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DISCLAIMER

This report has been reviewed for technical merit by the Council on
Eavironmental GQuality and the U.S. Envirommencal Protection Agency, and
approved for publication. Approval does not signify thact che contents neces-
sarily reflect che views and policies of the Council or cthe Agency, nor does
mention of trade names or commercial products constiture endovsement or recom=

mendation for use.
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FREFACE

Besults are presencted in chis rapurt.uf a study by Midwest Research
Inscitute (MRI) enticled "Risk Assessment Methodologies for RCRA," oun Task
Order No. 85-EDl-ANF, under Contract Ho. EQ4CL5S "Basic Ordering Agreement Eor
Environmental Studies, Research, and Analysis,” HRI Project HNo. El?ﬂ-LFﬂ}.
The work was performed for the Office of Policy Analysis, Qffice of Policy,
Planning and Evaluation, U.5. Environmental Protection Agency. Dr. Ann M.
Fisher was EPA Task Officer, and Dr. William Mills was Technical fepresenta-
tive for the Council on Envirommental Qualicty onm this task.

The resulcs herein draw substantially on related research act MRI for
the Office of Policy Analysis, under EPA Contract Nos. 68-01-6621 (MRI Project
Hos. 7549-L(2) and 7569-L{12)) and on 68-01-6558 (MRI Projectc No. BIS5Ll-L). A
report of that work, "Comparison of Risks and Costs of Hazardous Waste "Alcec-
natives: Methods Development and Pilot Studies,” is available through che
Macional Technical Informacion Service (NTIS No. PBE6-158,912). Dr. Fisher
was Project Officer or co-Project Officer with Ms. Jeanne Briskin chroughout
the earlier work.

Many people contributed to chis study. Mr. Thomas L. Ferguson, then
Head, MRI's Process Assessment Section, was Project Leader for all the
research under the earlier related contracts noted above. Dr. Thomas W. Lapp,
Senior Chemist, was a major contribucor to that research. Ocher MRI con-
tributors to the methodology development included: Mr. Christopher J. Cole,
Assiscant Environméntil Seiencise and Me. Cary L. Kelsa, Seniar Chemical
Engineer in the areas of source assessment and control ctechnology assessment;
Mr. Phillip J. Englehart, Associate Environmental Scientisc, Mr. Michael K.
Snyder, Associacte Environmencal Scientist, and Mr. Fred C. Hopkins, Associate
Environmental Sciencist in environmencal Ctransport modeling; Dr. Harry V.
Ellis, MAI consultant in toxicology and environmental health and Dr. Dennis Y.
Takada, MRI consultant in toxicology and environmental health in health
effeccs modeling; and Dr. Jairus D. Flora, Jr., Principal Staciscician in
uncertainty analysis. Or. John Doull, Professor of Pharmacology and Toxi-
cology, Umiversity of Kansas School of Medicine, and Or. Kenny S. Crump, K.5.
Crump and Company, Inc., assisted on health risk estimation metheds, and
Mr. William L. Murphy Rohrer of Pope—Reid Associates on landfill failure and
groundwater modeling. Professor Harold Orel, ‘Department of English,
Universicy of Kansas and MRI consulcant in technical writing, reviewed che
draft manuscript of this report and made many helpful suggestions.

Individuals from several offices of EPA and from other organizations
provided helpful references, materialas, and review commencs on reports pre-
pared during the earlier studies, We are pleased to list names and affilia-
tiona of knownm reviewers in the Acknowledgments. Particular appreciation is
expressed Lo the members and consultants of the EPA Science Advisory Board's
Environmental Engineering Committee, Waste Banning Subcommittaes. They
reviewed and discussed with the study team a proposed general method for com—
paring the risks of alternative hazardous waste disposal technologies and
piloc cescs of the method. Quescions and suggestions by all of the reviewars
have contributed substantially to the gqualicy of chese results.
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ABSTHRACT

A methodology is described [ar systematically assessing and com=
paring the risks to human health and the environment of hazardous waste man-
agement alternatives. The methodology selects and links appropriate models
and techniques for performing the several portions of the comparative assess-
ment process. The selection of component methods was based on intensive
reviev and evaluation of the technical and sciance policy licerature, particu-
Llarly works on environmental transport modeling, healch effects modeling, and
rish assesament and risk management concepts. The goal of the methodology is
to develop both best estimates of the risks co potentially exposed individuals
and populations for each idencified waste management alternative, and also
estimgctes of the upper and lower limics of cthe risk range at one or more con—
fidence levels, considering both random and systematic sources of uncertalnCy.
The mechodology as presently developed is oriented coward site-specific
assessmencs of alcernacive treatment, storage, and disposal facilities, and
contains seven major sceps: (1) Source Assessment (hazard charscterization)j
(2) Environmental Transport and Fate Analysis; (3) Exposure Pradiction;
{4} Health and Environmencal Effects Analysisi (5) Adverse Impact Estimacion
and Summation for Exposed Individuals and Populacions; (6) Uncertainty Analy-
sisy and (7) Report and Compare Resulcs as Appropriate. Uncertaincies for
each step are aggregated to yield the uncertaincy range sbout che best risk
estimate. An excensive bibliography is included. Careful appraisal of the
concepts of tha methodology and demonstration of ics ucility in decision mak-
ing are now needed, particularly in cases where alternative remedial accions
are being considered for exiscting hazardous waste sites.
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SUMMARY

This report presents the results of a study performed by Midwest
Research Instictuce (MRI) for cthe U.5. Environmental Protectiaon Agency (EPA) in
support of EPA's needs to assess and compare the risks and benefits to human
health and the environment of alternative hazardous waste management technol-
ogies and standards. The research had four intermediace objeccives:

a. To identify the necessary component steps and incerrelacien-
ships of a risk assessment mechodology Eor hazardous waste
decision making

b To identify, review, and evaluate available techniques and
models chart might be used for key portions of this methodolaogy

€. To identify cthe mosc ‘generally applicable, efficient, and
scientifically defensible techniques and models Eor each scep

d. To Llink selected component methods into a flexible general
methodology that should provide support for a range of regu-
Latory decisions involwing hazardous wastas

The overall goal was to develop a mechodology that could enable EPA
to compare both the best escimates of the risks of specified wasce management
alternatives and the explicit uncertainties associated with these best esci-
mates.

Approach

A goal of our risk assessmentc methodology was to incorporate tech-
niques and models that will yield sciencifically defensible comparative
assassments, and Co avold mixing in components more properly reserved to the
risk management portions of the overall regulatory process. Careful consider—
ation was given co how the components were defined and how chey were related.
The cerminology adopted in this study was systemacically selected following an
extensive review and evaluation of the evolving and scill widely varving
nomenclature in use in the literature= on risk assessment and risk managemenc.
A compatible, self-consiscent set of definitions were developed that reflect
the best of recent usage in the several disciplines associated with risk
assessment/management concepts, both in che United States and intermationally.
A framework for the sssessing and managing of technological risks in general
was developed as showm in Figure 5-1. (The health and environmental risk
assgssment and uncercaincy analysis portions that are the subject of this
repart are within the heavy lines.)

Several imporcant objectives and guidelines wers identified for fic-

ting a methodology for comparative risk assessment of hazardous waste manage-
ment slternactives within this framework!
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* The approach should be applicable to a range of potemcial regu-
latory decisions, but should not focus on making waste manage-
ment decisions on a national level on specific wastes, specific
waste sources, or specific kinds of waste Creacment, storage
and disposal Ffacilities (TSDFs). The methodology should be
tescable, however, on specific wastes and TSDF technologies at
specific 3ites.

w The mecthodology should be sufficiently flexible ta address dif-
ferent hazardous wastes, TSDF technologies, modes of toxicant
release and transport, exposure conditions, and healch ar envi-
ronmental effeccs.

o The methodology should be applicable to a range of TSDF tech-
nologies, including: landfills; surface impoundments; surface
spreading} storage in piles or containersi deep well injectiong
chemical and bioclegical treatments; incineration on land or at
seaj and combustion in boilaers.

.3 The assessment of each option should consider all kinds of
releases, multimedia environmental transport, and health and
environmental effects (mot just carcinogenicicy, for example)
for the Life cycle of the technology or beyond if there are
long cerm affects. Comparable contributing factors need to be
treaced comparably for each optionm.

* The mechodology should yield quanticacive results when neces-
sary datas are available and yield the mosc useful resulcs pos—
sible when data (or the time and resources needed to compile
daca) are limited.

* The methodology should yield information on the most Likely
outcomes for each option, and also on the uncertainties in such
estimates for all options considered.

Failure to be comprehensive and consistent throughout the assessment
could lead to decisions that are less protective of health and che environ-
ment, and possibly also more coscly to society than another decision would
have been. Assessments involving mixed chemical wasces or disposal oprions
that could lead to exposures to different chemicals with differenct health
effects must be particularly careful to avoid inconsistent analysis that could
lead to perverse decisions.

The Hu:hndnlugx

The mechodology for assessing the health and environmencal rcisks of
hazardous waste management alternatives depends on four fundamencal assump-
tions: (a) sequential analysis steps can be defined and linked to provide an
ovarall assessment of the health and envirommental risks of hazardous waste
management alternatives; (b) each step can be performed by utilizing a com-
bination of scenarios, available or estimsted data, and prediccive models;
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(¢} best "point" estimaces of the risks can be obtained by using the most
likely case assumptiorms, input data, and predictive models throughout, rather
than intentionally "conservative" or "oprimistic" choices; and (d) upper and
lower confidence limits of the overall risk can be obtained by Eirst estimat=
ing the uncercaincies from both random and systematic sources of error in the
assumptions, input data and models, and then aggregating or integrating the
uncertaincies across the risk assessment process.

Saven major mechodological steps can be idencified:

. Source Assessment (hazard characterization)

. Environmencal Transport and Face Analysis

. Exposure Prediction

. Healch and Environmencal EEfects Literature Base Evaluation and

Model Development

. Adverse Impact Estimation and Summation for Exposed Individuals
and Popularions

. Uncertaincy Analysis

. Reporting and Communication of Resulcs and Conclusions
The interrelationships of theda steépd and supporting elements are shoawnm sys-
temacically in Figure 5-2. Activicies involved in these steps are summarized

below.

] Source assessment (Kazard characterizacion! requires charac—
terization of the source of environmental conctamipancs, tncluding:

- Idencify chemicals present

- Identify preliminarily cheir physical, chemical, and biclogical
propercies of concern

- Analyze the technologies and practices that may resulc ip
release of contaminants to the eavironment and idencify release
points and routes

o Quancify source strengch, i.e., the race, concentration,
quantity, and form of hazardous constituent released

A schema for assessing sources is given in Figure 5-3.
i. Environmental transport and fate analysis involves estimacion

of the manner in which the contaminants move and react in the environomenc,
including!t
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) Igentify major environmenctal transport routes and transforma-
Lion pathways for chemicals of concern

= Escimate concentraciona of chemicals (or their hazardous crans—
formation products) along these routes over time

- Identify Locacions along these routes where the chemicals may
reach susceptible populactions

A schema for the selection of suitable models for analysis of pol-
lutant transport in differenc media is given in Figure 5-4.

J. Exposure prediction involves escimation of the degree co which
poillucants reach humans or other organisms, ioncluding:

i Estimate numbers of people or organisms that may be contacted

- Predict frequency, intensity, and duration of the exposures
that may ocecur for populations or subpopulations

4, fitkalth and environmental effects analyais invalwves:

- Review incansively the Llicerature on the health and environ=
mencal effeccs for the chemicals of concern

- Identify ranges of responses known, and especially those that
could eecur ac predicred environmencal exposures

- Select or develop chemical-specific dose-response relartionships
for effects of concern

= Develop (through selected extrapolacion methods) risk factors
for specific predicced environmental doses

A schema for selection of health effecta escimacion models, depend-
ing on cthe availabilicy of data is shown in Figure 5-5.

The preferred dose-response model depends on the type of effect, the
qualicy of the available data, and whether one 1is calculating a maximum
likelihood estimacte (HMLE) or an upper (or lower) confidence Llimic. For
effects cthat are believed not to have a threshold dose (such as cancer), the
nonthreshold Weibull model is generally recommendad for obtaining best point
estimactes, but che multistage model may be preferred with some data secs. The
linearized multiscage model is recommended Ffor calculating the upper confi-
dence limits, since it has been widely used for this purpose already by EPA.
For seriously deficient data sets, the linear interpolation method or the one-
hit model can be used to escimacte upper confidence limics. For effects
believed to have a threshold dose, che threshold version of the Weibull model
is generally recommended for best point estimates above the threshold, but
again the multistage model may be preferred with some data sets. Estimation
methods are provided for determining the threshold dose from established
acceptable daily intcakes or cthreshold limit walues and from experimentally
dacermined no observed effect levels, or lowest observed sffect levels.

5-7
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Adverse impact esCimagion and summacion 1s an integrative step

that invelves estimation of tha probabilicies and extents of adverse health
and environmencal effects actually expected from the predicted exposures,

including:

6.

Apply dose-response functions to exposed individuals by
EXposure Eraup

Idencify any especially sensitive subpopulacions of concern

Make best estimates of the risks for each effect itn each
subpopulation

Make best escimares of the tocal pumber of cases of each effect
Estimate the uncertainty range for each best estimate

Uncertainty analvsis considers both systematic and random

sources of errors in all elements of the risk assessment process, including:

=

Ta

Idencify uncertainties For each factor contributing te risk for
each oprion assesied

Perform sensitivity analyses of key wvariables
Estimate uncercaincias af all factora
State uncertainties with same confidence bounds for all factors

Aggregate uncertaincies across entire assessment for esach
apticn

Compare total wuncertainties For all oprions and also relative
uncertainties if a particular factor is common across options

Stace the risk range for each option as a best escimate of
risk, R, cimes an order of magnicude factor lﬂ‘u. whare U
reflects the aggregacted tocal or relative uncertainty

R‘Eﬂfti“l and :unuuni:!tinn gf che resulta and conclusions

requires careful planning to obtain maximum value from the risk assessment.
The report should:

-

Provide sufficient detail on the technology, wasces, and wasce
management alternatives being assessed for claricy

State clearly the modeling techniques employed, data sources
used, and all assumptions made

Show and compare consistencly best escimates of health cisks
and their uncertainty ranges for all alternacives assessed

5=10



- Provide similar best escimates and wuncertainties, if appro-
priate far ecological or other environmental eisks, costs of
control ctachnologies, and ocher socigceconomic costs, risks, and
benafics for alternativwes assessed

oy Prepare extended (e.g., 10 page) and concise (e.g., one page)
susmaries of the assessment and its results and conclusions

= Hake oral presentations as appropriace

= HMake gpecial effort to place the risks, costs, and benefits of
the alternatives into perspectives helpful to the reader,
dudienca, and decision maker as appropriata

The results should be summarized in a concise form with sufficient
clarity to be useful to decision makers who are not technical experts, but
should be supported by enough technical decail to permit analysis of the pro-
cedures used and assumptions required.

Coanclusions
Imporcant feacures of the methodology are:

. It is designed to assess che consequences of disposing of
specific wastes with specific technologies at specific sices,
through the use of carefully conatructed scenarios and actual
or estimated cechnological, meceorological, hydrogeslogical,
environmenctal, toxicological, and demographic daca.

# It provides a modular framework for & series of sceps, most of
which must be performed in given assessments. This modular
nature permits one to respond to differences in availability
and applicabilicy of daca or analytical techniques, and to
incorporate refinements or extensions of & presently proposed
technique, alternative techniques, or new cechnigues as they
become available.

* It contains procedures for seleccting among available analyrical
cechniques for each step so chac maximum use can be made of che
data available.

- It analyzes uncertainties Ln all steps and aggregates Chem
across all steps in each assessment.

The mechodology is oriented throughout te the development of "besc"
estimates (ofcen maximum Llikelihood estimates, MLEs) for each factor racher
than "worst case" or "worst credible case" estimaces. The best estimates for
the contributing fzctors are combined to provide & best estimice for each kind
of effect. The snalysis does not inconsistently mix best estimaces {or MLEs)
Eor some factors with upper confidence limit estimates (e.g., 95%) for other
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facrors. (The resulr of such a combination would be an estimate of owverall
gffecr ar some ill-defined point between an HMLE and a worst case.)

The analysis does address confidence limits in the uncertainty
analysis, and both the best sstimate and the uncertainty range can be provided
to the decision maker. Anzlysis of uncertainties considers both syscematic
and random sources of arror. Uncercaincties are estimated Eor each factor
concribucing to the risk far each oprion assessed, and then stated with the
same confidence bounds for all factors.®* The uncertainties are aggregated
across the entire gssessment for each optlon and risk ranges for options are
compared.

The mechodology focuses on public health impacts of hazardous
wasces. Ecological and sociceconomic impacts are considered only briefly, but
should be assessed in greater detail than indicated herain for many deci-
sions. The mechodology would require substantial ipput data and resources ©o
yield quanticacive point estimaces and uncertaincy bounds Eor risks, but the
results should provide a better basis for most decision making than unrealis-
tiec, overly conservative or overly optimistic estimates. Further research i3
needed co demonstrate the mechodology's reliability and its usefuloess in
hazardous waste management decisions.

#*The uncertainty for each factor can be stated to within one standard devi-
ation (%l o) of che best escimacte or some highar confidence interval such
a8 2 @ or 3 g. The larger intervals after aggregation will tend to
increase thea overlap of risk escimaces for tche opcions being compared,
and the choica of interval probably will not make a big difference in
most decisions becween cechnologies.

8-12



[. INTRODUCTION

Decision making in the public interest requires consideration of the
range of consequences -— benefits, coscs, and risks to individuals, groups,
business, and the environment -- posed by alternacive technological choices.
Legislacion often requires that government agencies and :industry reduce risks
to human health and the environment to "reasonable" lewvels. Executive Ocder
12291 directs federal agencies to prepare Regulatory Impact Analyses (RIAs)
that describe the benefits and costs to society for proposed major regula-
tions. A major policy issue confronmting regulatory agencias is how best to
choose among mulciple regulatory and nonregulactory approaches in managing our
diverse technologies when the magnitudes of the consequences are uncertain.
Decisions are particularly difficult when the risks are highly uncertain buc
possibly quice large. Many studies have, therefore, been initiated by govarn~-
ment agencies and the research community to develop betcer ways of escimacing
technological risks and of using the results in concrolling these risks ac
acceptable Llevels.

This study was inicilated at Midwest Research Insticute (MRI) by the

U.5. Eavironmental Proteccion Agency (EPA) in support of EPA's needs to assess
the risks and impacts of regulacory decisions involving hazardous wastes.

A. Bilsk Assessment Hole in Decision Haking

Recent studies by commitcees of the Macional BResearch Council, a
study group of che Royal Society, and by others have concluded that the
science~based parcs of the risk assessment process should be as independent as
possible of the ultimace decision-making steps, although the lacter obvwiously
should draw extensively on the former (see NRC/MAS, 1982; NRC/NAS, 1983; and
Royal Sociecy, 1983). B8ills introduced in recent U.S5. Congresses (e.g., the
"Risk Assessment Research and Demonstracion Act of 1985") also reflect a con-
clusion that information on the risks of a given choice should be compared
wich the risks of other practical choices and with other everyday risks, so
that the decision makers and che public can gain a useful perspeccive of che
risks, costs, and benefits of the awailable options (U.S5. Congress, 1985).
Anocther lesson from recent study is that che uncertaincies in estimacing the
risks should be made explicit. A scatement of estimated adverse health
effects should identify not just a single=valued prediction, but a range of
reasonably probable forecasts. The decision maker can then compare the ranges
as wall as the point estimates.

Becent research has alsoa shown & need to reevaluate the role of
"conservarism" in assessing and managing risk. Making a "conservative deci-
sion" {i.e., one that is likely to be more protactive of health and the envi-
ronment than an slternative decision) is widely accepted as a prudent practice
in risk managementc. In keeping with the recommended separation of risk
assessment and risk management activities, however, conservactive assumpCions,
conservacive models, conservative escimates, eatc., should noc be key elemencs
in the science—~based risk estimation sceps. A cacenacion of conservacive
assumptions, models and escimaces chroughout a risk assessment can lead to a

I=1



"worsc-case" (or even worsc-of-the=-warst=—cases)] prediction chat may be of
little value {or possibly misleading) to the decision maker. For this reason,
the concept of "worst-credible case" has received some emphasis recently.®

Most decisions on hazardous waste sites actually involve "sicher-or"
choices between technological alternacives with different risk levels rather
than a "yes-no" choice on a single risk. When dissimilar alternatives require
different analysis procedures, copservacism ambiguously or inconsistently
applied could lead to biased resulcs and poor decisions —— even to the choice
of a technology that is less protective of human health and the eovironment
and possibly more costly to sociecy than an available alcerpative.  3est
estimates of the risks, costs, and benefits for the alternacives, coupled with
consideration of their uncercaincties (including worst-credible case consider-
acions), should produce the optimal basis for decision making. The Council on
Environmencal Qualicty has recently noted chat "rules of reason” should replace
worst case analysis as the basis of regulatory decision making (CEQ, 1985].
The Council has also noted the need to and the difficulty of making environ-
mental regulations in the face of incomplete or unavailable information, and
has made suggestions (CEQ, 1988).

B. HRisk Assessment Needs Under RCRA and Superfund

The Resource Conservation and Recovery Act (RCRA) of 1976 and Haz-
ardous and Solid Waste Amendmencs (HSWA) of 1984 are major legislacion con-
crolling hazardous waste disposal. Under RCEA, EPA designates specific chem
icals and specific industeial waste streams as hazardous and regulaces cheir
treatment, storage, and disposal. RCRA and HSWA are less specific about the
need to decermine the reasasonableness of risks or to perform risk assesaments
than are some cother envirommental and consumer protéccion laws, such as the
Toxic Substances Control Act, the Federal Insecticide Fungicide and Rodenti-
cide Act, and the Consumer Product Safety Act. MNevertheless the RCEA lLanguage
clearly implies thar risks will need to be studied in some cases.

For example, RCRA defines hazardous waste as "a solid or combinacion
of solid wastes which, because of its quancity, concentration or physical,
chemical or infectious characteriscics may: (a) cause or significantly con-
tribute to an increase in mortality or to an increase in serious irreversible
ar incapacitating reversible illness; or (b) pose a substantial present or
potencial hazard** to human healch or the environmentc when improperly treated,
stored, transported, disposed of, or otherwise mismanaged."

