I

P(x,t) (A-8)

If there is a "background" or "spontaneous" cancer incidence present
even when the dose rate of the toxic substance is zero, then omne can use
either of two smaller approaches. One can assume that h(x,t) has the
form

hix,t) = bx + ¢ (A-9)

:"
[}
~1



in which case

Q(x,t) (A-10)

"
0]

i
H
!
(]

®

P(x,t) (A-11)

At the conclusion of the experiment one can identifyv the fraction of
animals in the control group which contracted cancer in spite of the fact
they were not intentionally subjected to a carcinogen as the protability
8 of "spontaneous'" cancer. Then it is easy to see from Equatioms

(A-10) and (A-11) that

Qx,t) = (L - 8)e OXF (A-12)
P(x,£) = 1 - (1 - 8)a PXt (A-13)
1
and hence
5= 1-e°F (A-14)

Having measured & by observing respcomnse in the contrcl group, ome could
infer the value of ¢, but this is usually not done.

Alternatively, one can determine both parameters b and ¢ by a data-
fitting procedure involving the maximum likelihood estimators. This is
the multi-stage procedure when two non-zero parameters in the polvnomials
are permitted. It is detailed below.

We have noted that P(x,t) is the cumulative distributicn function

for the random variable time-to~initiation-of-cancer. P(x,t) as a func-
tion of t has the form shown in Figure A-1l.

P(x,t) I

9

1 — —

i /
1
|
!
I
1
t

.

Q.
"t

or X

FIGURE aA~1. CUMULATIVE DISTRIBUTION FUNCTION P(x,t)
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Obviously, from Equation (A-13), P(x,t) considered as a function of x

has the same form as that when it is considered a functiom of t. For
this reason it is common to regard P(x,t) as the cumulative distribution
function of a random variable called susceptibility. Thus, the fraction
of experimental animals in whom cancer is initiated at dose x is regarded
as a group of animals in whom tolerance is less than or equal to x. This
logical transition from a determinate parameter of the experiment, the
dose x, to a random variable, tolerance, is plausible but not necessarily
correct. P(x,t) is measured by giving a group of animals the dose x and
noting the fraction in whom cancer is initiated. It is conceivable that
P(x,t) as a function of x could increase as the dose increases and then
decrease if, for example, high doses brought into play a new mechanism,
such as vomiting, not encountered at low doses. It is important to recog-
nize that consideration of the dose-response curve as the cumulative distri-
bution function of a random variable, tolerance, requires the supposition
that P(x,t) as a function of x increases monotonically.

The most rigorous mathematical procedure for estimating the para-
meters b and ¢ (or b and 6) is maximum likelihood estimation. More
commonly, experimenters simply plot the fractions of animals in which
cancer is found at the conclusion of the experiment at time T and use
these fractions as estimates of the parameter P(x,t). In the linear
extrapolation, it is customary to expand P(x,T) about zero.

R

P(x,T) 1-(-0) (1 -1bxD)

14

9 + bxT ' (A-14)

and to fit a straight line to the data points P' (%5,T) =

P(x{,T) -3 = bx;T. Because the expansion in Equation (A-14) is
valid only for small x, one should use data where x is as small as
possible.

It should be noted that the crucial supposition in the linear model
is the selection of the form for h(x,t) given in Equation (A-1). The
consequence of this selection is that the curve for P(x,t) in the
vicinity of x = 0 will have a positive slope. Because the data are
gathered for relatively large values of x, the experiment does not test
this supposition and therefore belief in the linear model amounts to an
assumption. It is often argued that the real situation is unlikely to
be worse than this and that therefore the linear model provides a con-
servative estimate of risk.

A.5 LOG-PROBIT EXTRAPOLATION

Log-probit extrapolation (also called Mantel-Bryan extrapolation
after the original proponents of the method) assumes a different form
for the dose-response curve. Specifically, it assumes that the logarithm

A-9



of tolerance is normally distributed. There is lirtle theoretical
underpinning for this assumption, though a number of physiological

variables (such as heights of humans) seem to follow this log-normal
distribution.

The mathematical form of the dose-respomse curve is

a+b loglox

1 - 1/252
P(x,D = 75T e dg (A-15)

-0

On log-normal graph paper this function is a straight line with a slope
of b probits (standard deviatioms) per decade of change in the dose x
and a y-intercept of a probits, as shown in Figure (A-2).

The steeper (or the larger) the slope of this line the smaller the
values of P(x,t) found by extrapolations to small values of x (large
negative values of log x). One could plot the data and fit a straight
line, either by eye or by some analytical procedure, thus finding values
for the parameters a and b. However, the more common procedure is to
set b = 1 and to find the best fit to the data of a line with this slope.
It is argued that b = 1 is the shallowest slope observed over a wide
variety of carcinogens already studied and that selecting a line with
unit slope is therefore conservative.