Sec. 3013 of RCRA, "Monitoripng, Analysis, and Testing," addresses
the issue of risk indirectly. IC states that upon receiving informacion chat
the presence or release of hazardous waste at & Creatment, storage, Or

* Efforts to define worst-cradible cases can also be controversial} the
courts have had to grapple with this issue.
#* BCRA does not define 'hazard,' but as used here co define 'hazardous wasce'

it appears to be essencially synonomous wich conventional definitions of
'risk.’



disposal faciliry (TSDF) may present a substancial hazard to human health or
the environment, the EPA Administrator can require that the owner/operator of

the site conduct monitoring, testing and analysis to determine the nature and
excent of such hazard.

Sec. 3019, "Ezxposurs Information and Health Assessmencs' (added in
the 1984 amendmencs), speaks most directly to risk assessment needs. Ie
identifies che kinds of information related to potential human exposure to
environmental contaminants chat an owmer/operator of a hazardous waste TSOF
must submit to EPA before a permit Co operate is granted. [r provides proce-
duras for determining if health assessmencs are needed, for eacablishing pri-
orities among such needs, and for initiacing such assessmentcs. It also
defines the general contents of health assessmencs to include evaluation of
risks to potentially affected populations.

The HSWA directed a phase-out by 1990 of previously used land Fill-
ing or other land disposal of hazardous wasce, and increased interest im
searching for and demonstracing alternative disposal methods chat posed less
environmental risk. HSWA also provided for controlling environmental contam-
ination from underground storage tanks.

The Comprehensive Environmental Response, Compensation and Liabilicy
Act (CERCLA or Superfund) of 1980 and the Supecfund Amendmencs and
Beauthorization Act (SARA) of 1986 provided for the evaluacion and management
of exiscing hazardous waste sictes and spills of hazardous substances into che
environment. Under Superfund, EPA has placed some 950 sites on the National
Priority List, based on &  hazard ranking systems. Remedial
investigation/feasibility studies (RI/FS) are first initiated followed if
appropriate by remedial designs and remedial actions. Hemediation at a sice
is undertaken by private sector principal responsible parcies (PRPs), if they
can be itdentified, or by the U.5. Army Corps of Engineers {(with resources from
the industry-supported Superfund} if they cannoc. In either case, risk
assessment and risk-cost-benefit assessment have become an important part of
the RI/F5 to determine the extent of remediacion needed and of che remedial
design, where competing demands for environmental risk reduction and alloca-
tion of limicted rescurces often must be compared and balanced before reaching
decisions.

Superfund also provided for EPA to establish reportable guantities
{(RQs) for liscs of hazardous chemicals posing "substantial danger to cthe
public health or welfare or the environment." Heleases of listed substances
in amounts greater than their AQs triggers notificaction requirements. Estab-
lishment of BQs {over 600 substances to date, with values of 1, 10, 100,
1,000, ectc., pounds) have incorporated consideracion of health and
environmencal risk.



C. Study Objectives, Origins, and Scope

The commitment of EPA to using risk sssessment effeccively in making
consistent regulatory decisions in all of its program areas has been expressed
by present and previous EPA Administrators and is described in a 1984 report
ta the public (EPA, 19B4). EPA continues to examine ways to improve the risk
assessment and risk management processes. The present study concerns EPA
needs in a4 very important problem area—hazardous waste disposal.

l. Objectives: The overall goals of this project were to explors
and recocmmend risk assessment methodologies for use in decisions tovalwving
hazardous waste regulations. Specific objectives were!: co evaluate currently
available ctechniques and models that mighct be used for various steps in chis
methodology; to idenctify the most generally applicable and efficient mechods
for each scep; and to recomnend a general approach based on selected methods.

2. Origins: This study began in late 1982 when EPA was preparing
for several decisions under RCHA sbout regulating the management of hazardous
wastes., EPA's Office of Solid Waste (0SW) was cansidering alternative regula-
tory approaches, such as prohibition of land disposal for certain hazardous
wastes, and was evaluacing potential impacts of cthese altermatives on human
health, the environment, the economy, and speacifiec industcries. I[n cooperation
with 05W, OPPE initiated studies with MRI directed ctoward a methodology for
quantitactive assessment of potential risks to human health from the use aof
various technologies for the ctreatment, storage, and disposal of hazardodus
wastes.

The study first reviewed, evaluated, and compared reported methods
for predicring the environmental ctranspart of pollutants released from a haz-
ardous vasta Creacment, scorage, or disposal facilicy and for estimacing human
health effacts Erom environmental exposure to such pollutancts. Methods chat
appeared to be most applicable with the kinds and gquality of information and
data usually available were selected for further consideration and possible
integration into & general approach that could be applied broadly, rapidly,
snd guantitatively to many wastes and mamy waste disposal alternatives. The
study then considered other factora! alternative treatment and dispesal ctech-
nologies, Cransportation risks, occupaticnal exposures, release rate pacram—
etears, corrective actions, costs, and environmental impacts. The gquancicacive
estimation of public health effects from environmental exposures, however,
remained the Ffocal point of che study. Comments from many revievers of
interim manuscripts and a draft reporc (HRI, 1983) led co several improvemencs
in the methodology.

The mechodology was chen applied in pilor analyses of three repre-
sentacive wasces, which required furcher developmenc of cthe overall mech-
odology. An incerim report was prepared (MRI, 1984a). Heview comments were
again incorporated in a draft report summarizing the mechodology and results
of the pilot studies (MRI, 1984h)., This drafc was made available to inter-
ested researchers and cthe public Eor comment. The Environmental Engineering
Committee, EPA's Science Advisory Board alse reviewed this reportc, discussed
the methodology and results with the OPPE-MRI project team, and issued a re=
view (SAB, 1985). Our evaluation and development of risk assessment tech-
niques benefited from these extensive reviews and soggescions,
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3. Scopet The sgope of this study had cthree major tasks: (1) an
overview of the risk assessment process (including necessacy definitcions) and
of the componepts of risk assessment for hazardous wastes disposal; (2} ce-
views of mathods for specific steps in hazardous waste risk assesament inelud-
ing Ssaurce assessment, analysis of environmental transport and fata, exposure
prediccion, analysis of health effects and prediction, assessment of environ-
meéncal and ocher impactd, impact incegration, and uncertainty analysis; and
(3) development of a general approach for assessing riska in hazardous waste
management .

Our study was constrained 1o scope by available resources. Several
assumptions and limitacions weres made, the most significant of which are nocted
here, because Chey may require further consideration in other specific rcisk
assessment applicacions.

. A solid waste was defined as hazardous if it is listed im the
dppropriace section oE the Code of Federal Regulatcions ar
exhibita a significanc degree of ignitability, corrosivity,
reactivicy or Coxicity.

. The risk assessment approach should be orienced coward BCRA-
ralated decisions concerning hazardous waste disposal.

L The approach should be applicable to specific hazardous wasce
treatment, storage and disposal facilitias (TSDFs) or to speci-
fied hazardous wastes.

® The approach should be applicable te multiple technologies,
including: landfills; surface impoundments; surface spreading;
storage in piles or containersj deep well injection; chemical
and biological treatments; incineracion on land or ac seai and
combustion in boilers,

. The approach should be applicable to existing sices concaining
hazardous wastes, existing TSDFs, and proposad new central or
dispersed facilities.

. The approach should be applicable to a range of potential regu-
latory decisions, such as: exclusion or acceptance of desig-
nated wastes (e.g., Erom a landfill or incinerator); promulga-
tion of specifications or standards for given disposal tech-
nologies (m.g., liners for landfills, or control of emissions
and effluents); and acceptance or rajection of designaced sices
for staced accivicies (e.g., based on waste characteriscics and
amounts, hydrogeological and meteorological condicions, human
population distribuction and other environmencal factorsa).

L The approach need not be orienced now cCo making wastCe mansge=
ment decisions on a national level on specific wastes or waste
sources. MNational considerations will be taken into account as
needed in future decisions.



The approach should address all releases of pollutants Crom
TSDFs to air and water that may affect the public. However,
releases from transportation of hazardous wastes are noced only
briefly. They may need to be considered act length in many
real=life decisions.

Tte dpproach should take a long-term multimedia view of envi-
ronmental ctransport of pollucants Erom points of release to
points of exposure of humam or nonhumsn receptors.

The approach should focus an the potential human health effects
of toxie pollutants. It should asddress primarily the healch
risks of the general population in the wicinity of the TSOF.
The public i3 assumed not Eo have access to the sice. Occupa-
tional exposures at the TSDF are noted only briefly; they may
require furcher consideration in some decisions.

Mechods for assessing impacts on the physical and ecological
enviranment are examined only briefly. Impacts on such factors
as the atmosphere and the flora and fauna may require detailed
evaluation in some decisioms.

The scudy notes only very briefly socioeconomic impacts. Such
factors as benefic-cost ratios, equity considerations, land=-usae
planning and social accepcability of alternatives may require
in-depth consideration in some decisions.

I-8



References to Chaprer I

CEQ. "Mational Enviroomental Policy Act Hegulations: Propogded Amendment to
40 CFR 1502.22." Council on Environmental Quality, Executive Office of
the President. Federal Regiscer, iﬂ{lj&} 32234=B, August 9, 1985,

CEQ. "National Environmental Policy Act Regulations: Incomplete or Unavail-
able Information." Council on Environmental Policy. Faderal Regiscer,

51(80) 15618-15616, April 25, 198,

EPA. Risk Assessment and Management: Framework for Decision Making. Envi-
ronmencal Protection Agency. EPA 6BO0D/9-85-002. Washington, D.C.
December 1384, 35 pp.

MRI. "Health Hisk Assessment Methodologies for HCRA Regulatory Analysis"
Drafc Heport. Midwest Research Instituce. EPA Contract Ho, GB-0l-8621
{Subcontract ¥o. 30-8, Work Assignmencs 17 and 27 from ICF, Inc.), Office

of Policy Analysis, U.5. Environmental Procection Agency. Washington,
bD.C: MHowvember 7, 1983.

MRI. "Pilot Risk Analysis for Land Disposal Prohibition of Carcain Hazardous
Wastes." Drafc Report. Mideesc BResearch Institucte., EPA Contracc Mo.
68-01-621 (Subcontract No. 30-8, Work Assignmencs Mo. 98 from ICF, Inc.).
Office of Policy Analysis, U.S5. Enviroanmental Protection Agency.
Washington, D.C. April 19, 1984.

MRI. "Comparison of Risks and Coscs of Hazardous Waste Alternacives: HMechods
Development and Pilot Studies.” Draftr Heport. Midwest Research Insci=-
tute. EPA Contract NHo. 6B8-01-6558° (Subcontract Mo. 133.155, Work Assign—
ment No. 24, Erom Sabotka and Company), Qffice of Policy Analysis, 0.5,
Environmencal Protection Agency. Washingron, D.C. Hovember 19, 1984,

NRC/NAS. Risk and Decision Making! Perceptions and Ressarch. Commictee on
Bisk and Decisionmaking (Howard Raiffa, Chairman), Assembly of Behavioral
and Social Sciences, MNational Research Council. Mational Academy
Press. Washingcton, D.C. 1982. 68 pp.

NRC/NAS. Risk Assessment in the Federal Covernmenct: Managing the Process.
Commiccee on the Institutional Means [or Assessment of Risks co Publ:ic
Health (Reuel A. Srallones, Chairman), Commission on Life Sciences,
Mational Research Council. MNaxional Academy Presa. Washingcon, D.C.
1983. 191 pp.

Royal Sociecy. Risk Assessment. Study Group on Risk (Frederick Warner,
Chairman). The Royal Sociecty, London. January 1983. 198 pp.

Y.5. Congress, "Risk Assessment Research and Demonstration Acc of 1985." Bill
H.R.2749. TIntroduced in 99cth Congress by Congressman Donald Ricter and
othars. Jone 12, 1985. 13 pp.



i = ab

a3 lewwbasms  b8osgwTl u-n-_ e Arvemed i iTES  Lenmbsaet
b EVME e e w3l 0 iCeteas “.L51.000 FO W
AR T Mgl w ~=upd [peT? etz

= lamematt vt wielgum—ad ll-i“ LSO TLEY L] .l_h-ﬂ L ani™ a0
CESFELRE lazalbet  pal o luawemirs el ow L emwitmyyiinl sive
N L T LA I AT

"'l'-'ﬂ & l_+ |H.=
Uil metpejdsa L= T ¥
43 AW yeberel

“hireiaad woiislipad aCE Wt vemmasaer anild dilaasil™ 1R
PEME- e WM Laprtexs MR ; e T TL I T
RRETED i el V0T v tE e 1 onmmmpided SeeN D01 a8 Teemoew el )
CRETpaifBeY  resepd Wi ZTeeet lesummmeivell . tlanienh 1o bt 3
3 . miamv=h 2.3

setrraspd roaried Le anazen mevd ot Leglesd g2l ull'l-" -
S ST I L TSR J L L IR TS Y TR
deanl D) mend oLl etheen i LW e tamsdet | rﬂ--n.-h
sywrwgs ST LA Yewe—" &9 il fe sl
A diwgh 3.0 esspeidiii

shaziion  lowe Jismvaiih adiel il b copeh des ameld by emalvepect | LEW

=lzsal detssinl vashin el Tebndeniil Tl sms  tmmegs Jeeet
o L T e I . aperamed M1 eai
AV Ladmviim viiied e -, e alppinl amtd 20 L0 e

A080 1! zagmtend OB pppiapl FALTVEFSLY (nlwwemcy s vnl

" akiilemet «1aH | 3l
s niranel I 5 - T i avil
pombss sl lawe il « & ) — R T BT I

am S oeeagnidast | selret
5 = -Gl 2
(A &7 w0 e LR L ERg-

cdnamind wild W= Jmmallais a4 Jesal) @3 fews
B cevrgaldesw  aveWd “ lomine® lsees dorvasesl s pel

-y I8 (BN

srprtaV drisapedt) SIE = el TSR R
on L 1B skl :l m e

i T8 Ve -un_ fhmmsanten o lE"  samagmed RLM
bm mITAE b jeme o] K i hessdevrml VTR

= 1] h LM 0 “ Lormitte

b



IT. RISKE ASSESSMENT aAND RISK HAMAGEMENT

Syatematlic assessment of the risks to human health and safety and co
environmental values has become & formal activity for regulatocy purposes only
within the past few decades. Meither the definicions of risk assessment/
management cerms nor the scopes of the processes are standardized yer. The
following sections describe first the terminology used in cthis report, and
then a uwseful Eramework for assessing and managing tvisks of hazardous wasce
disposal.

A TEruinuluEI

HEisk assessment/management concepts developed independently in
diverse fields with substancially discincr liceracures and differing terminel-
ogies. The risk-related literature has grown rapidly in the past decade or
so, and interactions between researchers in different fields have increased,
but a generally accepted, standardized nomenclature is still unavailable. We
have carefully reviewed che terminology in use in che liceracure and have
selected a composice set of definitions for our work, as described in Appen-
dix A and summarized in the two subsections following.

l. Recent usage! Numerous authors have defined risk-related
terms, but they have seldom agreed with each octher and have at times been
inconsistent or confusing within their own usage. A review and bibiiography
of recent usage in the literature ia provided in Appendix A. Overall, the
licerature reveals that risk assessment is an immacture discipline without cthe
kind of scandardized nomenclature one finds in an older discipline such as one
of the physical, biological, or social sciences.

Several recent publications have attempted to define terms, but none
can be regarded as the final word. In short, the terminology is scill ewvolw=
ing. It lacks consiscency, even for such basic terms as "risk,” "risk assess-
ment," and "risk managemenc.”

Some authors feel that "risk" must be a gquantitacive expression of
probability, while others do not; a few equace risk with "uncertainty,”" others
with "hazard." Some define "hazard" as intrinsic toxicity, others as a situa-
tion that could lead to harm, and still others as a dangercus ctechnology.
“"Analysis" and "sssessmenc" are used interchangeably by some authors, but net
by others,* Parcicularly troublesome have been the inconsistency and Che
varying interrelacionships shosm for such terms as! identificacion, escima-
tion, determinacion, characterizationm, evaluation, anslysis, assessment, and

* According to dictionary definitions, "analysis" (from 'te dissolve’)
implies separation of a vhole into its component parts, followed by iden—
tification and quancification of the parts. "Assessment” (meaning 'to
assist cthe office of judge') implies appraisal, valuation, judgment, and
a4 summing up. The journal of the Society for Risk Analysis uses che
tarms interchangeably.

Ir=1



management. For exampla: "escimation" is called "characterizacion'; "evalua-
tion" is used in several ways} and "management" is often limited to "reaching
a decision.” One recent author classified "risk analysis" as a subset of cosc-
benefic analysis, while another curiously subsumed risk assessment and manage=
ment under "analysis."

Different agencies of government and different committees of the
Mational Research Council, HWacional Academy of Sciences, have used substan-
tially differing terms and definitions. An illustration of the diversity that
exists among authors on basic terms is seen in Table II-l. In addition, che
overall process of studying and managing technological risks tends naturally
to have several seguential stepsi many analyscs tend to define a given step Lo
include all prior steps in the sequence. Thus, source assassment and environ=
mental transport snalysis can become subsets of exposure assessmentc, and all
three can become subsets of risk assessment, Risk assessment 13 occasionally
described as a component of risk management.

Based on our review of terminology used in the literature, an
attempt was made to develop a set of terms that are internally consistent and
widely acceprable, as discussed in the next subsection.

2. Definicions adopred: We applied two guidelines in the devel-
opment of definicions:

- The terminology should reflect as well as possible the best
ussge in the recent literacure, both in the United Staces and
internacionally.

. The tcerminology should be self-consistent across the whole

process of assessing and managing risks, including those ele-
ments involving judging the safety and acceprabilicy of risks,
making regulatory decisioms, and implementing rcisk controls as
appropriate.

Particular attention was given to terminology used in the Stallones’
committee report, Risk Management in the Federal Government: Managing the
Process (NRC/MAS, 1983), because this terminclogy was well received by che EPA
(EPA, 1984)., It is not, however, without problems, and many authors have made
efforts to improve upon it (Table II-l), including a prestigious task force of
the Department of Health and Human Services (USDHHS, 1986) (see alsoc Appen-
dix A). The NAC/NAS terminology will undoubredly be supplanted in the future.

The relationships defined below provide a background Eor the more
complex relationships in the framework for assessing and managing risks
described in che next seccien.
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Reference

Otway & Pahner, 1976

Rowe, 1977; 1983

Kates, 1978;
Whyte & Burton, 1980

Somers, 1979

Conrad, 1980;
Greer-Wootten, 1980;
Cullingford et al., 1982

Gusman et al., 1980

NRC/NAS, 1980

Porter et al., 1980

TABLE 1I-1

EXAMPLES OF DIVERSE TERMINOLOGY IN RISK ASSESSHENT LITERATURE

Comprehensive
Risk Terms

Assessmentd

AsEessment

Asserssment

Hanageminl

Asspssment

Assessment

Assessment

Assessment (equated

Estimat ion
Evaluat ion

Determimation i;:i?:;::zﬁtl""
!Awariiﬂn

Evaluation Acceptance

ldentification

Estimat ion
Evaluation

Hazard identification
Kisk estimation
Hizk evaluation

Analysis (or estimation)
Evaluation
Hanagement

z Hapnitude

Exposure assessment EPruhahiliLy

Dosage (hazard) 1Advnran effect
assessmenl FrobabililLy

Exposure analysis

Pathological activity or
hazard appraisal

Combination of exposure
and heazard estimates

with risk/henefit analysis)

Sublerms
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Reference

Conway, 1982

NRC/NAS, 1982

NRC/NAS, 1983

CRS, 1983

Royal Society, 1983

DSMC, 1983

Davies,

1984

Comprehensive
Hisk Terms

Agsessment

Analysis

Asgessment

Augessment )
analysis

Assessment

Analysisg

Asgesament

TAHLE T1-1 (Continuaed)

Principal Components

Analysie (evaluation of
gsclientific doata)

Evaluation of
goclo=econo=political
factors

Assessment
Evaluation

Hazard identification
[lose-response assessment
Exposure assessment

Risk characterization

Eﬂl.ll'l:ﬂ‘ AESCEEMENL

Pathway-to-man assessment
Impact assassment

Estimation

Evaluatian

Assessment

Reduction
Hanagement

Estimatzon of probability
of hazard occurrence
Determimation of Lypes of

hazards posed

Subberms

Identification of sulcomes

Estimation of magnitude of congequences
Estimation of probabilities of onbcom
Determine significance

Study trade-offs of perceived risks and
henefits

Identification of co4t, achedule, or

performance goal

Estimation of probability of achieving

goal
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Comprehensive
Reference Risk Terms
Davig, 1984 Assossment
({continued) {continued)

Hanagemenl

Cootrol
Moghissi, 1984 Analysis
Park & Soee, 1984

Assessment

Hanagemenk (or
regulatory re-
sponse )

Smith, (984

Assessment

TABLE [1-1 {(Contimued)

Principal Components
Estimation of oumber of
people exposed and
number incurring
adverse effects

Acceptability judgment
Action selectian
Implementation
Evaluation of results

Priority setting
Assesement
Hanagement

Asgegrmant

Honagemenl

Hazard identification
Hazard evaluation
KEisk evaluation

Evaluation of benefikts
versus risks, costs,
Bnd alternatives

Hazard ddentification
Hazard evaluation
Exposure identification
Exposure evalualion

Subterms

Engineering failure assessment
‘Expnuure SEEESEMEnL
Effects asgessment
lﬁisk charactecizat ion
Assessmenl policy

Risk value

Uncertainty-of-risk value

Cost impact

Cost/benefit analysis

Perceplions, constraints, intangibles
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Beference

USNRC, 1984 and 1986

USNRC, 1985

_DSTP, 1985

Ricci et al., 1985

Bailar & Thomas, 1985

Comprehensive
Risk Terms

Probabilistic
rigk assessment

Risk management

Assesamentl

Asgessment

Analysis

TABLE [1-1 {(Continued)

Principal Components

Syslems analysis

Fault Lreef/evenlk Lree
analysis

Human factor analysis

Accidenl precursor
analysis

Accident sequence
analysis

Eontainment analysis

Accident prevention
Act?denl m s gement
Consequence mibtigation

lazard (toxicity) assess-
ment
Expﬂiure ABRERSMENL

Hazard
Context
Conseguences
UncertsinLy
Severily
HagniLisde

Study

Interpretation

I
t

Subberms

Hazard sdentificaliou

Risk assessment (development of comdi=
tional probabilities)

Risk-benefit analysis

Risk appraisal

Translation (into relevant Lerms of
political theory, law, economics,
and human behavior)
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TABLE 11-1 {(Continued)

Comprehensive

Reference _Risk Terms Principal Componcnts Subterms
Horgan, 1985 Exposure processes
Asgessment Effects processes
Perception processes
Evaluation processes
Strategy identificatiaon
Acceptable/optimal risk
Hanygrmant determination
Hish abatement
Skinner & Hiller, 1985 Hazard identification
Risk estimation
AREoasRrel, Risk evaluation (includ-
ing management )
& Fathway Identification
raw 1 : oy '
travig, 1985 Analysis AN, A llunnl:.tﬂnuug of conceénlralions In
pace and Lime
Targel populations
Effects assessment
Structurefactivity models
Hazard agsessmenl Experimental studies
Epidemiological studies
Heal, 1985 Charactecization Exposure assessmenl 4EﬂﬂcﬂﬁlrﬂLiﬂ"=
DuraLion
Hisk estimation uantification
Human health considerations
Hanagement Policy judgments Economic factors

Political considerations

Hazard assessment (risk tdentification)

Boykin, 1985 Analysis Risk assessment Exposure estimatian

Kisk characterization (quantification
and uncertainty analysis)

Risk evalualion

Technical feasibility of conlrol

Social, economic, political factors

Pecisions

Risk managoment
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Heference

USDHHS, 14986

Comprehensive

Risk Terms

Assessment

Hallenbeck & Cunningham, Assessment

1986

Smith et al., 1988

Assespmenl

TABLE 11-1 (Concluded)

Peincipal Compohiests Suhbams

Haozard identification tion of potential hazard from a
condition or substance
Characterize action of hazard
Dose-response assessmenl
Peterming differences in risk across
subpopulations
Qualitative and guanLitative evaluallon
of likely exposure
Integration
Binary (risk/mo risk) conclusions
Risk determination Quantitative multidimensional conclu-
sions (including sensilivity Lesling
and uncertainly characterization)

riualitaliwn or quantitative determina-

Hazard characterizalion

Exposure characterization :

Exposiure characleriZzation
Health effects charecter- JQualitative evaluations

ization vantitative evalustions
Individual excess risk
Kisk analysis Humber exXcess Cases

Bensibivity analysis
Acceptable concentralion
calculation

Hazard identificatlion

Hazard accounting
{defining the
system)

Environmental palLhway
evalustion

Risk characterization
(human health and eco-
system)

Risk management



ropes An action or combination of actions (events, condicions, challenges,
decisions, or causes) produces one or more consequences (outcomes, responses,
impacts, or effects). These consequences are judged to be beneficial (favor-
dble, advantageous, propitious or good), adverse ({detrimencal, harmful,
injurious, or bad}, or neutral, depending on the value system of che party or
parties doing the judging.® A potential consequence deemed to be adverse is
viewed as a threat.™ An action or condition posing a threac is a hazard,
i+8., a hazard is a potential source of adverse impacts, or in popular ter-
minology, a source of risk.®** This study focuses on adverse impacts on human
health and safety and on the environment Erom hazardous chemicals. The degres
of hazard of a chemical depends on how much is present, its potential far re-
lease te the environment, its intrinsic toxicity, and its physicochemical
properties.

Risk {noun) is an expression of the uncertain porential of incurring
a specified adverse consequence [e.g., death) during some stated measure of
tnterval, e.g., time, million miles, hundred skydives, etc. All expressions
of risk are conditional. Risk may be usefully expressed either quanticacively
or qualitacively:

= A guantitative statement of the probabilicy of occurrence of a
defined adverse effect, based on adequate amounts of the
required kinds of information and data. A stacement of risk as
a probability has meaning only if one states the units of mea=-
sure and the condicions applicable. (Mote: A definicion of
risk as probability mulctiplied by the magnitude of the conse-
quence (i.e., che expected value) is also widely used in the
literatur=,)

. A qualictative atatement of the Llikelihood or possibility of
sgcurrence of one or more identified adverse etfects, based on
parcial or minimal information or historical perspective.

In many cases of regulatory interest a sequence of several steps
(actions and their consequences) may be involved between the initial source
and ulcimace consequences of concern, such a3 actual effects on human
health. For environmencally related risks, a designated location, activity or

* A consequence deemed beneficial by one person or group may be deemed of no
value or adverse by another (or even by the same person at anocher cime),
€.§+» a4 "snail darcter," a zero sum game, an election result, or a sui-=
cide. Values thus enter into the study of risks act che sarliest stage,
end enter subsequenctly in mamy ways, either explieitly or subtly.
Adverse health effects should gemerally be objectively definable.

=+ "Porential"™ means "could occur in the future."

%) committee of the Mational Research Council stated that the hazard of a
chemical is & function of both icts intrinsic toxicity and use patctern
(¥RC, 1975). Saxena and Fisher (1981) use che term "hazard assessmenc”
to include many of the areas covered herein by risk assessment.
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use Erom which a coxic substance enters chis sequence may be considered as a
hazard. Exposure is said fa octur at the peint in the sequence at which the
coxic substance 1s present at the interface becween the environment and the
biological erganism. The enviroomental dose is the amount of the substance
that actually contacts or enters the organism through bodily membranes and
portala: intact or broken skin, ayas, nose, and mouth.® Subsequent sCeps
within the organism may be involved before the specified affact occurs. The
risk for this effect is chen escimaced by appropriate calculacion based on the
chemicals, steps and condicions involved and assumptions required las will be
discussed lacer).

"Exposure assessment” is often used to describe different secs of
activicies by researchers with different wviewvpoints. Some researchers con-
sider exposure assessment to begin with chemical analysis of the contaminants
in the air, water, food, surfaces, etc., which people actually inhale, ingesc,
touch, ete. By knowing concentrations and assuming the daily volume of air
breacthed, tapwacer consumed, =tc., these researchers estimate the exposure
rate and exposure dose over a given duration for each exposed individual. The
exposure assessment is usually completed by quantifying the known or assumed
populacion at risk. Other researchers, houever, may place greater emphasis in
exposure assessment on analyzing or modeling the transport and interactions of
chemical substances from the point at which they encer the environment through
air, water, land, and ecosystems until chey reach receptor populations, i.e.,
they quantify the points in space and cime chat toxicants and populations
intercept each other, as well as predict the extents of exposures that could
result. Still other researchers may begin the exposure assessmentc with quali-
tative and quantitative apalyses of the entry of contaminants inta che
environment,; l.8., Wwith an assessment of the sources. Thus, Hushon and
Clerman (1981) divided exposure assessment into five steps: chemical descrip-
tion; macterials balance; pachways of environmental rcelease; population pro-
files; and "assessment" in which the environmental concentrations and popula-
tion profiles are combined to give exposure profiles. In one recent report
{OTA, 1984), che exposure assessment was extended to ipclude absorption and
transport within the organism to the site of roxic activity. Many additional
factors can affect biological uptake of a given chemical, including the
presence of ocher chemicala.

In the present research, the terms "source assessment,” "environ-
mental transport and fate analysis,”" and "exposure prediction" are used for
claricy inscead of the less definitive "exposure assessment" cerminology.

We adopt "risk assessment" to describe a broad study process®™ con-—
sisting of several analytical components. The natures of specific analytical
components wvaries with a given risk assessment problem, but generally

* Environmental dose as defined here is analogous to the administered dose in

a concrolled toxicological study.

#* The terms "risk analysis" and "risk evaluation,”" which have been defined
many ways in the literature, are not used. Heither of these tcerms are
included in EPA's pew "Glossary of Environmencal Terms,"” bur "risk
assessment” is included (EPA, 1988).
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includes: identification and characrterization of sourceés of potential threats
{i.e., hazards}} idencification and gquancification of processes by which
potential receptors are exposed; idencificacion and quancification of popula-
tions at risk; development of predicrive cause/effect relationships £rom
avallable data; combinacion of data on exposure levels, cause/effact relation=-
ships, and populations at risk to estimace the probabilities of adverse effect
on exposed individuals or populations. The results of a risk assessment are
sometimes expressed as estimaced probabiliclies of impacts per average or mosce
exposed individual, or as incegraced estimaces of che total impacts on an
exposed population. In eicher case, the results should provide not only che
point estimates but also the ranges of uncertainty for each estimate. A risk
study to this point consists of an analysis——in as scientifically defensible,
value~free® a manner as possible——of several elemenrs associated with poten-
tial adverse effects of a situation. Variacions af the risk assessment pro-
cess can be made, for example, to yield estimates of maximum exposure levels
or source strengtha that can be permitted while achieving a stated acceptable
risk level.

B. Framework for Ausitling and Hanaging Bisks

The making and implementcing of decisions to control risks requires
much more information than the escimaces of cheir magnicude. It usually
requires objective estimaces and comparison of the coscs and benefits of
available alternatives, i.e., comparative risk-cost-benefit assessmant*"¥,
information on public perceptions of cthe risk and on feasibility of implementc-
ing varidus management strafegies is also udually condideced. MRI's view of
an overall framework for assessing and managing technological risk is ouclined
in Figure II-l. The health and environmencal risk assessment, an important
part in the overall process, is shown with saven components as developed in
this study for hazardous wasres: (1) source (hazard) assessmenc; (2) trans-
port and fate analysis; (3) exposure prediction; (4) healch and enviromnmencal
effeces analysis; (5) adverse impact escimacion incegracion; (6) uncertaincy
analysis; and (7) report and compare the results as necessary. Some of these
components would differ in assessing the risks of other technologies.

Imporcant aspects of comparacive risk-cosc-benefit assessment and
risk management are discussed briefly balow.

L. Comparative risk-cost-benefit assesgment: Comparative risk-
cost-benefir assessment L3 a science-based description and comparison of the
estimated or forecasted risk, costs, and benefits of & policy, course of
action, or technological or siting alcermacive. It can incluode:

* A reviewer has noted that as soon as one specifies the use of conservacive
assumptions, & confidence limit on the range of uncertainty, or the use
of an upper bound estimate, one is introducing a valua judgment into the
analysis.

w The "comparative risk sssessment” concept described in the proposed "Risk
Assessment BResearch and Demonstration Act" (U.S5. Congress, 1985) nored
many of these elements. A bill for & "Comprehensive Environmental Risk
Hanagement Act" was planned for proposal in che 1987-B8 Congress.
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Ideally,

Comparison of the reductioa in risks to health and che
environment that may be achieved by one or more technology
control ocprions

Comparison of the risks and costs posed by two or more
technologies that serve the same human needs, i.e., pro-
vide similar idencified benefits¥

Comparison of the risks, costs, and benefits of alterna-
tive technologies or cechnology conctrols, nocting both
equity of distribution among stakeholders and net sociecal
effects (reduction of risk is also a benefic)

Comparison of a given risk with naturally occurring or
familiar risks, enabling the decision makers and the
public co place the risks, costs, and benefits of alter-
native technological choices intoe better perspective

a2 rcomparative risk-cost-benefit assassment methodology

should be charactarized by:

A systematic approach that i3 sufficiencly flexible and
nonmeéchanistic that i1t can be applied to a variecy of
decision questions

& realistic technosocial and institucional wiew of deci=-
sion objeccives, aptions, and implementcabilicy

A comprehensive, long range view of risks, costs, and
beneficts (ac minimum, che life cycle of tha cechnology)

A consiscent Creatment in the analysis of the cechnolog-
ical alternatives and cheir consequances

A mulcidimensional analysis of quite different conse-
quences in summing up the trade-offs among risks, costcs,
and benefits and in avoiding suboptimizaction

A presentation of results that is comprehensible and help-
ful to the nonexpert, but defensible by scientific stan-
dards that simplifies, but does not Cctrivialize; that
provides perspective, but does not dictate che decision

In realicy, conscraints of resources, data, or time may limic che
extent of analysis of other technological or policy alternacives.

* As noted in Section A.1, value judgmencs enter into the classificacion of a
given consequence a3 4 cost or benefict and also into thair perceived

importance.

Weinbert (1985) has called these "trans-science” issues.
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2. Decision making: Risk decision making involves deciding
whether or not to actually do something about the source of risk that has been
assessed. It requires a combination of subscantially science-based estimaces™
of health and environmental risk, costs, and benefics (developed in preceding
steps) with ocher considerations that affect risk acceptance and aversion,
ineluding:®

- Mature and reversibilicy of potential effects

- Special populacions at risk (e.g., age, sex, race)

- Voluntariness of risks borne

- Equicy of distribution of risks, costs, and benefics

= Pocencial for low probability events wvith catastrophic

impaccs {worst credible case)

- The uncertainties amsociated with estimates of risk,
cogts,; and benefits

- Public perceptions of risks and of parties-ac-incerest

- Analysis of socio-political impacts

- Analysis of trade-offs among alternatives

- Relaced cechnosocial Eorecasts

- Availabilicy of regulatory authority and implemencation
mechanisms

- Relacionship with other regulatory needs and priorities,

including adminiscrative effecciveness or efficiency

3. Bisk management s:ra:uginu: Approaches to managing risks
include a range of individual and social actions taken co avoid, minimize,
reduce, limit, or otherwise control che degree of exposure to risk situations
or the magnitude of adverse consequences. They can also include actions
designed to maximize benefits at a given level of risk. Risk management
strategies may include:

* The escimacing procedures, scoping decisions of what effects to include or
ignore, etc., may have derived from implicit or explicit value jJudgments
including the use of upper bound estimates wvs. best estimates, cut=-off
criceria for ranges of uncertainty, what to do in selecting worst case
scengrios to include or exclude, and whar levels of consequences or their
probabilities are too low to be of concern to decision makers. Mumpower
{1986) has analyzed use of the de minimis strategy in risk managemenc.
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Risk aversion: ©One selects alternmatives cthat aveld or
minimize che risk. Achisvement of zero risk is often not
possible, but the concept of de minimis or negligible risk
is well-recognized by che courts and in daily Llife.

Social controls: Covernmental agencies, crade associa=-
tiona, and other institucions impose vegulations and
standards that actempt to limit risks of ongoing activi-
ties, products, and conditions.

Behavioral modifications: An organization actempts to
influence behavior co reduce risk, e.g., campalgns to
reduce smoking or have healch check=-ups.

Engineering controls: The technological system or product
L3 designed to minimize reliance on human attention for
safecy and thus minimize the chances of human error as a
contributing risk Eaccor. Warning systems are also
engineering controla. Hote, however, that both human
errors and concern over potential errors ofcen encer inco
the design, conscruction, cCescing, and mainCenance of
engineering concrols. Man-machine syscems involving ale-
ments of human control or Iincervencion may sSometimes
improve a hazardous situation that is unfolding or worsen
it through erroneous action. Systems reliability engi-
neering analysis should be uwsed to determine the best mix
of human vs. mechanized control of safety systems.

Adminlstrative controlsi An organization Llimits che
nature or degree of exposure to risk for some or all
employees, customers, or visitors, #.g.,; by employmenc
policies chat require designaced levelas of physical or
mencal abiliciesi; by restricting access to designated
hazardous areas

o Work pracrices!: Employees working at dangerous tasks
are rtequired co Ffollow specific procedures and
sequences designed to minimize the chances of acoci=-
dent .

i Parsonal proteccion: An individual or group use
personal protective devices while being exposed to
hazards, e.g., dust mask; an organization decrees
certain protective devices for employees or persons
in its charge in hazardous situations, e.g., rubber
clothing, zafety gogglesa.

* Education and training: Persons likely to be placed
at risk or to be present when others may be at risk
are provided special training and education to min=
imize risk and sdverse consequences.
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. Medical surveillance, Creatment, and recordkeeping:
An individual or employer monitors che healch scacus
of individual(s) thar may be exposed to risk situa=
tions, and any treatmeénts that are made. HRecords are
kept and reviewed sa that indications of trouble can
be spotted early.

Risk spreading and retencion: Individuals and corpora-
tions have long Eaced decisions on what Llevels of risk
should be avoided and what levels can be accepted, given
that reduction of & risk imposes a cost. When a risk
cannot be reduced cost-effectively, a decision may be made
to distribute it amomg several parties so that no one
bears an intolerable cost. Such decisions are Erequencly
made in the economic context of establishing an insurance
program. Personal health, accident, fire, and liabilicy
insurance are common methods of spreading risk, as wall as
limiting the hours or period of worker exposure.

Corporations in particular have faced increasingly dif-
ficult decisions in the last decade as their liabilicy for
gccupational and consumer health and safecy claims and
environmencal effects has escalated enormously, and the
costs of insurance have reflected the dramatic rise in
health care costs and environmental clesnup. "Complece"
insurance protection would be prohibicively expensive.
Corporate risk managers must cherefore balance the
insurance program to provide some acceprable level of risk
protection without enacceptably draining cash resources.
Depending on the ability and willingness to bear risks, a
risk manager may take two major factors intad account!
{a) the aggregate maximum amount of loss thar the company
15 willing to bear from all of 1Es risk sources; and
{b) the specific levels of risk for each risk source that
the company i3 willing to retsin in wview of remedial
action or insurance costs.

4., Decision implemencaciont Successful implementation of che

decision and strategy 13 the final component of the cisk management process.
It may include one or all of the following:

-

Determining organizational procedures to be employed and
timetables to be followed

Promulgacing policies, pguidelines, criceria, standards,
rules, and other regulatory change

Establishing reporting requiremencs and schedules

Determining inspection and monicoring needs
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- Escablishing effective forums for receiving public comment
and other mechanisms for negociacion and dispute resolu-

cian
= Establishing enforcement and penalcy procedures
= Implemencing periodic review of decisions and straregies

in light of new imfarmation and progress to dace

The risk assessment/management process has been described here in a
sequential order, but in realicy, it is usuvally an iterative process with
milciple feedback loops.® Uncerctainty analysis should be a part of each step
in the assessment! uncertainties should be idencified and quantified chrough=
out and aggregated across che process.

* A more proscriptive decision tree approach to hazardous waste site miciga-
tion was reported by the Stacte of California after the present approach
was formulaced (CDHS, 1986).
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I11. APPROACH TO COMPARATIVE RISK ASSESSMENT OF HAZARDOUS
WASTE MANAGEMENT ALTEANATIVES

An approach for assessing and comparing the risks to human health
and the environment of hazardous waste management alternatives is outlined in
this chapter. Methodological objectives are briefly notad, followed by a sum
mary of the methodological framework developed in cthis scudy.

A. Mechodological Objectives

The methodology should be based on the objectives and scope of che
study stated in Chapter I and should fit wichin the framework for assessing
and managing risks outlined in Chapter II. A rationale and guidelines for
devaloping a methodology and several considerations in bounding an assessment
are discussed briefly below.

l. Rationale and guidelines: Hazardous waste management decisiocns
will cypically involve a choice amomg alcecnacives, rvacther than a "yes" or
"no" choice. Therefore, the goal of the methodology is to provide information
80 that the decision maker can compare the Likely (and possible) outcomes of
alternacive decisions. An objective is to incorporate techniques that will
yield scientifically defensible comparative risk assessmencs, and co avoid
mixing in components more propecly resecved to the risk management portion of
the ovarall regulatory process. Xey points in the rationale are:

1o The mecthodolegy should be comprehensive and consisctent, yet
flexible.
# The methodology should minimize introduction of personal values

and idencify unavoidable value-laden decisions and assumpcions.

* The mechodology should yield informacion on the most Llikely
putcomes for each option, and also on the uncertaincies in such
estimaces for all options considerad. All are needed in rigk-
based decision making.t (Note thact the choice of options will
reflacc someone's valums,)

* Comprehensiveness requires chat the assessment of each option
consider all kinds of relesses, Ctranaport routes, and health
and environmental effects (not just carcinogenicity, for exam-
ple) for the life cycle of the technology or beyond if chere
are long term effects. The assessment of effeccs, particularly
secondary or higher ordear effects, will be limiced by cCime,
resources and data. (Moce thac che allocation of ctime and
rescurces can reflect values.)

t The cost-benefit analyses in support of decision making should be similarly
comprehensive, consistent and explicit about uncertainties.
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Congistency requires that in analyzing the risks, comparabla
contribucing factors be treated comparably for each oprtiom.
For example, assumptions must be consistent regarding quanti-
ties and composicions of wastes, scale of disposal cechnelao-
gies, remedial or corrective actions taken, temporal aspects,
and dose response relacticonships. Uncertainties must also be
consistencly treated.

® The mechodology must be flexible because of the variability of
the hazardous waste problems and of the data available for
Bgsessments. For example, different assessments may address
different: wastes; treatment and disposal technologies; modes
of toxicant release and Ccransporci exposure conditionsi and
health or environmencal effects.

* Flexibility requires thact che mechodology should be essentially
modular across che several stages of the assessment process in
order o respond to differences in availability and applicabil-
ity of data or analytical techmiques. One should be able to
incorporace refinemencs or extensions of a presently proposed
technique, alternacive ctechniques, or new techniques as they
become available.

o The mechodology should yield guanticative results when neces—
sary data are available and yiaeld the most useful resulcs pos—
sible when dara (or the time and rasources needed to complle
data) are limiced.

W Escimacion of the most Likely outcome reguires that che mech-
odology be oriented chroughout to the development of "best"
estimates [often maximum Likelihood estimaces (MLEs)] for each
factor rather than "worst case” or "worst credible case" esci-
maces. The beat estimaces for che contribucing factors should
then be combined to provide a bestc escimace for each wind of
effect. The analysis should not inconsiscencly mix best esci-
mates (or HLEs) for some factors with upper confidence Llimic
estimactes f(e.g., 99%) for ocher factors:.i The resclting
estimate of overall effect would be at some ill-defined pointc
between an MLE and a worst case estimate. The analysis should,
however, address confidence limits in the uncertainty analysis,
and both the best estimate and the uncertainty range should be
provided to the decision maker.

t The uncertaincy for esach factor can be scated to wichin one standard devia-
tion (* 1 a) of the besc escimate or some highar confidence interval such
as 2 g or 3 a. The larger incervals after aggregation will tend ta
increase the overlap of risk esctimates for the options being compared,
and the choice of interval probably won't make a big difference in mosc
decisions betwveen technologies.
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® Arialysis of uncercaincies must consider bocth systematic and
random soutces of error. Uncertainties should be estimated for
each factor contributing to the risk for sach option assessed,
and should be stated with the same confidence bounds for all
facrors. The uncertainties should be aggregated across che
éntire assessment for each optidn. Aggregated uncercalntles
should be compared both as total uncertainty and as relative
uncertainty for the options. TIE a particular cause of uncer-
tainty is common across the options, it can be cancelled in
making relative risk comparisons, since it will not affect the
ranking of alternacives. However, tocal uncertaincy musc be
conaidered if a cut-off risk Level is to be determined.