P(x,t)

log x

FIGURE A-2. LOG-PROBIT FORM FOR DOSE-RESPONSE CURVE
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The supposition that the slope b = 1 is, of course, somewhat arbitrary
but it is less significant than the equally arbitrary supposition that
the dose-response curve should be described by Equation (A-15).

It can be seen that for large negative values of the variables of
integration ¢ the integrand in Equation (A-15) is very small. In fact,
the function exp (-£2) and all its derivatives vanish as £ - -». For
this reason the log-probit extrapolation generally vields extremely low
estimates of extrapolated risks at low dose levels. For the numbers
actually encountered in experiments on one hand and in the environment,
on the other, the difference between extrapolated risk by the log~probit
method and the linear method can be several orders of magnitude. The
log-probit extrapolation 1is therefore regarded as a probable low estimate
of time risk, and the two methods are often taken as a way of bracketing
the true risk. It is important to recognize that both methods produce
results stronglv dependent on the presumed form of the dose-response
curve,

It should also be noted that this method can deal only with the
difference between résponse at a dose x and response when x = 0 (the
"spontaneous" rate), since log 0 = ~». Thus, there is no possibility
of fitting a line or a curve through the datum when x = 0.

Multi-Stage Extrapolation

The Hartley-Sielken extrapolation is a one-hit model in which more
flexibility is allowed in the form of the hazard function h(x,t). It
thus entails fewer presuppositions about the dose-response curve. In
addition the method follows a more rigorous mathematical procedure for
estimating the value of the unknown parameters, and it takes explicit
account of the time-~to-initiation-of-cancer whenever these data are
recorded.

In order to avoid confusing generality we shall adopt a specific
form for the hazard function which is not too complicatad and vet provides
sufficient flexibility for purposes of risk estimates, namely

hi(x,t) = axz + bx + ¢ (A-16)

where a, b, and ¢ are parameters to be found from the data. Recalling
equation (A-5) we see that

P(x,£) = 1 - exp [-(ax2 + bx + ¢)t] (A-17)

will be the form of the dose-response curve at any time. We note that
if ¢ # 0 there is a "spontaneous” incidence of cancer; if b # 0, the
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extrapolation to low doses is linear; by including the term ax~ we allow
for the possibility that respoase at low doses may not be linear, in
which case we would expect to find a # 0, b = 0.

Most available data record only the number of animals which had
cancer at the conclusion of the experiment. For such experiments we
have a sample of P(x,T) for various values of x. Sometimes the number
of animals with cancer at some intermediate time is reported in which
case we have samples of P(x,T;) for other values of T and various values
of x. Occasionally when the cancer can be detected without killing
the animal (as in the case of skin cancers) one has the time-to-initiation-
of-cancer as well as dose for each animal. The multi-stage method
accommodates all these possibilities and produces the values of a, b,
and ¢ which best fit the totality of the data.

Since none of the data available in these studies records time-to-
time initiation-of-cancer for each animal, we shall not carry the terms
necessary to accommodate these data in the mathematical development
which follows. The likelihood function L is the product of terms of
the form P(x,t) given by Equation (A-17) and its complement Q(x,t) =
1 - P{x,t).

N ni Ni - ni
= P s L, s,
L iia (xi tl) Q(xi tl)

where i is the index for the N experimental data points, each of which
has a value for x4 and tj associated with it; and n; is the number of

positive responses, Nj is the total number of animals and Nj - n; is
the number of negative responses
N
logL =3 n, P(x,,t,) + (N, - n X, L, A-19
g i ( i l) ( i i) Qlx, l) ( )

i=1

The standard procedure is to differentiate Equation (A-~19) with respect
to the unknown parameters anc to set the derivatives equal to zero in
order to find the maximum of log L. However, it is more convenient
simply to seek the maximum of log L by a hili-climbing method. One
selects initial values of a, b, and ¢, and then evaluates log L with
small changes, first of a, then of b, then of ¢, then of a again, etc.,
continuing this procedure until log L begins to decrease. In this way
one can find the values of a, b, and ¢ that maximize log L or L. These
are the maximum likelihood estimators.

If it should turn out that a = 0, then the result obtained is

equivalent to the linear extrapolation found earlier. 1In the former
case, however, we imposed the form from the beginning; here we have
aliowed the data to produce the form. Note, too, that this method
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automatically introduces variations in the duration of an experiment,

and that it automatically weights data where many animals are involved
more heavily than data where only a few are involved. For these reasons,
the multi-stage method seems superior to either the linear extrapolation
or the log~probit extrapolationm.
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