* The results should be summarized in & concise form with suffi-
cient claricy to be useful to decision makers who are not tech-
nical experts, buc should be supparted by enuugh'l:el:lmi.:al
detail to permic analysis of the procedures used and assump-
tions required.

*: Failure to be comprehensive and consistent throughout the
assessment can lead to decisions chat are less protective of
health and the environment, and possibly also more coscly to
society chan another decision would have been. ASsedsmencs
involving mized chemical wastes or disposal options that could
lead to exposures co different chemicals wich different health
gffects must be particularly careful to avoid Iinconsistent
analyses zhat could lead to perverse decisions.

2. Bounding the assessmenc: The general bounds of the assessment
will be indicated by the nacure of che decision problem, but the assessment
team may be required to escablish ocher bounds so chat the most useful resulrs
can he obtained with cthe time and resource available. Sounding decisions
could involve:

. Waates to be considered - [s one or more specific wasce sources
already identified, or does the project team need co idencify
wastes representative of asome part of the overall wasce dis-
posal prablem? Is the waate defined already or does the proj-
ect team need to define representative guantity and composi=
tion? The larger the amount and the greater cthe diversicy of
wastes, the mora affort required.

. Waste management alcernmatives = Are one or more waste manage-
ment alternacives already defined, or does tha project Ceam
need to idencify reasonable alternatives for assessment? Are
corrective or remedial asctions in event of relesase to the
environment to be defined? The greacter the aumbar and
diversicy of alternatives, the greater the efforc.

. Sictes cto be considered - Have waste generaction and disposal
sites been defined already, or doas tha project rteam need to
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devalop rvepresentative sices? The greater the number and
divarsicy of sites, the greater the effort required.

. Temporal considerations - Have the cime periods of waste
disposal, exposure assessment and healch impacts been defined,
or does the project team need ©o assumé reasonable pericds?
The greacter che time periocds LIn general, the greater the
uncercalnties.

A simpler mechodology, while a highly desirable goal, appears neces-

sarily to require more restrictive bounding and a larger number of assumptieons
to be builc in.

8. Mechodological Framework

The methodology ouctlined belew is described in greacer decail in
Chapter IV and is based on the literature reviews and discussiona in Chap—
ters ¥ through X. It is inctended to be as generic as practicable, but to
permit modifications in accord with the nature of particular assessment
problems and with the quality of the data available. Important features
ares

» It provides a modular Eramework for a series of steps, most of
which must be performed in given assessmencs.

. It can assess cthe consequences of disposing of specific wastes
at specific sites with specific cechnologies, through use of
actual case data or carefully conscructed scenarios.

. It contains procedures for seleccing among available analycical
techniques for each step so that maximum use can be made of the
daca avairlable.

. It analyzes uncertainties in all steps and aggregates Chem
across all sceps in each assessment.

The general framework for the heslth and enviroomental risk as-
sessment consists broadly of the seven steps as Eollows:

Source Assessment (Hazard Characterizacion)
Environmental Transport and Fate Analysis
Exposure Prediction

Heglth and Eovironmental EEfeccs Analvsis
Adverse [mpact Estimaction and Summation
Uncertaincy Analysia

Raport and Compare che Results as Appropriatce

® & & A & = =

Each of these steps contains more than one elemenc, however, so that the over-
all scopa of the risk assessment can contcain many elementcs, depending on the
decision problem. Typical activities under each step are as followa:
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Source assessmenc (hazard characterizacion) reguires charac-

terization of the source of environmental contaminancs, in-
cludiog:

= Identification of chemicals present

- Preliminary idencificarion of cheir physical, chemical,
and biological propercies of concern

- Analysis of the technologies and practices cthat may result
in release of contaminancs ¢to tche enviconmenc and
identificarion of release poincts and rouces

- uantification of source strengcth, i.e., the race, con-
centration, quantity, and foem of hazardous constituent
relesaed

Environmental transport and fate analysis involves estcimation
of the manner in which the contaminants move and react in the
environment, including:

= Idencificacion of #ajor environmental Cranspocrc rouces and
transformaction pachways Eor chemicals of concern

= Estimacion of concentractions of chemicals (or their haz-
ardous transformation products) along cthese routes over
time

-~ Identification of locations along these routes vhere che

chemicals may reach susceptible populations

Exposure prediction invelves estimation of the degree to vhich
pollutants reach humans or other organisms, including:

- Estimation of numbers of people or organiams chat may be
contacted, including sensitive subpopulacions

- Prediccion of frequency, intensity, and duration of che
exposures that may occur for populations or subpopulations

Health and environmental affects analysis involves:

- Intensive raview of tche Llicerature on the health -and
environmencal effecta for the chemicals of concern

- [dantificacion of ranges of responsas bknown, and espe-
cially those thac could occcur ac predicted environmencal
exposures

- Development of chemical-specific dose-response rcelation-
ghips for those effects of concern that are co be assesased
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Development (through selected extrapolation methods) of
risk factars for specific predicted environmenctal doses

. Adverse impact estimation and summation is an integrative step

that involves estimation of the probabilicies and extents of
adverse health and environmental effacts actually expectad from
the predicted exposures, including:

Applicacion of dose-response funcrions to exposed in-
dividuals by exposure group

Identification of any sensitive subpopulactions of concern

Best escimates of the risks for each effect in each sub-
population

Best estimates of the total number of cases of each effect

* Uncertainty analysis involves:

=

Identificarion and evaluation of uncertaincies of all
factors chat sncer into the risk assesament

Sensictivicy analysis of keay factora
Quanctify uncertainty of factors at same confidence levels

Aggregate uncertainties of all factors across steps in
risk assessment

. Report and communicate results involves:

Compile best risk estimates and uncertainty ranges for
gedch waste management alternative assessed

Compare basc eaCimaces and uncertaincies AcToag
alternacives

Compare, as appropriate, costs or other aspects of
altarnacives

Describe the assessment and results in several formats,
including detailed technical report, extended and concise
summaries, or oral presentacions, &s appropriate, to serve
different audiences

The interrelationships of typical elemencs likely to be reguired in
assassing public health risks of hazardous waste disposal options are shown
schemacically in Figure III-l. (Additional elemencs would be desirable in
assessments of occupational health and ecological risks.} In order to make
meaningful healcth effects estimations (the last box on the right in Fig-
ure III-l) for each waste management alternative, the assessment must be
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carefully bounded, appropriate data must be compiled, analytical cechnigques
must be selecred and calculations made, and conclusions drawn in a scien-
tifically defensible manner. Chapter IV develops these steps and elements
further.
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IV. AN INTECRATED COMPARATIVE RISK ASSESSMENT METHODOLOGY

A mathodology for assessing and comparing the risks to human health
and che environment of hazardous waste management alternatives is developed in
this chapter. It is based on the methodological concepts and Eramework ouc-
lined in Chapcer III and on the results of the reviews and analyses of com-
ponent sceps given in Chapters V through X. Extensive references are provided
in those chapters. The methodology should be applied comsiscancly to each of
the alternacives so that cheir risks can be compared realiscically.

MRI's suggested framework for health and environmencal risks assess-
ments of hazardous waste management alrcernmacives consists of seven majar
steps: (1) assess pollutant sources and releases; (2) estimate transport and
fate of pollucants in the enviconment: (3) assess exposures of humans, other
species, or other things to cthe pollutancs} (4) review and evaluate the
literature base for the polluctants and select or develop predictive models Eor
adverse impacts; (5) estimace actual impacts on individuals and populatioms of
projected exposures o chese substances; (&) snalyze uncertainties for each

step and aggregate the uncertainty across all sceps; and (7) summarize and
report Che resulbs.

A. Source Assessment (Hazardous Characterization)

The pollutancts entering the environment from the source must firsc
he determined. In some assessmencs, the nature of the pollucants, their
quanticies, points of release, and the receiving environmencal media may all
be stipulated in cthe scope of work for the study. Here che "nature of the
sollutant” should specify at a minimem the chemicals present; thair general
physical and biological properties must be found in the licerature if not
provided. [n other assessments, the source of the waste {e.g., an industrial
process) and disposal practices in use may be stipulated, but the analyst will
have to estimate pollutant releases. In still another case, the assessment
team may have to define a general scenaric for analysis, ineluding waste
source, composition and quancity, disposal ctechnology, and pollutant re=
leases. Guidelines for developing such scenarios are given in Chapter V and
illustrated with exzamples in Appendix B. Described below is our general
approach to source assessment followed by a discussion of special problems
arising from correccive actions and catastrophes.

l. General approach: Important considerations in the source
assessment step are summarized in Table IV-1. A schema for performing an
assessment of hazardous wastes as sources of environmental pollution is shown
in Figure IV-l. (The schema assumes that time periods for waste generation,
disposal and pollutant releases have been defined; if not they musc firsc be
dencced.) Key activities in the source assessment include:
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TABLE TV-1

IHPORTANT CONSIDERATIONS IN HAZARDOUS WASTE DISPOSAL SOURCE ASSESSHENT

Characterize Wastes

Characterize Releases

Generation Activities

Wastes
of Concern

Belease Mechani ems

Production and dis-
tribution processes

Product use palterns

Hazardous waste TS[OFs

Locations

Quantities

Compositions

Froperties

Receiving Media

Emissions

Vapors
Particulates

Eff luenls

Solutions
Suspensions

Land digposal

Accidernts

Leaks
Spills
Explosions
Fires
Floods
Winds

Air
Local
Regional
Global

Surface waters
Watersheds
Impoundment s
Estuaries
Spas and oceans

Groundwater zones
Unsaturated
Saturated

Land
surface
Subsnrface
Deep straba

Hazard Duﬂignaliuu

- Release
Quantification

Chemicals

fJuantities avail-
able

Froperlied
Physical
Chemical
Bielogical

Temporal consider=
abinns

Chemicals
Hales
QuanLilies

Pliysico-chemival
Eorm
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2 Characterize hazardous substance source of concern. Include as
necessary wasce generacionm activicies (e.g., production and
distribution processes; product use pactcerns) and hazardous
waste creatment storage and disposal facilicies (TSDFs).

= Characterize locaction, generacion race, quanciCy, composition,
and properties of waste ro be assessed. Composition includes
qualicacive and quancicactive information on the specific chem-
icala presentc.

" Characterize release of conctaminmants to the environment Erom
the source. [dentify release mechanisms, quanticies, and the
reacaiving media.

. Identify the chemicals likely to be released based on prelim—
inary knowledge of ctheir physical and chemical properties and
their concencrations in che wasce.

= Make a preliminary review of che toxicological and ecological
propercies of chose chemicalas Llikely to be released in
significant amounts.

. Designate for detailed assessment those chemicals which are
present in such quantities and have such properties that their
ralease may cause significant adverse impacts. Preliminary
consideracions of receiving media and receptor populations will
probably be required here. These designacicns should be re-
evaluated during the impact apalyais.

. Quantify the source; i.e., estimate the rate, concencracion,
quantity, and physical chemical form of each hazardous con-
stituent relessed to each receiving medium.

In practice, the source assessment should use the best available
informacion and daca in constructing scenarios and making calculacions.
Search and retrieval of information for source and waste characterizacion may
require exctensive licerature search and personal contacts. Sources of data,
methods of escimacion, and reasons for assumptions should be carefully docu-
mented. Informacion should also be referenced pertaining to the uncercaincy
range about best escimates for each valua.

Belease quantification may well be the moat difficult part of source
assessment unless simplifying sssumptions are made. Release may be site as

well as facility specific. Parcicularly difficult may be releases during
Lransport or at storage and transfer poincs.

Considerable data are now available for discharges and emissions
from many typical industrial processes and TSDFs, but the data may not be
dafinictive in a given case, and very lictle data may be available in others.
For example, emissions to air have been measured for many incineration facil-
ities, but much uncertainty exists over the level of chlorodioxin release
under many operating condicions. Similarly, fugitive particulate emissions to

IV=4



air from roadways used by wvehicles have been measured, buc few data are avail-
able on the amounc of adsorbed dioxin chat might be released by this mode in a
¢clean-up operacion. Discharges to surface wacers by rainwater runoff can
probably be confidenctly estimaced for some Cypical older facilicies, but per-
haps not for others. Estimacion of releases Co groundwacer and air from land-
fills of wvarious design is particularly limiced by the immaturity of the
development of dacta bases and predictive methods. At presenc, the landfill
release model being developed by the EPA Office of Solid Waste and Pope-Heird
Assoclates appears co be the best available for estimating losses to ground-
water (see Chapter V).

2 Special scenariosi The possibilicies that corrective actiaons
will be taken when releases to the envicronment are discovered poges difficulc
mechodological problems in assessing risks, costs, and the benefit impacts of
TSDFs. Problems of a different nature are posed by the posgibility of opera-
tion under upset condicions or of cacascrophic failures. All of chese
prablems require scenario approaches as discussed below.

a. Corrective aczlon scenarios! Under RCRA regulations 40
CFR Part 264.100, corrective action LS required when monicering wells are
found to contain hazardous conscituencs that excesd their respecCiveé concen—
tration limics. Corrective actions can range from groundwacer pumping to
recrieval and redisposal of the waste. Including future corrective actions in
the risk assessment and cost analysis poses methodological difficulties im
making a comparative assessment of alternacive disposal technologies and
approaches. These difficulties arise from two areas: temporal faccors and
the efficiency of the given corrective action.

(L) Temporal factors: There are two kinds of Cime-
related problems. The first invelves assumptions about future sociecal
requirements and available technologies., These include che sensitivity of

leak decection mechods, the levels and kinds of corrective accion that may be
required, and the technologies that may be available for implemencacion and
their costs. One technique for addressing this problem is to assume Chat
presently avasilable analytical techniques, regulations, Cechnologies, and
costs could be applied. Alternacively, different conditions could be defined.

The second kind of time-relared problem involves assump-
tions about the timing of corrective action and is more difficulc to address.
Correczive action is required if leakage from a landfill is detected while the
facility is receiving hazardous wastes or during a 30-year post-closure period
of monitoring and csre by the operator. The operator must then maintain cor-
rective action for as long as a groundwater problem exiscs, even indefinicely
past the normal post-closure care period. In a 200-year scenarioc for analy-
sis, for example, a landfill operaced for 10 years and found to be leaking
19 years into the post-closure period could reguire corrective action for up
to 151 years. On the other hand, if no leakage had been detected by the end
of the 10-year post-closure period, che operator's responsibility to monmiter
the sice would cease under current regulations. Besponsibility for providing
corrective action might possibly also cease, but the outcome would be
uncertain.



The methodological problem in comparative risk asseasment
is that the risks £o health and the cost to the oparacor may vary greacly
depending on whether or not a leak is derected and on the ctype of corrective
action taken. Furthermore, leaks {or accidents) have a probabilicy disceibu-
tion over time, and the Eew leaks dccurring early may have many different
{probably greater) impacts than those occurring later. The decection of a
liner leak during the wasce deposition period, for example, may dictate that
the landfill be excavated* and repairs made cto the liner and its base.** The
possible health effects and cost of such remedial acctions could vary widely
with the scenario chosen and could conceivably be substantial. In general,
howveaver, changes in health impacts for corrective actions for leaking land-
Eills or impoundments during a 20-year operating period can be reasonably
assumed to be negligible. The probability of leaking during the operacing
period is small, and is accounted for in the Pope-Reid model used to estimate
release of pollutants from che Llandfill. The model assumes a degree of pre-
closure repairs of detected leaks vhich reduces somevhat the wvolume of
leachate from the landfill that weuld octherwise occur from early liner
failures. [f coscs are being analyzed, the assessments should scate
explicitly if preclosure repair costs are included or omicted.

The detection of a4 liner leak during the post=-closure
monicaring period also requires some ctype of correccive accion. An assumption
can be reasonably be made that only the minimum corrective action will be
taken to sacisfy the hazardous waste disposal regulations (40 CFR 264). In
some Ccases, groundwacer pumping can be assumed to be the only corrective
action taken. In others, excavation and repsir may need to be assumed. In
still others, consequence mitigaCtion messures, such zs treatment of water
supplies drawn from contaminated aquifers, may need to be considered.*™* In
all cases, the healcth effects and cost analyses should scace explicicly what
has been included and vhat has been omitted,

Liner leaks that have not been dececced by che end of the
post-closure care period or thac develop during the posc-closure care period
pose a further mechodological problem. In some studies, one might want co
assume that no corrective action was taken because there was lictle probabil-
ity of discovering a leak after 50 years (monicoring by the operator ceases
30 years after closure). In reality, of course, the discovery of a major leak
in cthe post-closure care years that posed serious human health hazards toe the
public would almost certainly receive some kind of corrective action, probably
under the Superfund legialation, i.e., CERCLA of 1980 and SARA of L19B6.%
Again, all assumptions should be explicitly staced.

* The appearance of concaminated leachate in the leachate collection system
may be sufficient reason to dicrate action beyond simple pumping.

** In practice, the facility may be closed by the operator or government and
the wastes relocated.

#w%In realicy addicional treactment would probably be performed If deemed
advisable.

$t If one did not assume such subsequent corrective action, a paradox would
exist: a poorly designed landfill that failed gquickly but was decected
and repaired vould ba safer chan a better designed one thar failed later.
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{2) Efficiency of corrective action: The efficiency of
corrective action also poses a substanctisl mechodological problem. The objec-
tive of the mechodology is to compare the risks and costs of alternative
hazardous waste disposal technologies. Corrective actions may vary widely,
however, in type and degree of application, and may have correaponding varia-
tions in cost and efficiency;: in general, the greater the healch procection
required, the greater the cost. Safery-cost trade-cffs need to be explored in
reaching the most cost-effective decisions te serve sociecal wvalues,
especially in Superfund site cleanups wvhere the resources are limited. In
theory, complete protection can be provided at some cosc, even 1f it means
using publie funds to relocate a threatened population.®

The assumption of such extreme measures of corrective
accion to provide complete protection may not be helpful in many risk assess-—
mencs; howvever. If health risks are nomidally reduced to zero for all
scenarios, useful comparisons of health risks could not be made. Only the
cost estimaces could be compared, and these would have been highly sensitive
to the assumpcions regarding correctiwe action. Hence a more uwseful approach
may be Cp assume a degree of corrective action that is reasonably attainable

with present technology, but which does not necessarily provide 100X
ProOCECELON,

b. Catastrophe scenarics: Catascrophic releases of hazardous
substances during storage, processing, or Gtransport of large quanticies of
wastes pose serious occasions of intense occupational and public exposure to
health and safery risks and of substantial local ecological damage. Such
relesses could be initiated by either natural avents, such as floods,
tornadoes, Lightning, and earthquakes, or human activities such as spills,
fires, trandportacion accidents on Lland or sea, and acts of wvandalism or
terrorism. The present mecthodology focuses on assessing risks of cypical
releases from TS5DFs. The magnitude and probabilicty of catastrophic releases,
however, pose special preblems that should not be ignored in a comprehensive
assessment. [n parcicular, results can depend on what assumptions are made
concerning contingency accident management plans and consequence mitigation
measures that are at hand.

Issues, mechods, and case studies involving low probability but
high consequence risks were described in over &40 papers at a recent meeCing
(see Chapter V). The methodology for assessing such risks i3 less developed
than that for more typical risks, and further development of it is beyond the
scope of the present study. [n general, scenarioc approaches are required, but
the outcome is quite dependent on assumptions about technologies, sites, Cim=
ing, operation of failure preventionfdecection measures, and human behavior.
One cannot assess scenarios for every combinacion of events, but one can
develop reasonable scenarios. Persons actually responsible Eor emergency
response actions frequently develop amd train for such scenarios.

* Over 533 million was expended by EPA and the Federal Emergency Management
Agency to ralocate a populatiom of 2,000 at dioxin-contaminated Times
Beach, Missouri.
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In the case of hazardous wasce disposal, releases, exposures,
and impacts will be dependent on the nature of the waste in a given assess=
ment, on the site of cacascrophic release, and on gssumptions concerning the
timing 4nd efficiency of protective and corrective actions. In some cases,
the nature of the waste and the disposal technologies might make negligible
the probabilicy of catastrophic releases Erom many or even most causes. For
example, a4 nonflammable sludge of low volatility, low salubility in water, and
high viscosity could be cleaned up with minimum risk in event of a large spill
from an overturned truck. In view of the usual time and resource Llimitations,
efforta to assess such risks could be reasonably minimized in the health and
COSE assessment .

On the other hand, attencion may be requiced for the risks of
flooding during cleanup of an old hazardous waste disposal site or for the
risks of loading/unloading activitcies in Cransporting wastes for at-sea incin-
eration. At a minimum, transportation risks should be discussed qualita-
tively; subsequent guantitative analysis may be desirable before ultimate
decisions are reached. The gqualitative analysis should note the worst reason—
able case scenario, e.g., & maximum release at the most populous or most
difficult to clean-up point i1n the route., In general, the more decentralized
the hazardous wastes, the lower the risks of catastrophic releasa, the more
centralized the waste disposal technology, the greater the potenctial Ffor
catastrophe.

B. Environmental Transport and Fate Analysais

The movement and interactions of pollutants entering the environment
are affected by physicochemical and biological processes which can vary with
the natures of the pollutants, how they are released, and the medis they
entar. These conditions will already have been defined in the source assess-
ment. The environmental processes will also depend on characteristicas of
specific sites, starting with the area immediacely around the source and
extending Co areas where populations may be exposed. Hence the next element
in assessing the risks of hazardous waste management alternacives 1is charac-
cterization of the sictes under study. Depending on the waste and site charac-
terizations, appropriate Cransport modeals are then selected to estimate the

movemnent of pollucants Eto populacions. Site characterizations and model
selection are discussed balow.

Le Site characterization: The genaral data requirements for
modeling transport and fate ot chemicals released into che environment and
sources for finding such information are discussed in Seccion VI.A. #equire-
mencs could include physical characterstics of the TSDF and surrounding
terrain, physicochemical properties of soils, water and air, and biological
characteristics of the area. The checkliscs in Table IV-2 of processes

affecting ctransport and fate of environmental contaminants suggest the range
of possible requirementcs.
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TABLE IV-1

PROCESSES AFFECTING ENVIRONMENTAL
THANSPORT AND FATE OF POLLUTANTS

Phyaicochemical Processas Eiulngical Processes
Tranafer Uptake
Terrestrial plants
Disperziocn Aquatic species
Microorganisms
Dilucion *Other biota
Adsorption Mecaboliam
Activation Activation
Stabilizarion Conversion
Immobilization Degradacion
Decompogition
Reaction Excretion
Hydrolysis Toxic Effects
Dxidatiaon
Reducrcion Bigaccumulacion
Photalysis
Degradacion Biomagnification in
Decomposition food chains

Radioactive dacay
Intecbiotic/intermedia

Intermedia transfars transfers

Volacilization

Dusting

Erosion

Sedimencacion

Precipitacion

Solucion

Accusmulacion

For some decision-making purposes, sevaral scenarios of representa=-
tive characteristics might be a useful basis of analysis, but in other cases
actual or carefully estimated data on characteristics will be essencial. Com—
plete site characterization requires significant time and resources. The
effort can be minimized by considering only those characteriscics dictated by
the nature of the pollutant and the receiving media. Thus if release Erom the
TSDF is entirely to groundwaters, wind speed and direction ac the site will
not be required. Conversely, if the pollutant chemical is known to be tightly
adsaorbed in soils, subsurface hydrogeolegical informacion might not be needed,
but air data would. Mote that bicavailability of a chemical can change with
the soil conditions. If the pollutant is permanently persistent, considera~
tion of mecabolizing organisms may be unnecessary (alchough biotransformacions
may require analysis).
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Temporal assumptions should be explicitly scaced. That is, the
analyst should say i1f the characceristics of the site are assumad to stay che
sdme or to change over the time horizon of the assesamenc.

2. Modal selection: The selection of models E£or predicting
environmental transport and fate will depend not only on the nature of cthe
polluctant and the receiving media, as nocted above, but also on the qualicy and
quantity of the data base available. To be as generically useful as possible
4 selectad modal should be able £o utilize daca Likely to be available in most
asaesament problems and yield quanticactive calculations of the concentrations
of a concaminant as it moves cthrough & particular meadium of intarest. In
addition a selecced model should be well-validaced, if possible, in the con-
text of a number of represencacive case scudies.

Available models for the main environmencal compartments are dis-
cussed and compared in Chapter VI. HMany of chese models were developed for
special problems in a single medium while others have a broad, multimedia
scope. Their capabilities and limicacions vary substancially. The choice of
models in a given analysis depends not omly on the scope of the problems and
the level of detail and certainty desired in the results, but also on the
dactda, time, and resources available for the job. A schema for helping select
appropriate models for environmental transport analysis in exposura assessment
of hazardous waste TSDFs is given in Figure IV=2. Preferred models for
groundwater, surface wvaters, and air dispersion are summarized below.

{a) Groundwacer models: Prediction of transport of pollutants
in subsurface waters ghould address sequentially movements LA the upper,
unsaturated or partially saturated vadose zone and in the deeper, saturated
zones or aquifers. Boch =zones can be addressed by either analycical or
numerical mathemacical models (see Chapter VI); the choice in a given case de-
pending on the data available and ocutputs desired. Ranking models can alsc be
of wuse in special cases as discussed below.

(1) Preferred unsaturated zone models: The recommended
models for estimacing contaminant residence time and movement in the un—
saturated zone are analycical mathematical models such as PESTAN or SESOIL
(see Section VI.B.l.c). A machemarical hydraulic expression such as that
deaveloped by McWhorter and Helson can be useful in situations in which the
soil is sandy-gravelly, and groundwater levels within a few meters of che
surface. Hathematical ctransport models may be inaspplicable te some combina-
tions of pollutancs and unsaturated zone soils, e.g., large releases of some
highly chlorinacted solvents into clay strata can cause fracturing and rapid
transport by channeling. In cases where models or equacions cannot be used,
estimates of race of transport and residence cime have to be made. For exam
ple, if extensive channeling is predicted, transit time in the unsaturaced
zone might be assumed to be negligible.

(2) Preferred saturated zone models: The complexity re-
quired in the exposure and risk assessment scenarios influences che selection
of the groundwater transport model. In general, an analyctical model will be
able to model a contaminant plume in a homogensous aquifer, but will not be
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able to show the effects of adding corcective action recovery wells to the
sgenario. A numerical model will be able to predict the effect of corrective
action wells on cthe concaminant plume but requires significant increases in
input data, allocacion of time and funds, and, possibly, computer rescurces.
Many numerical models are able to handle heterngeneous aquifers under wacer
table, arcesian, or leaky artesian conditions.

The decision of whether to use an analycical model or a
numerical model can depend on the gquantity of available daca and on the
availability of personnel knowledgeable in the use of a particular numerical
model. It may also depend on the need to use the least time-consuming tech-
nigue to provide good inicial estimaces of che dispersion, advection, and
adsorption characteristics of a specific disposal sice. An asnalytical model
is highly desirable and useful for screening alternacive waste disposal sites,
for example, and for detailed planning and design of field measuremants and
monitoring programs. However, it may not be as useful as a numerical model in
prediccing specific condicions ac points of exposure.

Models thact can be recommended Eor use in a generic
mechodology arel

= A combination of two analycical models, PESTAN Cfor
unsaturated flow and PLUME for saturated flow, can be superior for some expo-
sure agssessments because of their user friendliness and minimal data require=
ments. The FEMWATER/FEMWASTE couple appears to be anocher useful syscem.

- The addlytical medel ATI2ID races wvell because it ecan
provide one-, two=-, or three-dimensional modeling of a concaminant plume; data
needs are greater with che AT123D, but noC unmanageable.

= The numerical Bandom Walk Sclute Transpoart Hodel or
TEANS may be preferred for certain exposure assessments because 1L permifs a
determination of the affects on the contaminant plume of correccive action
walla, or a Large-capacity water-supply well-field near the source sice. The
Random Walk Model requires a greater amount of groundwater data (e.g., well
capacicies, wall spacings), but most aquifer parameters are similar to those
required by AT123D. Mote that in some cases characterization of presentc or
likely future groundwater withdrawals from the aquifer, recharge rates, and
water table levels or depletions may be important to the impact assessment.

(3} Ranking-type models: Although not strictly ground-
water tranaport models, ranking-type models can often provide che best avail-
able measure of pocential groundwacter problems in emergency situations.
Combination of contaminacion ranking models and the groundwater-relaced por-
tions of hazardous vaste site ranking models can provide a mechod for analyz-
ing an immediate problem. Potentially useful ranking models include! the
current forms of the LeGrand Hodel; the MITRE syscem; and the JRB model (see
Section VI.B.2)}. These models require minimal daca input, eguipmentc, time,
and expense, and yield quasi-quantitative site evaluacions.
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Datas needs for ranking-type models are less rigorous than
the corresponding inputs reguired for mathemacical models. The modest data
requirements of canking models make chem easier to use in the field tham ana-
Lytical or numerical mathemacical models. Limitations in using ranking models
in risk assessmencs include the lack of definitive quancicative output (&.g..
potential contaminant concentrations ac poincs of human contact), and inabil-
ity to allow for complex physical, chemical, and biological factors.

b, Surface water models!: Prediccion of transporf of pollut-
ancs in surface waters should separately address dispersion of spills in
streams [point sources) and watershed cunoff (neonpoint sources).

(1) Preferred dispersion models: The recommended model
for computing Face, persistence, and dispersion of pollutants in Ereshwater
ecosystems is EXAMS, the Exposure Analysis Modeling Syscem developed by EPA.
Alternative models chat could be useful in specific cases are TOXIWASP and
SLSA {see Sectiom VI.C.l).

{2) Preferred wacershed models: The seleccion of a
watershed model is more arbitrary than selection of octher transport models.
Availability of adequate data, particularly hydroiogic and soil erosion data,
is a common limitacion. Selection is often dicraced by matching daca needs
with data availability and comparing smite characteristica with model capabil-
icies (see Chapter VI). Model selection canm be made only aftrer these environ-
mental factors and chemical and physical processes have been addressed.
Validation of runoff models is difficulc.

The recommended model for prediccing transport of haz-
ardous waste pollutants from watersheds is HSPF, the Hydrological Simulacion
Program-FORTRAN. It is a simulaction model that incorporates two runoff models
{4 and MPS) and an in-stream transpoert model (CMRA) (see Section VI.C.1).
It provides a comprehensive analysis framevork cthat can also yield estimacas
of acute healeh risks if inputs are made of LDg,s or MACs for Coxicants.

¢. Air dispersion and deposition models: A very large number
of air models are available. Models considered appropriate for a generic
methedology were: (a) those approved by EPA and included in the User's Net-
work for Applied Modeling of Air Pollution (UMAMAP-4) series; and (b) the
Atmospheric Transport Model develaped by Oak Ridge Hational Laboratory and
considered a “reference” model in the OAQPS Guidelines Series. Based on the
review in Section VI.D, recommended models are!

-~ Industrial Source Complex (ISC) in either its short- term or
long~term versions (ISCST or ISCLT) was rated one of the most useful models in
rhe UNAMAP series for area source application involving hazardous waste TSDFs.
The ISCLT has the analyticsl capability to simulate the plume depletion and
particulate deposition processes likely to be essencial for modeling emissions
from many long-term hazardous waste operacions. It is currentcly being used as
the concentration modeling component in the Imhalation Exposure Modeling (IEM)
syscem. The ISCST is particularly useful for short tescs (e.g., trial burns
in hazardous waste incineration) and for analysis of the effects of malfunc-
tions and system upsecs.
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- Atmospheric Transport Model (ATH) has several feacures that
make it pocentially useful for dispersion modeling of toxic pollutants. It
has analytical capabilities similar to the ISCLT to simulate the plume depla-
tion and particulate deposition processes, but was judged more useful ia point
spurce applications. A modified version of the ATM called ATHE0 i1s prefearred.
The ATM is a component of CEMS3 (see multimedia models, below).

- Gaussian Plume Disparsion Algorichm (VALLEY) of che UNAMAP
series is recommended (despite its limicacions) for applicacions invalving
complax terrain at the source. Improved models should be considered as chey
become wvalidated.

d: Multimedia modeis: Mulcimedia models are in an early
icage development. Based on the review in Section VI.F, recommended models
arel

- CGraphic Exposure Hodeling System (CEMS} is a comprehensive,
multimedia model system developed by EPA's Office of Toxic Substances. [t
integrates selected single media models. Ir is particularly useful Eor air-
ralated transport (it uses cthe ATM for che dir dispersion componentc).

= Unified Transport Model (UTM) and ics organic chemical
varsion, UTH-TOX, combines selected models in series co give multimedia

capability, particularly in the water—related cransport. Data needs are
excensive,

e. Uncertainties: Prediction of environmental transporc and
fate of contaminants are subject o uncertaincCies from several causes includ-
tng: deficiencies in input datai selection of optimum mpdel for a given
aspectj inherent deficiencies in the models selected; and difficulties tin
linking selected models. Data deficiencies are expected rouctnely. Of cthe
available models, validation of some of the air and water dispersion medels
appears adequace, but validacion efforts for wacershed runoff and groundwater
models i3 just beginning for nonreactive pollutants; reactive pollutants are
modeled less confidencly. Data limictations can determine model selecticn to a
significant extent. Uncertaincies arising from linking transport models have
not been studied extensively, but are noc believed to be significantly larger
than uncertainties in the models themselves.

C: Exposure Prediction

Exposures must be predicted for two key human populacion categories:
{(a) workers who are directly involved in activities involving hazardous
wastes; and (b) members of the public who may come into contact with concam-
inants released from hazardous waste TS5DFs and transported through environ-
mental routes. In addition, exposure predictions can be required in compre-
hensive risk assessments for natural and domescic populations of plants and
animals, and £or other objects of economic or aesthetic value. Faor each
category the exposure prediction requires three analytical activities:
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. Qualitacive identification of population groups likely to be
gignificancly exposed. ;.

" Quantitative estimation of the number of individuals in asach
ETOup.

. Quantitative escimacion of the magnitude of exposure of each
group.

Available mechods and resources for predicting populations exposed
and magnicude of exposures are reviewed in Chapter VII. Quantitative axposure
predicfion requires characrerization of many modifying factors as suggesced by
the checklisc in Table IV-3 for human exposures. The discussion below
addresses methods only Eor workers amd the public, and focuses on exposures
that may cause adverse health effects. Many of the concepts are also
applicable, however, to prediction of exposures for nonhuman receptors.

TABLE IV-3

CONSIDERATIONS IN CHARACTERIZING HUMAN EXPOSURE TO CHEMICALS
FROM HAZARDOUS WASTE MANAGEMENT

Pollucanc Population Immediate Sources
Profile Profile of Exposure Exposure Parameters
Media Distribution Drinking and bath- Route
Geographical ing water Inhalation
Chemicals Mumerical Ingestion
Food crops Absorption, skin
Concentrations Hature
Censral Nonfood products Intenaity
Change wich time Special usad in daily
life Frequency

Change with time
Indoor air Duration
Amblient air
Lifestyle acrivicies

1. Exposed workers: Work practices at exiscing or future haz-
ardous wsste TSDFs must be analyzed on & case—by—-casze basis in order Co
identify those workers likely to come into contact with toxie or otherwise
hazardous substcances, either through mormal asccivicies, accidental events, and
corrective/remedial acriona, such as spill clean-up, lesk repair, or ground-
water recovery/treatment. The assessment must identify the types of workers
exposed, the number of each type, and the Erequency, intensitcy, and duracion
of exposure to all relevant toxicants, iocluding any chemicals chat may be
used to treat the hazardous waste before disposal or used in remedial actions.
Worker exposures tend to be work-station specifici cthe first activity, there-
fore, is to characterize the number of different types of work stacions and
the number of workers at asch.
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Exposures are difficulr to escimace quancitacively if monitoring
data are upavailable. The primary route of exposure is most often by inhala-
tion, but absorption through the skin, amd hand-to-mouth transfers are also
possible. Exposures will wvary with the chemical and physical nature of che
materials being handled, the technology being used, and control measures and
training programs in place. They will also vary with the individual's use of
available control measures and prescribed practices (e.g., use of dust masks).
In general, estimation techniques are relatively crude for predicting worker
exposures around TSDFs. Well-validated mathematical models are not available.

Secondary exposures of worker's families can be considered; they are
extremely difficult to quantify confidently, however, unless very good moni-
toring data are available.

Occupational exposures are aggregated in subgroups by type or source
of exposure (e.g., chemicals, work station, route, etc.), and summed by magni-
tude of exposure (intensity, frequency, duracion}, as appropriate for sub~
sequent use in the healch effects prediction. In some comparative risk
assessments, qualitative escimates of worker exposures might be quite suffi-
cient as an input to decision making, because public health concerns may
predominate. In other cases, quancitative estimates may be needed for beth
the average worker exposure and for che maximally exposed worker. Special
note should be made of any predicted lewels that are above regulatary stan-
darda Eor short-term or long-Cerm exposures.

2 Exposed public: Predicting exposures of members of the general
populacisn te savieonmencal contaminants from hazardous waste TSDFs requires
consideration of where the contaminants and che people intersect in space and
time. Expeosure routes that must be considered include inhalation of contam-
inacted dusts, mists and wvapors, ingestiom of contaminaced water, Eood, bev-
erages or other substances, and dermal absorption following contact with
contaminated substances. In some cases, eavironmental monitoring data may ba
available thart define concaminant levels ac the point of contact with humans.
In general, however, a majer input to this analysis will be cthe output infor-
mation from the modeling of environmentcal transport and fate of the chemicals
in relevant media afrer they leave the TSDF sice. [n some cases actention
must also be given ro transportacion accidenca that would cause additional
point {or possibly nonpoint) sources. In either case, the analysis will have
provided information on the spread (both geographically and over time) of the
pollucancs from the source through the air, surface water, groundwaCers, and
octher environmental compartments. Exposure prediction will require profiles
of the exposed population and exposure conditions and integration over popu-
lacions and condiciona.

& Populacion profiles: In mosc assessments the chance aof
exposure will depend primarily on where people live, but it can also depend on
where chey work (i.e., jobs unrelaced to TSDFs) and on ocher lLifestyle factors
cthat would incresse exposure. A second major input will therefore be demo-
graphic informacion on che discributicn of potentially exposed populations in
the contaminated areas. [f appropriate im a given assessment, distribution of
jobs, day schools and other relevant lifestyle activities can bes determined
around a particular site. In addition to private homes, residents of hos-
pitals, nursing homes, and boarding schools should be considered.
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A detailed population profile is than developed, based on the
geographical boundaries decermined for the pollutants' dispersion chrough air
and water away from the sites of hazardous wasce disposal activicies. Spe-
cific coordinates are desirable in defiping the scudy area sectors, since
gaveral data bases, including that of the U.5. Bureau of Cemsus, can correlate
their data by latitude and longitude. In the U.5. Census data, populatiom
BfUEeraclond are broken down by urban and rural areas, age, race, sex, commuE=
ing pacterns, and household data. ALl daca can be related te geographical
coordinates. Only ac the urban block level, however, can a relatively small
group of people (- 70) be relaced to 4 relatively small area (one cicy block).
Coordinaces of larger rural Enumeracion Discriccs (= 4,000 people) represent
the populaction cencer for the designaced area. Because pollucancs follow
natural patcerns rather than political and scatiscical boundaries, the Census
enumerations will ofren have to be splic to develop the populacion profile.

Some models contain programs chat access population data bases
directly. For air pollutants, dispersion of che plume over residential areas
and resultant inhalaction will be of major concern. ‘Using GEMB, the ATM dis-
persion model can be coupled with the Sector Population (SECPOP) program to
retrieve 1980 census data. The model then calculates the average annual con—
centration and exposed population for directional sectors radiating from the
emission gources. Inhalation at sice-specific commercial or institutional
facilities can require addirional comsideration in some cases, and alternate
exposur® routes (such as deposicion of pollutancs on foods or surfaces) may
requira attention in others.

For pollucants encering groundwaters or surface wateérs, addi-
tional information will be needed to supplement the Census data. For sxample,
the location of public and private drinking water supplies will have to be
pinpointed relative to the pollucants' dispersion. Informacion on most com—
munity water systems can be obtained from EPA (Federal Reporting Data System)
and information on privacely owned wells and springs from the U.5. Ceological
Survey's Croundwater Site Inventory. Additionasl information may be available
from scate or local agencies for a specific site. Populations potentially
exposed by ingestion of drinking water should then be idencified. Populations
that would consume foods or beverages prepared from che water should also be
identified if they are significancly differenc Erom those drinking it, e.g.,
customers of a commercial food processor or beverage bottler that uses the
water. For some pollutants absorption through the skin during baching or
other contact and inhalation of chemicals wvolacilizing in the shower may
réquire consideration.

In some assessments, nonresidential and lifesctyle factors will
need to be considered. For example, persons that commute daily through a
dispersion plume or frequent recreational activities in potentially contam-
inated lakes or parks may need to be considered. Specific information on the
dynamcis of the subpopulacions within che asres of interest can often be
gbrtained from local governments or planning commissions. A preliminary analy-
sis of the geographical distribution and populacion distribution can Cthen
determine the major exposure routes and specific locations where che general
population densities should be modified for the supopulations.

Iy=17



Uncertaintias in idencifying che general exposed populacion
will depend on the quality and completeness of the data available, but should
be small compared to those in other steps of the risk assessment. Uncertain-
ties will be greater in tryiog to quantify supopulacions for detailed exposurs
analysis, either because of difficulty in specifying the subpopulations or in
obtaining geographically coded informacionm.

b. Exposure profile: 4n exposure profile musc be developed
for each of the identified exposed population groups. This profile should
identify chree chaacteristics of the exposura:

. Houte of exposura: air, water, foods, soil, or other
routes

. Time over which exposures will occur: Etime to onset and
duration

. Concentration af contaminant ceceived: concentration by

route and variation ower cime

Appropriate models or ocher estimacion cechniques are used. In many cases,
estimaces will be needed for the average exposuras for residencs in an area,
for the maximally exposed resident, and for especially sensitive subpopula-
tions as discussed in the next subsection.

c. Exzposure integration: The exposure integration process
involves sggregating sxposure to tha extsnt possible over routes, concentra=
tions, time, and population groups. The degree of aggregation that is rea-
sonable can depend on several aspects of the contaminancs. The toxicological
properties of the chemicals of concern will be parcicularly important, buc

physical-chemical properties and route of exposure may also require considera-
tion.

Aggregation across exposure rcoutes and concencracions should
uvsually be straightforward unless many subpopulations have been identified.
The simplest case would involve one population group uniformly exposed to a
constant concentration of contaminant, e-.g., in the air breathed or drinking
water consumed. In cases where exposure to the chemical by different routes
is likely to have diffarent effects, aggregastion across routes should be
avolded. In cases where a wide range of exposure levels occurs that are
likely to have different effects, aggregation should be avoided.

Aggregation across population groups can be more difficule. If
exposures vary widely across groups, the "mosc exposed" groups or individuals
(MEIs) should be identified. They generally should not be aggregated wich all
other groups to calculate an aversge or mean exposure level, because most of
the adverse healch impacts could be incurred by a small number of highly or
frequently exposed persons. Bounding berween MEIs, less-exposed populations,
and populations with de minimis exposures is desirable.

Aggregation across time also requires care in thac some healch
effects are associated primsrily with short=term exposures at relacively high
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concentrations, while others are associated with long-term (even lifecime)
exposures at lower levels. Population groupa with subscantially different
temporal aspects of exposure (e.g., short ws. long term; intermictent wvs.
conbinuous]) should be tfreated separately io the healch effects estimation and
should noc be aggregated in che exposure prediction.

In summary, cthe incegraced exposure assessment tabulactes all
significant populacion groups according to the relevant environmentcal dose
that each i3 escimated co receive,

D. Health and Environmental Effects Anmalyses

The toxic and environmental propercies aof the pollutants of concern
will have been parcially determined in Step 1, Source Assessment. I[nformacion
on these chemicals musc now be assembled, evaluaced, and converted into forms
that will be uwseful for predicting the health and environmental effects of
estimated exposures of future populations. Specific actiwvities will include:
review the health effects licerature for the specific chemicals; idencify che
kinds of responses likely and of concern in the expecced exposure rtange;
develop dose-response relationships covering the range of exposures; and
develop risk factors for specific environmental doses for exposed individuals.
Figure IV=] shows schematically the relacionship of cthese accivicies and ouc=
lines the procedurs (co be discussed below) for seleccing che generally best
available data for developing the dose=-response models. The several slements
of this schema are discussed below in terms of assessing human health risks,
but many of the elemenca would be similar for assessing health impacts on
other species. Chapter VIII provides an extended discussion (wich references)
of the ctheorecical aspects of healch effects prediction approszches.

L% Evaluace awvailable licerature: A thorough search for and
review of the licerature describing the biological effects of the chemicals of
concern L5 made.

a. Search scope: The scope of the search should include all
chemicals likely to be present in relacively high concentration at poinc of
exposure and other chemicals chat hawe special coxic or enviromnmental prop-
erties. The full range of healch effeccs will be of interest in the assess—
ment. A given chemical of concern may produce a variecy of effects depending
on exposure conditions. In many cases, the researcher will be able to focus
on one or two of the most significanc effects, particularly any irreversible
ones likely to occur from low dose, long-term exposures through environmental
couces. If exposures are apt to be widely wvariable over time, however,
affects of acute exposures may also requice consideration and may even pre-
dominate in the sssessment (e.g., if a spill of a concencrated toxicant might
occur). In general, the mosc significant concerns will be carcinogenesis,
reproductive effecta (including mutagenic, teratogenic, and fercility
effects), and any effects associated with bicaccumulacion. If the literature
search does not develop adequate data on thea chemicals of concerm to apply
preferred estimacion methods, it msy be necessary to expand the search to
include selected similar chemicals =o thact less preferred methods may be
attamprad.
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5, Literature search: Literacure search techniques will
depend on how well-known {(or how obscure) che chemicals of concern are. Many
commercial compounds and some newer chemicals have been subjects of much
recent study. A well-evaluated review ar summary document may ba available,
such as those produced by EPA (e.g., a Criteria Document or an analysis by the
Carcinogen Assessment Group), the Mational Academy of Sciences, the Hatiomal
Institute of Occupational Safety and Healch, the Mational Insticuce of Envi-
ronmental Health Sciences, aor the Iu:Erng:innaL Agency for Hesearch on Cancer.
Such reviews may eliminate the need for further incensive evaluacion or reduce
the literature search and review ro significant new publicactions. In other
cases, computerized or manual searches of the original literature may be
required so that key studies can be identified for evaluation. (Computerized
searches will be quicker; both can somecimes miss important documents.)
Primary information and data sources will include controlled toxicolegical
studies, clinical observations or epidemiological studies on humans; acute,
subchronic, chronic, and special toxicological testing with Llaboratery or
domestic animals; toxicological tests with microorganisms; and any percinenc
biochemical tescs.

¢. Judging quality of dava: A key point in the risk assess-
ment is the decision whether ar mot a parcicular scudy 1s acceptable as a
primary basis for che analysis, This may at cimes be a partially subjective
judgment, and it is important to have acceptability guidelinmes that are as ob-
jeccive as possible. Data that are not fully sacisfactory may have to be used
somecimes in the absence of adequate data, but deficiencies in the data will
affect the uncertainty in the risk estimaces and must be noted. Important

checkpeints of cthe acceptability guidelines for human and animal data are
listed below.

d. Human scudies: The conclusions Erom even good qualicy
human studies can be less cercain char cthose Erom animal studies because of
the number of potential confounding factors. Points to watch include:

. The study (exposed) populacion should be carefully docu-
manted as to source and characcteristics.

. The concrol (unexposed) population in analycical epidemi-
ological studies or reference population in descriptive
epidemiological and clinical case report studies should be
documented and described.

. The sample size of the atudy and concrol populations
should have been sufficient co meer scaciscical criteria.
Potentially confounding factors such as age distribucion,
sex, and lifestyle (particularly smoking and use of con—
trolled substances, if known) should be controlled in the
study design.

. The scudy populacion should have been exposed to as few

toxicants as possible -- preferably just the chemical of
concarn —— and to & minimum of other variable stresses.
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animal scudies

Exposures should have been quantified. The exposure
sssassment should be documented. Preferably, data will be
available from appropriate sampling and analytical meni-
toring at the point of exposure or in bodily fluids or
tissuss. The duration and time sequences of exposures
should be noced.

Source of response data should be documenced. ALl clin-
ical signs should ba reported. The length of the follow-
up period should be reported so that latent effects, if
any, can ba properly evaluated.

The response of the conteol population should have bean
similarly studied, particularly for effects of chronic
exposures.

Scacistical analysis should have been made, consistent
with the study design. Causal associations between expo-
sure and rtesponse should have been inferred only if
chance, bias, and confounding fsctors have been ruled out
a3 explanacions.

One or more dose-response relacionships should be evident
in the data, and any effeccts of other wvariables should
have been reported.

Animal studies: Points on which to judge the gquality of

include:

The number of animals of a given scudy should be ade-
quate. In a chronic study, chere should be 50 or more
animals per doae group for each sex. In a teratology
study, there should be 10 co 12 female rabbits or 20 or
more female rodents per dose group. If one is particu-
larly incterested in effects at low dose, studies using
larger numbers of animals are highly desirable, alcthough
generally not availabile.

Thera should be at least chree dose levels (depending on
the type of study) in addition to che controla. The
highest dose lavel should produce some toxic symproms but
not cause more chan 10X unscheduled deatha. The lowestc

dose, ideally, should produce essentially no toxzic symp-
COms .

There should be an untreated concrol group and its number
should be the same as chat of cthe test group. This group
should have received wehicle doses if one i3 used for com—
pound adminiscration.

The route of administration should be che same as che
expected exposure route for humans.
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. There should not be an excessive number (> 10I) of "dis-
eased" animals or early deaths in che control group,
aspacially if the lesion is similar to or the same as the
lesiaon observed in the treated group. The response of the
treatment groups should be dose dependent.

" All major organs should be lisced in the pathology tables.
This is a measure of the qualicy of the study. Failore co
note numercus organms can be an indication of poor necropsy
or tissue procedsing techoiques.

. Any clinical signs, such as anorexia, alopecia, or con-
junctivicis, should be liscted in tabular Eorm. The same
should be true for clinical chemistry and hemacology dacta
when these are part of the study.

" All studies should have supporting dose apmalysis data and
chemical methodology to ensure qualifty control. (Thesea
are least eritical for acute exposure studies.)

¥ A dose-response celationship should be evidenc in the
datﬂi
. Paer review commenca, Lf available, should be closely

examined for possible shorccomings in the scudy.

. A study's macterials and mechoda section, the seldom
explicit "untoward results” section, and the conclusions
section, should be carefully read to evaluate ic.

In practice, cthe risk assessment ceam will find toxicicy studies that satisfy
all of these criceria are avalilable for few chemicals. Ic should cake any
deficiencies into account in the uncertainty analysis.

i Tdencify likely responaes: The liceracture review generally
will have revealed chat the chemicals of concern cause one or more adverse
responses in Lest organisms under one or more conditions of exposure, or would
be likely to cause adverse effeccs in exposed humans. The Ffull range of
effects that might result from potential exposures will be of some interest,
but the fipal identification of effects to be assessed will depend on the
significance and quality of che reported data and on the likelihood of
response at predicted exposures.

Studies reporting general toxicity affects based on acute or sub=
chronic exposures are analyzed first if they are available. In many assess-
ments, fairly high level exposures in occupational activities or from aceci-
dental releases might be of concern, and informacion on responses under these
conditions will hea needed. Of grester priority in most assessments of
hazardous waste management alternacives, however, will be any serious
irreversible effects chat could result from exposures in the range of those
actually predicted. In particular, one should idencify effects on major
organs or syscems resulting from low Llevel chronic exposures, and carcino-
genic, genetic, and reproductive effects that might occur under a range of
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axposure condicions. In general, data from one or more chronic ‘exposure
studies are highly desirable, and data from human studies would be prefarable
to data of comparable qualicy from animal scudies, as was indicated in

Figura IV=3. If data Erom apprupriate human or animal studies ares not
available, then one resorts progressively to less preferable methods that
invalve greater extrapolacions or assumpcions., Cross-checks between one or

more of these alternative methods should be made, where possible, to imprave
the prediction of the kinds of effeccs.

Informacion on cthe dose-response patterns for potencial effects of a
chemical is compared with predicted exposure patterns to identify those
effects likely to occur at estimated environmental exposures. Graphical plots
of the original data, if not already provided, will be helpful, particularly
when several scudies are available. One may be able to omit effects likely to
be Found only at wery high acute exposures if only low level exposures are
possible, but caucion must be exerted at this point not to discard informacion
rhat could be useful in a subser of che assessment f{e.g., a catastrophic
release). Studies showing positive response in humans would be given greater
weight than negative studies in lower mammals; studies showing posicive
response in short-cerm microbloassay ar rodent studies but not in higher
mammals are difficule to generalize since the gualicy of the specific data and
the coxicological principles invelved are critical. [f the chemical has
special toxicity (such as carcinogenicity or reproductive effects), low dose
exposures always will be of concern.

The effects can usuvally be identified with reasonable confidsnce if
toxicological cest data in animala or ocher organisms are available for the
test chemical or for cognate chemicals (i.e., octher chemicals with similar
chemical structure and physicochemical propercies), or 1if toxicokinet:ic
{pharmacokinecic} informacion on the chemicals' absorbability, mobility, and
biotransformacions within the human bedy or other appropriate species are
available.

3. Develop dose-response relactionships: Dose-response relacion-
ships must be developed for the most significant kinds of effects identified
in the preceding section. All the available daca should be considered in
developing the mest reliable dose-response model in humans for each signif-
icant effect of each chemical being assessed under the exposure conditions
predicted. Ideally, a quantal dose-response relationship will be available
that can be axpressed graphically and mathematically.

The procedures used In developing the dose-response relacionship
will depend on the nature of the available data, toxic effect, and the assump-
tions and extrapolations that must be made for predictive purposes, The
procedures in each case are outlined below.

a. Daca preference! [f adequace dose-response data are
available from studies of human exposure to the chemical of concern, they can
be used directly to calculacte the dose-response function using an appropriate

mathematical model. The dose-response function based on the literature data
is then applied (after appropriate conversion of dosage units, if necessary)
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to che @scimated actuwal exposure from the hazardous waste disposal activity to
give an escimated risk factor for an exposed individual or populacion.

If data on humans are not available, the animal data are the
next choice. Any available toxicokinetilc data chat are available should be
considered. If chromic animal test daca are available and adequace, the same
appropriate mathemacical model is used as wich human daca for dose-co-dose
interpolation and extrapolation as above. IE chronic animal data are limited,
but are indicative of an effect, a simpler model still might be useful im
astimacing the ridk approzimacely. If chronic studies were made but 0o
adverse affects were observed, these data can be used £o calculate an upper
limic risk level.

If no chronic studies have been made, less accurate methods are
used. In some cases nonchronic exposure daca on animals are available that
may be useful in estimacing effects of chronic exposures. Extrapolation aof
the resulcs Erom shorc-term sctudies to long=term exposures is a difficulr step
because, among other problems, some effects (e.g., carcinogenesis) are seen
only in longer term studies. Therefore, this type of extrapolation should be
done only if absolucely necessary (see Section VWIII.B.l).

[f chronic cest data on several cognates are available, gquanti-
tative structure-sctivity relacionships (QSAR) may be used to estimace the
chronic toxicity of the chemical of concarn relative to the cognacte. If non-
chronic exposure data are available for the chemical and similar daca plus
chronic data are available for one or a few prototypes, their relative dose-
reaponse funccions can be used to estimate chronic toxicity of the chemical.
If data on cognates are unavailable but nonchronic exposure data are available
for the chemical, these are extrapolated approximately on the basis of general
toxicalogical principles, if possible, to estimate chronic coxicity. Finally,
ranking methods are used as a lasc choice to compare the health risks of
alternative decisions if no methods are available for generating numarical
sstimates. HRankings are based on the use of in wvitro test data on the
chemical or the use of nonparamecric methods [see Section VIII.B.2.c.(B]].

The uncertainty associated with estimates from chese alterna-
tive mechodologies will be greater than with the primary mechod, and perhaps
by two extra orders of magnitude or more in additien to other uncertainties.

b. Threshold and nonthreshold effects: A decision must he
made on whether the dose-response funcrion should be developed with a
threshold dose or as a nonthreshold model. This decision generally cannot be
made strictly from the observed dose-response data, but musc be made on
theoretical grounds.* While thresholds were once believed inherent in bio-
logical response to disturbing stimuli, nonthreshold models of cancer gained
substantial acceptance over the past 40 years. More recently, nonthreshold
models have been proposed for several other effects involving molecular

* Sge discussion in Section VIII.A.3. In some instances, Che analyst may
wish to estimace risks by both threshold amd nonthreshold models for
COmMpPArifon.
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biology and genetics, and even for some effects previocusly presumed widely o
have chreshelds (e.g., brain damage from lead; teratogenic effects). The
present methodology assumes that many chemicals will exhibit systemic effeccs
for which a threshold meodel is appropriate snd that other chemicals will
exhibit carcinogenic or other effects for which a nonthreshold model may be
demanded.

(1) Monthreshold model: For heaslth effects that are as-
sumed not to have dose thresholds, nonthreshold versions of the multistage and
Weibull models are used. The EPA has adopted the "linearized" mulristage to
escimace upper confidence Llimits on risk and lower confidence limirs on “wir-
tually safe doses" for numerous carcinogens; EPA's Carcinogen Assessment Group
has developed substantial documencacion with this mechod in support of regu-
latory decision making. The CAG mechod is therefore adopred here o estimace
the model-based upper confidence limit on risk as part of the uncertaincy
analysis, Best estimates of the risk are then alsoc made using either or both
the Weibull model or the conventional multistage model. Use of these models
is discussed below.

The Weibull model is usually an excellent choice for
making risk extrapolations ta very low exposures, provided the availahle daca
sefs are not deficient in dose groups in the mid and low dose range. For daca
sets with conventional spread and shape, the Weibull generally yields: a good
fit to daca poincs (even if che dara have a threshold-like appearance); a low
dose extrapolation chat is nearly linear; and risk estimates thart are near the
average for those of several other models used (i.e., intermediate between
those of the one-hit and multiscage models on the high risk side and those aof
the logic and probit on the low risk side).

The biological rationale for the Weibull (once considered
a weakness) has been expanded to a point [ses Section VIII.B.2.a.(3)| chat it
appears to be of comparable stature to that of the multistage (it has fewer
introduced conscraincs than the mulcistage and linearized multiscage®). IF
the data ser lacks a dose group in the low response range, the mulciscage
model may provide a better representation of the probable dose-response rela-
tionship and can be used. (Alternatively, both models can be employed and a
geometrical average taken for che risks estimated at predicted exposures.)

The ctime-independent form** of cthe Weibull model is
expressed by the equation!

* H. E. Albart, Chairman of EPA's Carcimogen Assessment Group recenctly noted

that an overall feeling exists that the biological foundation is flimsy

for EPA's current mechod of low level risk estimacion [see Section VIIT.-
B.2.5.03)].

i A general form of cthe Weibull discribution is:
m k=1
Ple,d) = 1 - o~{a * Bd }& - w)

where ¢ is the time after dosing starts, w is tumor growth time, and k is
a number of discrete changes leading te tumors.
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where P(d) 1s the probability of response at dose d and a, 8, m are parameters
to be estimated {A,m > 0). Alpha (a) is decermined by the background inci-
dence; 8, a scale parameter, depends on the units of dose; m is a nonnegative
shape paramecer, not necessarily an integer, and usually in the range 1 to
S. The low dose extrapolation is Llinear if m = 1, convex if m > 1, and
concave with m < 1, A value m < ! may reflect an absence of sufficient low
dose dacta poincs or the exiscence of unusual toxicokinetic features of the

substance! comparison with results from cthe multistage would be desirable in
this case.

If the background incidence is neglible {a =0}, or if one
wishes co express cthe extra risk over background, then che Weibull expression
becomes:

R(d) = 1 - @ OO

Pd - Pl{d )
where R{d) = ﬁ'{i—u—i
a

The mulrigtage model expresses che probability of response
upon continuous lifecime exposure at dose, d, by the equation:

'
Pld) =1 - e {8y * B;d * Bd? + ... lkd ]

where k = an integer, nominally the number of scages in the process, and

8. = nonnegative parameters to be escimated from the data set.

n
If the background incidence is zero, then By = 0 and the equation at Low dose
ig:

-]
pl{d) = 1 = t'(l,d + Bad? + .., B‘ud )

For some minimal data secs, interpolation between the
lowest dose data point and the background point or use of the one-hit model
may be necessitated. Boch the Weibull and the multistage models contain the
one-hit model as a special case, obtained by fixing m or k respectively equal
to one. The one-hit model equation is:

Bla) m ] =g M
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where Bd = expected number of hits ac dose, d. The model can be used with any
positive response data even if only one useful daca peint is available,
because, fFor purposes of rough estimation, the slope of the curve can be
assumed. Linear incerpolation between the data point and the origin or
background gives essentially the same slope; both probably overestcimace the
risk at very low dose. A combination convex-linear interpolation (see Sec-
tion WIII.A.3) can be used for a best escimate.

The modeling procedure is gensrally as follows. Afcer the
experimencal data are assembled and evaluated, the appropriate mathematical
model is ficted to each selecred data sec by regression analysis. Several
compucer programs are available for the Weibull [see Sectien VITI.B.2.a.(3)].
The GCLOBAL #3 program for the multistage {(accessible [rom the National
Insticuces of Health, Bethesda, MD) determines the number of necessary Carms
in the polynominal exponent, the coefficients of each, che goodness of fir
{chi-aquare sctatistic) of the model to the data, the probability of response
to any given dose {or the extra risk if a background exists), and the dose
that poses a given risk. The maximum likelihood wvalues of the coefficients
are needed; upper confidence Llimits can also be obtained for subsequent
sensicivicy analysis,

If the models do not Eit all the daca sufficiently well,
iz may be because one or more high dose responses are anomolous (e.g., the
curve bends downward because subjects die of other causes. [f this appears to
be the case, the highest dose point is deleced and the model is reficted to
the rest of the data. If che fic is still inadequate, the next highest dose
points could be deleted in arder; a fit will always be obtained for the lowest
dose point and the control. Practical judgment should be exercised, however,
so that reproducible midrange data points are not discarded in favor of a
possibly anomolous low dose point.

The goodness-of-fit test used is a chi-squared comparisen
of che actual daca points with the estimacted effects at the same doses on che
calculated regression curve.* A cumulative chi-sgquare over 991 1s considered
unacceptable. High values of the tesc indicate a poor fit. Goodness of fit
of the regression curve alone is not a decermining factor in rejection of
results, of a model, or of statiscical correlacion inferences.

When all the regression calculations are complere and
evaluated, one or more curves should be available Erom which to estimate the
probability of each adverse effect of each chemical for exposed populaticns.
If multiple data sets are available and are of comparable quality, the proba-
bilities at & given dose can be averaged geomecrically.

{2) Threshold model: If the dose=-response relationship
is believed to have a chreshold dose, a threshold wversion of eicther the

* The chi-square statistic is discussed with the linearized mulcistage model
in Section VIII.B.Z2.a.(3).
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Weioull or mulcistage machemacical model is used. The Weibull model is
genarally an excellent choice because of the limited number of variables and
generally good Elexibilicy im fitcing daca sets. The equation ist

pd) = 1 - o1& ¥ 8(d - d )]

where 4, is the threshold dose to be provided and a, 8, and m are varitables
determined by regression analysis. The multistage model may be preferable if
the darta set i3 deficient in the mid and low response cange, but may be unde-
sirable if the curve rises rapidly amd then plateaus [see Section VIIIL.B.1.-

§.[3I] for further discussion). The threshold version of the multistage model
L51

= i T E i k-_
ptd) = | - o (Bg * Byfld=d )} « By(d=d )2 + ... + g (d=d }7]

vhere d, is the chreshold dose. For either modal, the risk i3 zero for
exposures below tche threshold dose. Abave rche threshold, the risk can be

decarmined direccly Erom & curve fitted co the experimencal data or from che
madel .

The identification of the threshold dose to be used is
usually a problem, The available data are often for continuous or graded
responses, and quantal data can be difficult to interpolate because of the

normal asymptoctic approach of the dose-response curve to the base or back-
ground line.

Acceptable daily intakes (ADIs) will have been established
for many chemicals based on the application of an appropriate safety factor to
a no-observed adverse mffect level (HOAEL) or lowest observed adverse effect
level (LOAEL) in experimental data. The risk is assumed to be zero at the
ADI, at least for almost everyone. The threshold dose icself is assumed to be
well above the ADI, but below sny LOAEL. The precise number is usually rather
uncertain, even if a NOAEL is reported. For predicted exposures that happen
to be in the threshold dose region, the escimated risk is highly sensitive to
small changes in dose and to the assigned thresheld number. In the interest
of consistency in assessing risks when definitive dacta are lacking, the
following three—-cier process i3 suggested!:

. If an ADI has been established, the risk is assumed
to be zero at it and up to the threshold defined as 5
times the ADI. The value of 5 is not based on any
regulstion, but appears to be a reasonable choice,
based on the practice of dividing a NOAEL by a safery
factor of 100 {(or more) to obtain an ADI, a practice
basad on toxciological and public health experience.
In the unlikely event that the experimental data show
an adverse effect at the 5 times ADI level, a smaller
mulciple should be used. This threshold dose is then
ased in the Weibull {or mulcistage) model.
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L If an ADI has mor been escablished, the threshold
dose is determined from the MOAEL(s) if cne or mare
i5 raported. The threshold can generally be taken as
1/2 of the most relevant MOAEL, but & smallar frac-
tion could pe appropriate depending om che nature of
the data, as in the safecy factor concept. {Mote
that this is a threshold for risk assesamenc, noC an
ADI for regulatory purposes.)

" If neither an ADI npor MOAEL are available, the
threshold dose is determined Erom the LOAEL(s) in the
available data. The LOAEL is multiplied by a frac-
tion commensurate with the nature and quality of the
sxperimental daca. A fracrion of 1/10 should be
appropriacte for most data sets, but smaller fractions
(e.g., L/100) may be required in others. (Note ags:in
that thess are escimated thresholds, not ADIs.)

The uncerctainties in model-escimaced risks should be
analyzed. Confidence limica should be decermined in che experimental range
from the data or fitcted model and in cthe low-dose extrapolacion. (Moce that
these are model-dependent confidence limics.) If information indicaces that

especially sensitive persons may be at risk at the population chreshold or
even at the ADI, this should be noted.

€. Adjuscment factors! A number of assumptions and conver-
sions may be needed in order to be able to predict the degree of the effect of
concern at #xpected exposure conditions based on the different set(s) of expo-
sure conditions reported in the studies found in the literature. These pre-
dictions almost inevicably will require the extrapolation of a dose-response
function across two or more sets of conditions. These include extrapolations
dcroga: exposure routes; temporal condicions (frequency, continuity, dura-
tion)} species; dosage unics} and from toxicological test dara on individual
chemicals to the exposures to complex mixtures of chemicals frequently found
in hazardous wastes. AllL of the available dacta should be considered in a
given case, but defensible default positions are lisced below.

(1) Exposure routes: The default assumpcion is thac the
affeccs of exposures by oral and inhalacion rouces are equal, with absorprtion
assumed to be 100X by bocth routes. If differenc assumptions are warranted by
information on the chemical of concern or actual exposure condicions, adjusc-
ment factors should be developed and explicictly staced. For example, che
bigavailability of a chemical can vary with the medium it is in. Dermal
absorption races tend Cao vary greatly with the chemical and its carrier, if
any, and must be estimated on a case-by-case basis. Simultaneous exposures by
mulciple routes are assumed cto be addicive (within the above guidelines),
unless an ad juscment facror is indicated.

(2} Exzposure variation over time: Exposures can vary in
frequency, continuity, or duration between the studied population or species
and the population subject to analysis. The defaulc assumption is chat
variable exzposures have roughly the same effect, if the ctotal dosage isa
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equivalent. If catal ddsage differs because of such variations, the effect is
assumed to be comparable on a prorated (time-weighted average) basis. For
reversible acute effaccs, the peak exposure dose is of primary sigrnificance,
but cime—weighted averages are required for other doses. If warranced by
informaction on the chemical of concern or exposure condicions, adjuscmencs
should be made. For example, incermiftenc exposureés may be nearly egquivalent
to continuous doses if che chemical i3 scrongly recained or may be nearly
without effect if it is rapidly excreted.

If cthe conditions of exposure differ significantly between
test and subject populacion, all available daca should be considered in devel-
oping adjustment faccors and in estimacing the uncercainty of the results.
Prorating such factors require speciail care when extrapolating chronic test
data ta short-term {even single) exposures of the subject populatien co
CArCiNogens . Special care is similarly required when extrapolating minimal
chronic test data to liferime human exposures, especially if thea chemical
bicaccumulates, if the chemical is a suspect carcinogen on other grounds, or
if che body develops a tolerance to it. The analysis cends to become chemical
specific.

{(3) Animal to human extrapolation: The default assump-
tion is chat the effects of a given dose are the same in humans as in test
animals ac equivalent doses (see "units" below). If there is clear evidence
in a given case that this assumption is inaccurate, then an appropriate
ad juscment factor is used in estimating risk.

{4) Exzposure units: The human exposure levels reported
in epidemiological studies or test dosages in animal studies and the antici-
pated environmental exposures are converted Co consistent dose units for com=
parison. Appropriate units are: milligrams per square meter (mg/m?) of body
surface area of the species per day exposed, for mostc toxic effects;* mg/m per
pregnancy** for cteratogenic effects; mg/m? for effects of acute inhalacion
exposures; and concentration in carrier (e.g., mg/mL} for acute irrictation
effects. If the cest daca are reported in terms of dose per unit weight (kgl,
the conversion factor used for interspecies is: m = 0.106(kg)? 3.

* These are the units currently preferred by EPA. The more widely-used
unics milligram per kilogram (mg/%g) of body weight give lower estimates
of absolute risk. In many assessments the comparative risks will be
insensicive to the units used since exposure to the same chemical(s) will
occur under all waste management alternacives. .

=% Female test animals (mice and rats) may be dosed over either the encire
gestation period or on just 1 toa 7 days of their sensicive periods which
is about one-chird of the tocal gestation. Total dose per pregnancy is a
convenient test statistic that would, at worst, overescimate, by a factor
of chree, the effect of human exposure to the same dose (i.e., in a case
where the dose was received entirely during the sensitive period). It
would generally be more accurate for low level environmental doses.
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Standard weight and incake factors are assumed for all
species. feferance man weighs 70 kg, consumes 2 L of wacer per day, and
braathes 20 m? of air per day. Facrors for ather test species are available
(sae Table VIII-1).

{5) Exposure to mixtures: The defaulc assumption is thac
for chemicals causing the same effect, Che doses are simply addirive. For
chemicals having different effects, assess the sffect of each at its estimaced
exposure. [f, however, the chemicals are known to interact {(e.g., synergis-
tically), cthen the escimaced effectr should be adjusced cto reflect this infor—
mation. Alternactively, if one (or a few) of the chemicals is sufficiencly
toxic and in such high concentraction thac it dominaces the healch effecctcs,
then the effects of the less potenc chemical may be de minimis and can be
ignored.

(6} Sensitiwvity differences: The defaulc posicion is
that explicit allowance is not made for sensicivity differences betwveen indi-
viduals in the reference group and che exposed populacion. I[f the available
data are for a general populacion or a populaction of low susceptibilicy for
the given effect (e.g., healthy workers [or respicractory dysfunction), then the
risk estimate must be ipcreased by some f[actor appropriate to the data. IE
the subject population is known to contain a significant percentage of sub-
populations of especially suspectible individuals, then this fact should be
used in the risk assessment. These Ffactors should be derived afrer detailed
consideracion of any special subpopulatiens. For example, in 1981 children
consticuted 28.1X of the population and the birthrate was 15.9 live birtha per
1,000 tocal population per year.

(7) Combining response data: In some cases the response
data reported ip original publications can be combined to improve the reli-
abilicy of the human risk escimacions. The data, for example, may show Cumors
at more chan one site in the animals tesced, multiple teratogenic effececs, aor
different neurotoxic symptoms in different persons exposed. Since the ulri-
mate objective is to estimacte the number of persons affected by environmental
exposures, rather than the subcacegories of effecr, cthe variecies of an effect
are combined. The data are summed assuming independence, but using the Eol-

lowing equaction to eliminate errors of mulciple counting of the same indi-
viduals:

m m
F[Uhif = I P{Ai} - E-F E(AilP{ﬂ-} * EXX P{A-}F(A-}F(ﬂk}
iml iml i<j i<j<k .

{ejeken L j Ay 1

where: P(A) designates the probabilicy of effect A3
i, jy &, and & are subscripts for the various effecrts; and

m is the cotal number of effeccs being combined. Hoce che alter-
nating signs of the cerms.
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If diffaring estimates are available from multiple studies
and none can be rejected on the basis of quality, probabilities are caleculaced
from each daca sec and then averaged.* If the various effeccs are from dif-
ferent pools of animals as in teracology scudies, the sample size will wvary
and the resulcs are not readily combined. These results are therefors cal-
culsced separacely and the probabilicies of an adverse effect are then summed
to give a cotal risk. This practice of combining data has been discussed as
an approach in obtaining total estimaces of carcinogenic risk in animals with
one or more tumor sices (EPA, 1984). When both sexes of a species receive che

same dose and express the same effects, data from the two sexes are combined
for Efurcher caleculacions.

E. Heszlth and Environmentsl Impacts Estimation and integratinn

The resulcs of the exposure prediction scep are now combinmed with
the health effects model to estimace the adverse effects on exposed 1indi-
viduals, and with information on exposed population groups to estimate Che
tocal number of cases of each kind of effect associated with each wasce
management altermacive. The procedures are discussed (n this section for
exposed individuals and populacions. Analogous procedures could, in cheory,
be applied to escimace ecological or other environmental effects, but are, in
practice, much more difficult to implement quantitatively, and are discussed
only briefly in chis section.

1. Effects per individuslt The probabilicy of an exposed indi-
vidual incurring a given adverse health effectr is calculaced by mulciplying
the concentration, C, of the chemical in the exposure medium®™* las decermined
in the exposure analysis) by the extra risk factor R({d) ac an equivalent dose
in that medium s3 determined from the dose response daca. If necessary, the
product is also mulciplied by any adjuscment functions needed to correct for
differences in biological conditiona, £(b), or in the time f(c) (eor ocher
measure of interval) between the reference conditions and the exposure condi-
tions. The overall equation is:

Probability of effect = C+R(d)+£(b)-£(c)

A similar calculation is made as necessary for each effect that che
chemical might cause, and for each chemicsl or group of similarly- l:ELﬂﬂ
chemicals to which the individual is exposed. If exposure occurs by multiple
routes and the data base indicates that summation of the total incake 1is

* Tn regulatory applications, the geometric mean (nth root of the product of
n probabilities) of this combined estimator has been used racher than the
arithmetic mean, as it leads to a higher risk estimate at a given dase
and hence g lower regulatory standard.

** i,s.,, water, air, food, soil, macrerials, etc. The intake quantity may be a
more convenient parameter for environmental dose than the concentracion
in some analyses; it is obrained from appropriate intake assumptions.
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appropriate, the sum {in appropriately converted umits) is used for C. If
exposures are intermittent or Lless than lifectime and Lifetime risks are
desired, appropriate adjustmencs are included in the time function.

Calcularicns are made for represencacive individuals in each signif-
icant exposure group idencified. Typical representatives would be an average
exposed individual, the most exposed individual, and average or most exposed
child. Additional calculsations are made as necessary for individuals in
gspecially sensitive subgroups (see below). The results of the risk calecu-
lations are tabulaced and combined as appropriace and reported in a form
useful for decision making. For some decisions, cthe risks per individual may
be adequate input, while for ochers, cthe risks to populations described below
will be required.

2. Effeccs on populacrions! Comparison of the total adverse health
affpcts of hazardous waste management altermacives requires applying the
health risk factors as decermined in the preceding sections to informacion on
exposed populacions. The present mechodology Eocuses on exposures to the
chemicals of concern incurcved peimarily by the publiec and secondarily by
workers. In either case, the analysis is simplest for a homogeneous popula-
tion uniformly exposed co a fixed level of a single chemical thar produces one
health effecc. The case becomes more complex as multiple subpopulacions,
multiple exposure conditions, multiple chemicala, or mulciple health effects
must be considered.

The analysis is Efurther complicated by the likelihood that the
population will not remain of constant size, composition or location for the
duration of the potencial exposure period. Temporal assumprtions are required
before proceeding with the analysis. The simple assumption i3 often made that
the present population pactern will concinue chroughout the period being
assessed. In comparacive assessment of hazardous waste management alterna-
tivas, however, special care should be caken to decermine if this i3 a reason-
able assumption. For example, changing residential, industrial, recreational
or transportaction patterns inm an area over several decades could subscantially
affecc the risks of having a Landfill, incinerator or storage facility nearby.
Hence, explicic scatement of Euture population assumptions must be made.

A statement of the population risk is sometimes derived from an
estimaced individual risk by simple scaling. For example, the probabilicy is
mulciplied by 108 to indicate the risk per million exposed persons, or the
probabilicy is multiplied by the total exposed population to estimate the
numbar of cases. A more systematic procedure Cakes into account cthe varia-

tions in exposure conditions and of susceptibilities for exposed individuals,
ds described below. :

i Ganaral populacioni The numbar of cases af a given
adverse health effect incurred by the exposed group of individuals is esci-
mated by mulcipling three factors: the concentration (C) or its dose equiva-
lent from the exposure analysis; a risk Ffactor R{(d) Efrom the dose-response
relactionship; and cthe number of persona (N) in che projected exposure group.
The total number of cases is then obtained by summing across the factors:
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For a nonthreshold effect such as cancer where low dosa linear—
ity i3 ‘assumed, the calculation for & residential area can be simplified by
ustng che slope, k, of the dose-response line at low dose and che population-

ueighted average concentration, C. The risk equation for the average exposed
redidentc becomes:

Average probability of effact = Cok
and that for the population, N, becomes:

N

Wumber of extra cases = k [ C-N
i

The potentially exposed populacions can be decermined by
idencifying rvelevant geographical boundaries and by using current detailed
population profiles, supplemented if necessary by extrapolated daca. Several
sourced may be used for development of the population densities and the
identificacion of subpopulacions exposed under different conditions (e.g.,
different routes, levels, peaks, and continuicy).

Results of the risk calculations are tabulated and combined as
appropriate to reflect equity issues (e.g., geographical distribucion).

b. Special subpopulaciona: If the exposed population con-
tains subgroups that differ greatly Ln characteristics, then these also are
considered, because chey may be more susceptible to adverse effects. Some
subgroups may be more susceptible in general (e.g., because of age or special
health conditions). Others may be more susceptible to specific kinds of roxi-
cants (e.g., ceratogens for females in early pregnancy; allergens for many
people), more susceptible because of exposures to chemicals from other
sources, or likely to have a much higher uptake at a given exposure (e.g.,
children exposed to contaminated soil). Extremely difficult to gquantify are
those who may be more suscaptible because of dietary deficiencies or prefer-
ences, or who are deficient in production of enzymes or hormones chat are
important to biological repair mechanisms. A sample worksheet for surveying
the poctential health effects on a number of subpopulations is given in
Chapter X.

Generally, cthe gaographical location of Eixed structures (e.g.,
hospitals, schools, nursing homes, recreacional areas, and private wells)
within the area is sufficisnt to idencify many specific locations where the
general populacion densicies can be modified for the subpopulation. Health
daca, some of which is regionally and locally specific, are available through
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the Mational Cencer for Healch Stacistics, Center for Disease Control, and
gtate and county healch agencies. Statiscical data are available for numbers
of individuals in differenrt age groups, for birth rates, etc.

Determination of che saxposure of the special subpopulations may
be considerably more imprecise than that nof the generally exposed papulation.
The response to exposura may also be difficult to predict. These Ffactors
result in a correspondingly greater level of uncertainty in the esCimated
health effacts.

£. Dccupationally exposed workers: The assessment of health
effects iLn exposed workers is conceptually the same as for estimating indi-
vidual ané public health effects. However, the places and conditions of
exposure are different, cthe number of workers to be considered are usually
relacively small, and .che workers are usually in better health chan the
general population or sensitive subpopulacions. In addition, monitering of
both the worker's health and exposures is frequently performed and raduces
uncercainty in the risk assessmenc.

Quantitacive estimation of occupational health risks requires
substantial effort to develop site- and work-station-specific scenarios to
estimate the exposures incurred by many different kinds of workers engaged in
the warious activicies involwed in tCreatment, storage, dispasal, or Crana-
portacion of the hazardous wastes and in corrective actions or cleanup opera-
tions in case of accidents, spills, fires, or leakage. Specific assumptions
are required regarding the kinds and efficiencies of protective clothing and
equipment utilized by the various wvorkers and octher work practices. Hora
qualictacive escimates of occupational risks can be useful in many hazardous
waste management decisions.

For each waste scenario, che Creactment, storage, disposal,
transportation, and corrective acrtions will have been evaluated to estimate
the likely rouces, relative levels and numbers of wvorker exposures. The total
or relactive occupation risks of che alcternacive disposal technologies are then
estimated on either a quanticative or qualicative basis as desired. Subpop-
ulations of exposed workers are analyzed separacely if desired in & rigorous

treatmenc. The estimaced effects are integrated Eor all worker subpopula-
tions.

Js Special considerations: If the chemical of concern under a
Eiven exposure condition produces multiple effects, all are considered; each
effect calculated with the appropriate risk factors and subpopulations. MNoce,
however, that one or two effects may predominate (e.g., cancer) so that the
others are neglected in the analysis without affecring its validicy signifi-
cantly. If che chemical under different routes of axposure produces cthe same
pffect but different response ractes, the estimated effeccs of each axposure
are summad for sach subpopulation. If the chemical under diffarent levels of
exposure has multiple effaects, then sach of these combinations is considered
saparately for each subpopulation. If mumlciple chemicals that cause differenc
affects (as with mixed hazardous wastes) are present, the effect of each on
gach subpopulation is examined. The eaffects of similar chemicals may be
substantially similar, however, which simplifies the analysis. Similarly, one
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effect may be of greatast concern because of its nature or because of tha
level of exposure to the chemical causing it, and the analysis is simplified.

[f the effects are similar in severity, calculate the effectcs at
each exposure and sum them, but if they are greacly dissimilar, aggregace buc
report separately for subseguent comparison of decision options, i.e., one may

need to consider che treatment and disposal options to some extent on an
effact-by-effect basis.

[f more than onme chemical is involved but they do not interact,
several assesament alternacives exist. If cthe chemicals, their effeccs and
exposure conditiona are sufficiencly similar (e.g., chlorinated solvencs), one
can simply sum their calculated exposures to escimate an overall healch
effect. As above, one chemical or one effect may pradominace and the caleula-
tion can be simplified accordingly. TIf cthese factors are not sufficiencly
similar, then the different major combinations must be considered separately.
Accounting procedures here require careful actencion. In addition, this
analysis would be further complicated if any of the chemicals present do
interact, i.e., produce synergistic or antagonistic effects. These must also
be taken in account. Adjustment factoes of several kinds could be justified.

4. Environmental impacts estimacion: The disposal of hazardous
waste can affecct the environment in many ways in addition to human healch
risks. Thus, environmencal effacts should be considered in a comprehensive
risk assessment. On che simplest level, the environmental conseguences can be
addressed by identifying their presence and developing a rating based on their
potential to damage the environment. Quancificacion of impacts, however, can
be much more difficult to perform. A rudimentary examinacion of environmental
effects in conjunction with a health effects assessment can be accomplished by
following an approach similar to that discussed for human health effects:
{a) data gathering, (b) identificatiom of routes and levels of exposure, and
{c) assessment of effects on exposed populacions.

Data gathered for the purpose of running environmental Cransport
models generally will be adequate to examine environmantal effeccs. Site
characteristics such as topography, depth to groundvater, soil cype, vegeca—
tive cover, and distance to the nearest body of water are examples of infor-
mation that will have been compiled. Identification of rouces of exposure

will have been one of the most important steps in the environmental
assessment.

Using the information at hand, ratings that reflacr the degree of
perceived hazard should be assigned to exposure routes. Racings definitions
can be fairly broad, buc scill provide an indicaction of che lavel of
environmental risk posed by a disposal alternative for a particular wasce.
Batings of low, moderately low, moderactely high, and high are convenienc. A
low rating indicaces that either no or de minimis effects to the environmencal
media are predicted. A moderately low rating indicates that adverse effects
will probably be noticeable bur not of major significance to aither the imme-
diate locale or the general environment. A moderately high rating indicates
that readily apparent environmenctal effects are predicted that will have a
significant impact on the immediate site or transcend ocher environmental
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segments. A high racting reflects significant environmencal effects thar would
iead to permanent damage o the surrounding snvironmenci a high rating implies
that a major enviroomental reason exists not to dispose of a waste via chis
management scenario. These ratings allow comparison among alternmative T5D
approaches for a given waste, but should not be used to compare different
waste sCreams.

F. Uncerraincy Analysis

The several available approaches to wuncertainty analysis are
raviewed in Chapter X. They range from largely qualitacive discussion and
survey of expert judgmenc through various levels of sensitivicy (paramecric)
and scacistical analyses, and aggregation methods. The choice of approach
depends on sewveral consideracions, including cthe quality and quantity ofF
information and data available to be analyzed, the type and range of risks
being considerad, the time and resources available to perform the analysis,
and the purpose the analysis must serve, Co noce but a few.

The number and range of variables involved in estimating the health
and environmental risks and the costcs associaced wicth hazardous waste manage-
ment alternatives, coupled wicth che limitacions of data and time that usually
exist in real world decisions, will generally preclude a ctruly rigorous
syscematic approach. The present method, cherefore, focuses on uncertaincies
in human healch impacts (which often parallel but are more highly wvaluad chan
environmental impacts, and of greater magnitude than uncertainties in monetary
costs), and strives to give wseful resulcs wichin the axisting limicaclons.

The approach is based on a combination of methods and involves threse
stepd.

. Step 1 consists of a idencificacion and qualitative discussion
of sources of uncertainty in the analysis of each scenario.
Bast judgmenc escimactes are chen made of reasonable ranges of
possible values of individual Eactora and paramecers.

» Step 2 consiscs of a sensicivicy analysis of selected factors
and variables to define furcher ctheir potential impacts.

L Step 1 consists of an aggregacion of uncertainties across a
given scenario by using a form of the propagation (cascading)
of errors method.

These steps are described Eurther below.

1. Sources of uncertainty: This step of the uncertainty analysis
ionvolves a systemacic survey of each scenmario and of the several parts of the
associated risk analysis. Each of the boxes in the overall health assessmenc
process shown schematically in Figure III-l requires consideracion. All input
data, calculacions or models, and assumptions made that could significantly
affect the final result should be identified.
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The potential sources of uncertainty can be tabulaced under five
major topic ars=as or factors. These factors parallel cthe essential steps in
the sequential process of astimating the overall risk (i.e., number of cases

of adversea health effects) of the alternative hazardous waste management
mechods. These major uncertainty factors are:

1. Pollutant Aeleasa = Assumptiona and wariables in the source
assessment relacing to the quanticy and rate of release of hazardous sub=-
stances to the environment from a hazardous wasce TSDF sice.

2. Eovironmental Transport and Fate Analysis Methods — Assumptions
and variables relating to the environmental media, rates, and directions of
transport away from the site and model walidity.

3. Exposure Prediction = Assumptions and variables relating to the
points in space and time that the chemicals of concern may inceract with
receptor populations and the resultant exposure Levels.

4. Health Effects Analyses Information and Methods = Information
and data from the literature relating to the health effects of the chemicals
of concern, and to mechods and models for converting this information inco
prediccive dose-response relacionships.

5. Health Impact Escimacion and Integracion = Assumptions and
variables in estimacing impacts of exposure on the ipdividual populacions and
especially sensitive subpopulations exposed, and in integrating the impacts
across all exposure levels, populacions and subpopulations to yield an
estimate of the number of potential cases of each type of adverse health
effect.

Wicthin each of the factors, numerous subfactors ar wvariables exist
that vary among wastes, T5D technologies, and management scenarios. A check-
Iisc of auch subfactors is shown in Table IV-4. BRelevant sources of uncer-
tainty are tabulacted and evaluated.

The number of wvariables will usually be large and scatistical data
will be marginal. Alchough exceptions may be poasible, this usually precludes
a decailed estimacion of the probabilicy discribuction curve for each wvariable.
Estimates based on overall information and judgment are made, however, of che
most likely range in which the value would fall, e.g., within an escimaced
standard deviation (o) of the best point escimace for a value. (About 68.3%
of the values would fall wicthin *1 o of the mean.) The extreme values would
likaly oecur within two to three standard deviations (95 to 99% of the values)
from the best point estimate. These ranges are based on the assumpcion of a
normal (Caussian or bell-shaped) discribution of values, a condition that will
probably not precisely exist for many variables in the present kind of anmaly-
sis. For the general discribucion case (with o?! less than infinity), che
extrems value occurrences are given by Chebychev's inequalicy as follows:
*3 o contains 88.9% of cthe values and *& o contains 941.

2. Sensitivity analysis of key wvarisbles: Sensitivity or para-
metric analyses are most useful when a calculation, model, or laboratory
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exparimental system contains 4 relatively small number of variable componencs
with clearly defined (or observable) interrelationships. In nonexperimental
systems, sensitivity analysis can address only those variables within a model
or mathematical equation. In real decision making situacions, howaver, the
major uncertainties may lie in factors that an analysis Finds impossible to
fit into a quancitative model. As noted previously, the number of variables
in the present comparative risk assessment of waste Creatmentc, storage, and
disposal scenarios is 30 large and the intarrelationships 3o imprecisely known

in scme cases that a rigorous sensirtivity analysis of all variables is
precluded.

An analysis can be made, however, of the sensitivicy of the Einal
result to changes in key wvariables identified in the preceding step, and may
be quite valuable in the decermination of owerall uncertainty.* This analysis
can determine the c¢ritical ranges of cthese key factors. It may be particu-
larly helpful in estimating che excreme value of a given variabla that would
have to occur before the overall risk of a disposal cechnology rose Lo some
predetermined level of concern. An analysis of che impact of the simultaneous
variacion of mulciple wvarisbles is precluded on a rourine basis when Cthe

number of variables 13 more than a dozen as in the analysis of most examples
of hazardous wasCe management.

Sources of uncertainty to be selected for sensitivicy analysis vary
by waste stream, scenario, exposure route, ctype of effect, and population
characteriscica., The general checklisc of possible sources (Table IV-1l) and
the analysis of cthe preceding scep will be uselul in identifying key wariables
and assumprions for analysis.

3. Aggregation of uncercainties: The aggregation of uncercaincy
across a complece risk assessment for a given scenario is based on che propa-
gacion (or cascading) of errors mechods. Quantitative measures of the uncer-
tainty of many wvariables are not indisputably apparenc, of course, so the
mechod uges qualitacive discussions, expert judgments by project staff
members, and the results of the sensitivity analyses to eatimate such values.

The owverall risk caleculaciom 1s structured, as shosm in Chapcer X,
as a product of a series of factors, each representing an essential step in a
series of steps. The equation ia:

E-F.ngxiii E'n

The upper and lower limits of the range of the risk (i.e., the
uncertaincty) may, wich appropriate assumprions, be expressed exponentially as
followa:

* This statement assumes the key variables have been accurately idencified.
If they have not, the sensitivity analysis may given an inaccurate
indication of the true state of uncertainty regarding the decision.
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whare R is the risk as calculacted by "best estimace” values for all variables,
the U? terms are the wvariances® of the Logarithms of the individual factors,
and |£1 is the absolute wvalue of a decision parameter ¢ that reflects the
degree of confidence desired in the dacta.**

Although |t| varies somevhat with the distribution {(i.e., normal or
varigus naoonormal distributions), decisions involving the comparisons of
alrernacives are relacively insensitive to the value of |t| assigned. Thac
is, if one is comparing the risks of four alternative hazardous waste disposal
technologies for a given waste, one would want to use the same value of || inm
the analysis of each, but the comparison can then be made about as well with
all uncertainty ranges reflecting 681 comfidence limirs (c = z1) as wich all
refleccing 95% limics (&t = 22}, or 99% limits (¢t = $3).

For a first approximation, therefore, ¢ is assumed to be unity (t =
l, =1). The relacionship above becomes:

fT
go10'¥1 * U3

1/12
:u% - U; T oaww U:}

*lii- ul}l
1]

Risk range =
R+10

or the aggregacion of uncertaincy is shown simply by the expression

1j2
gUE + U e Lo UD)

If one considers the five major factors listed in Table VI-4 chat

cause uncertainty in the estimated number of cases of adverse health effects,
then:

rd 1 2
Best escimace of cases x 10 'jul » ui " “i v Ug + Ug

Ranga of cases = - -
Besar escimare of casea & 1O V’L‘If * Hg * Ui v u'r " ui

#* Square of the standard deviations (or mean square error as appropriace).

** Note that if the best estimace of F: for one variable is zero, the besc
estimate of the risk, B, i3 also zero and chis mechod cannot be used in
its simple form to escimate the range. While the best estimate of F; is
zarg, the upper confidence limit om it is unlikely to be zero, and and
this information can be used to estimate the upper limit on cthe risk.
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A convenient formac for summarizing che aggregation of uncertainties ar this
factor level is shown in Table [V-5.

TABLE IV-35

SUMMARY OF APPROACH TO AGGRECATION OF UNCERTAINTIES
AT THE FACTOR LEVEL

Uncertainty by Factor

Environ= Exposure Healch Haglth
mental Predic= Effects [mpacet
Wasts Release Transporc tion Data Base Estcimaczion Tocal
Managament Facﬁnr Factor Facror Factor Factor Uncagtain:: F:il:rh
Scenario 9= 1092 1093 1ols 10Ys LD{ut*uz*uj*uu+u5}
1
A
3 W e——— --- {Bach stated as estimaced order or magnitude 10Y) =——e—eeeeu
&
3

The uncertainties of the variables within a factor (Table IV-4) may
be similarly compiled if they are multiplicative variables or they may be
appropriately summed for those that are addicive, or a combination of opera-
tions can be used as appropriate, A sample worksheer for tabulacing these
factors and parameters across wasCe Mmanagement scenarios i3 illustrated in
Table IV-6, in which space is provided for entry of names of up toc Eive
variables. The list of variables in Table IV-4 is a useful checklist, buc
could be expanded in different ways Ffor different applications, and could
probably be expanded significantly for a specific applicacion.

Four difficulties in performing such an analysis are readily idenci-
fied. First, the number of individual sources of uncertaincy (cha subfactars
or variables noted in Table IV-4) thar can be identified in a comprehensiva
analysis may be so large (perhaps a dozen or more) that considerable efforc
will be required Eto acquire available data and escimace the probabilicy
distribution of each. Secondly, the inadequacy of the available dacta* may
Eorce considerably more dependence on expert judgment than preferred in estci-
mating uncertainties. Thirdly, the interrelationships between the subfactors
may be diverse-—some may combine mulciplicactively, some arithmetically; some
may be independent, but others may noc—and the degree of interdependence may
not be readily ascertainedj-—and some may be dominant or key wvariables. &
detailed mathematical model would be meeded. Finally, the uncertainty about
the best point estimate for a given variable may be quite unsymmecrical; i.e.,

* A larger data set is required for estimating bounds than for a point value.
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TARLE TV-6

WORKSHEET FOR PROPAGATION OF ERRORS IN ANALYSIS OF UNCERTAINTIES IN
OF HAZARDOUS WASTE HANAGEHENT ALTERNATIVES

HEALTH RISK ASSESSHENT
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the probabilicy distribution may be quice skewed. An average uncertainty
range i3 therefore lass preferred for every variable than an explicic scate-
ment of the upper and the lower ranges for it.¥ Saparate aggregation would be
desirable for upper bounds and lower bounds. (Care would be required so thar
the upper bound on each variable was defined consistencly to correlate with an
upper bound on the estimacte of healrh effecrs.) The net result of these
difficulcies is cthat a comprehensive quanticative analysis of uncertainties
can require a substancial invescmenc of time and resources to acquire daca and
perform the analysis.** Some compromise is inevitable in analyses having
Limited time and resources available, but the compromises in the present
approach would be made on a scenario-specific basia.

The calculated uncertainty of che overall healch risk estcimace seems
paradoxically to always increase with che number of factors and variables one
includes (the level of detail of the analysis), although the total amount of
information on which to base & decision should have been usefully increased by
including these details. One must consider two sources of error ta rescolve
this apparent paradox: wvariant and bBias.

One is estimacing risk by incorporating a number of Ffactors inco a
model. The model is by necessity an approximacion. Thus, co the extentc thac
che model is incomplece, there will be a systemacic or bias error introduced.
Each term of che model musc be escimacted Erom data. The escimates will have
some variance associaced with cthem. The more cerms estimated in the model,
the larger the variance of the escimaced risk. However, Che more Cerms
included, ctha bectter the model should approximate reality. Thus, as one
increases the number of factors or variables, the uncertainty due to sampling
consideracion (variance) will increase, but the uncertainty due to incompleta
model will decrease.

The tocal uncertainty is the sum of these two terms. One Lncreases
43 the number of factors ilncrease, the other decrsases. In ardeér to reduce
variabilicy of the estimate, more data about each faccor or variable (larger
sample size) is needed. \Uncertainty analysis identifies the major component
leading to uncertainty and so idencifies areas where studies may reduce the
uncertainty the most.

In summary, the propagation or cascading of errors approach to
aggregation of uncertainty can be used in a less than completely rigorous
manner to give an approximation of the toral uncertaincy. A review of the
operable variables and a general knovledge of the realistic ranges of the
pertinent parameters in the specific scenario can be used to estimate che
total uncertainty for each Efactor. These esctimates are then explicicly
stated. While different auchorities will undoubtedly have different judgmencs
on the magnictude of some of these uncertaincies, their explicit scatemenc as
in the present approach would provide a platform for further tescing, discus-
gsion, and improvement.

* A raviewer has noted that for many decisions, a best estimace may be Che
more wseful paramecer, but that a sensitivity analysis of more extreme
values in the range can be used to supplement cthe best estimate.

** A computer model could be developed and tested if such analyses were to be
performed on a4 routine basis.
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V. SOURCE ASSESSMENT (HAZARD CHARACTERIZATION)

The source assessment portion of a risk assesament concains two
major components: (a) hazard identification and description; and (b) quan-
tification of releases of environmencal contaminants. Source sssessmencs can
be performed at various levels of decsail, ranging from simple to complex.
They can be global or site specific, consider existing or proposed facilities,
and take a single medium or multimedia approach. Definitive spurce assess-
ments require subscantial inpucs af informacion and daca, but model sources,
scenario approaches, and engineering estimates can help yield useful results
when the data base igs limited.

A. Hazard Identification and Description

In Chapter II, hazards were described as potential sources of ad-
verse affects. Where chemical technologies are involved, specific materials,
condicions, and activities all might be deemed hazardous. Hazardous materials
are those having intrinsic physical or biochemical properties that poses risks
to human health or the environment when the materials are present in suffi-
cient quanticies and are not properly controlled. MHazardous wasces, the focus
of chis scudy, mesc this criteria by wegulatory definicion (EPa, 198l). Haz-
ardous condicions or accivities are chose having significant pocential for
allowing hazardous macerials Co escape Erom a contgrolled to an unconcrolled
state in quantities sufficient to pose risks; chac is, cthe conditions hold
potential for significant release of pollutancs to the environment from a site
or process.

Assessmancs of the chemical(s) of concern and their source(s) are
eften done concurrently. A good starcing point is Eraquently the examinacion
af known or potentisl sources of environamental contamioants.

l. Technoeconomic characterization: This step involves compila-
tion and evaluation of informacion on technical, geographic, and socioeconomic
aspects of che porential sources of environmental contamination.

Potential sources of hazardous wasce are oo many and varied to list
individually, buc thosa likely to cause environmencal concamination can be
placed in chree major cacegoriea:

= Production and Distribution Processes—e.g., manufacturing,
formulation, transportation accidents

. Product Use Patcerns—e.g., unused agricultural chemicals,
spent solvents or creatment liquors, recalled products, acci-
dentally contaminated products,

L Hazardous Waste Treactment Storage and Disposal Facilities
(T9DFs), e.g., storage ©tanks, waste piles, incinerators,
landfills (active or cloaed), chemical reaction, or adsorption
processes.
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Sgurces may be described as being a specific facility or site, or they may be
aggregated on some basis, e.g., by industry or region. Hushon and Clerman
(1981) have emphasized the need to take a life cyele view in assessing che
hazards of a chemical including its disposal at sevaral poincs.

Information on production, distribution and use patterns varies sub-
stantially in availability among chemicals: excellent reaviews or ctrade liter-
ature sources may be available Ffor some; EPA industry studies, business
informaction suppliied to EPA, or personal contacts may be the best source for
ochers, and subscancial dacta gaps (particularly from a sice-specific view) may
exisc for many., Two Erequencly useful sources are Kirk-Othmer (1%79) and SRI
(1984). In cases where data are inadequace, useful estcimates can resulc Erom
analysis of information on processes, production capacity, markets, and sim
ilar sources. For many exposure assessmencs and comparative risk assessmentcs,
reasonable hypotherical scenarics can be constructed and tested to give useful
informacion. Cuidelines for scenario comstruction for comparative risk-cosc-—
berefit assessment are given in Appendix B.

i Chemicals of concern and their properties: In some assess—
ments, the chemicals may be predetermined by the EPA, based on a regulactory
agenda or on petitions Erom parties-at-interest. In other cases, a prelim-
nary evaluacion of a complex mixture of chemicals may be necessary to select
those to be assessed in decail. A comprehensive assessment should idencify
all chemicals that reasonably could be expected to pose significanc risks.
The gssessment includes evaluation of concentracions, amounts presentc, and
possibility of release to the envircnment, and a preliminary evaluation of
their physical, chemical, health effects and envirommental properties.
Handbooks, such as thac by Verschueren (1983), and environmental chemistry
reference works (e.g., Stusmm and Morgan, 198l) are useful sources. When data
are unavailable, informacion on related chemicals sometimes can be used with
extrapolations, analogies, or structure-activity relationships for reasonable
approximacions. Lyman et al. (1982) provide one useful resource for chemical
property estimation. The evaluation wmhould identify those chemicals most
likely to be released from che source and cause adverse sffectcs.

Health effects to be considered include! geperal toxicity; onco-
genicity (causes ctumors) and carcinogemicicy (causes cancer or leukemia);
mutagenicicy {(causes mutations); teracogenicicty (causes deformed fetuses);
sterility or decreased reproductive success; behavioral effects; and cellular
or subcellular effects. Useful informacion and data sources include litera=-
ture reports on controlled ctoxicological studies, clinical observaciona or
epidemiological scudies on humansj acute, subchronic, chronic and special cox-
icological tescing wich laboratory or domescic animalsi coxicological tests
with microorganismaj and pertinent biochemical cescs.

3. Release mechanisms and poincs: This step involves engineering
analysis of production, distribution, use or disposal processes as necessary
to determine specific process activicies and poincs ar which the chemicals of
concern are released or escape to the environmenc. Both the route of releaase
and the receiving environmental media should be idencified for each chemical
of concernm.
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Chemicals can he released into the environment by several routges:
manufacturing emissions to air as wvapors or particulaces and discharges to
water in solution or suspension} dissipative uses, such as pesticide applica-
ticn; insecure disposal of unused materials and wastes, followed by runoff,
leaching or wvolatilization: and accidents, such as tank cruck spills, ware-
house fires, etc. Careful attention must be given to pocential accidentcs and
emergency arrangements as well as to conventional operacions. Safety audits,
hazard indices, hazard surveys and operability analysis are Cterms used €o
describe some systemactic approaches to such studies.

Chemicals may be released from che source into air, wacer, ar land.
For purposes of enviconmencal transport modeling, receiving compartmencs are
conveniently wviewed as: local, regional, or global, for emissions to the
atmosphere; watersheds, streams and rivers, freshwacer impoundments, estu=
aries, and seas or oceans for effluents; unsaturated zone and agquifars or
saturated zone for leaching to groundwateri and surface, subsurface soils, and
deep strata for disposal on land.

B. Guantification of Heleases

Quantification can involve either estimating releases of chemicals
from the source under existing condibidns Or undar one or more detd of assumed
future condicions. In eicther case, hiscorical data om quanticlies releasad
from the industry, process or specifiec release poincs usually are evaluated
for guidance (Conway et al., 1982). ©Data on quantities and rates of release
are available from sampling and analysis studies for many industrial opera-
tions, and ambient monitoring data near others may be useful in inferring

releases. Average air emission factors have been developed for many processes
(EFA, 1981),

Decailed secenarios are often useful devices for structuring esci-
mates or predictions by appropriate analytical techniques, such as event Cree
and fault tree anmalysis, trend extrapolaction and mathemacical modeling. The
development of scenarios usually requires preliminary characterizacion of the
site{s) of the sourcel(s) (e.g., hydrogeological and mececrclogical param-
ecers), since the quantity of chemical release can vary with che site.

Machematical models can be wvaluable in the prediction of the Cime
and magnitude of potential releases. Predictive models cypically require
physical property daca on the chemicals of concern, such as: melting and
boiling poincs; vapor pressure or volatilizacion rates under various condi-
tions; solubilicy in water, in organic solvents and in che presence of com—
plexing agents; and vapor or liquid density. For a given chemical, the nature
of the medium it is in within the source may greatly affect ics release rate,
€.g., 4an otherwise mobile chemical may have very low mobility if it is
adsorbed on clay or distributed within a wacer—inscluble tar.

Recommendations, guidelines, and scandards have been published for
hazardous wasce TSDFs (e.g., THW, 1973; Chapman, 1982; EPA, 1983a, 1983c).
Rates and quantities of materials relessed from hazardous wascte TSDFs have
been studied less to date, however, than those Erom many sources in Cthe
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manufacturing and use categories. Since they are of primary concern to this
projecc, howaver, they require further comment here.

* Aelesses during Eredoment: The poctential for releases during
creatment of & hazardous waste depends on the technigue being used (e.g.,
stabilization, neutralization, reduction/oxidacion, solidification, and
extraction). Frequenciy, ctreatment mechods are analyzed on a waste-sCream—
by-waste-stream basis; as a result, the applicabilicy of the method to a par-
ticular wasce must be decermined before che wasce release potential can be
assessed for a mecthod. The potential release could come in che foarm of fugi-
Cive emissions, process emissions, a spill, or an accident in which a large
quantity is released. The form of the release also will be waste specific
since the wasta's chemical and physical characceristics will influence the
type and quantity of ralease. The awvailability of data to quantify the amount
and probability of waste releases during treactment will be dependent on the
particular waste and the treatment techniques being scudied.

. Aeleases during handling: In the process of handling wastes,
several poincs can exist at which pollutancs are regularly or irregularly
relessed o the environment. Major potemtial release points are fiest iden—
tified and chen amouncs released must be quancified. As wich creatment, han-
dling releases are dependent on the specific propercies of the waste and on
the characceristics of the system. Because daca for the release of a par-
ticular waste are not always available, it is ofcen necessary to use release
data for similar wastes subjected to similar handling practices. In some
cases, consideration of appropriate environmental transport parameters may be
yseful in escimating relesss races.

# Raleases during Eransport s Releases during the transport of
hazardous wastes may occur a3 a result of improper containment or accidents.
The analysis involves estimacing the probabilities of occurrance of releases
(particularly from accidents) ac differsnc locations and the amounts of ma-
terial likely to be released. Data of this sort have been compiled in a
report that assesses releases and coscs associated with truck transport of
hazardous wastes (Abkowitz et al., 1984a). A similar report has been com—
pleted on rail and waterbornme cransport of hazardous wastes (Abkowicz er al.,
1984b). Data to compile these reports came primarily from the Hazardous
Material Incident File (HAZMAT) maintained by the U.S. Department of Trans-
portacion, Materials Transportation Buresau.

* Beleases during disposal: Waste releases during disposal op-
erations can be a significant route of exposure to human populacions. The
releases can be the result of failure of one or more componencs of the system
(e.g., liner failure or failure of a leachate collection system for a land-
Eill) or & process emission (e.g., stack emission from an incinerator).

In some cases, mathemactical or computer models can be used to pre-
dict releases ac a TSDF. Fugitive air emissions from landfills, for example,
can be predicted using an equacion based on soil bulk density, vapor flux of
the chemical from the soil, soil porosity, and vapor density of the chemical
(Farmer et al., 1980). Farino et al. have evaluated models for estimating air
emissions from hazardous waste TSDFs. EPA (1985) has assessed emission
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problems during incineration of hazardous liquid organic wastes. Ehrenfeld
and Ong {1984} have evaluaced emissicn controls far hazardous wasce TSDFs.

Predicting releases to groundwater From land disposal facilities is
more complex because there are many components of che sysctem that can fail.
For example, interactions between leachate and clay barridrs ¢an ba complex
(Anderson and Jones, 1983; Daniel, 1984). One approach is to assume thact if
the concainment and leachate collection systems have failed, then contaminant
concentracions in the leachate released will be approximately the same as that
given in a simple leaching test on a sample of the waste (using lLeaching con-
ditions assumed to simulate those in che land disposal facility). Mathemar-
ical modeling approaches are of recent interesc also,

A model under development chat accempts to make quantitacive pre-
dictions is the Pope=-Reid Assoctaces Land Disposal Failure Model (PRA, 1984&;
L985). The model provides escimaces of leachate releases from hypochecical
land disposal facilities (landfills, surface impoundmenca, waste piles, and
land treatment units) having a variecty of design configurations. The Facil-
ities can reflect several different climacic regimes. The model can be run to
give annual outputs, if desired, with benchmark times (time periods over which
the hypothetical facilities have aged) of up to 200 years. The model computes
cthe proportion of Eacilities in the hypothecical population that have Failed
and che expacted volume of ledachate released from such facilitiaes.

Alr and water monitoring data in che wvicinicy of represencacive
sources can at times provide a useful basis for making estimates when sice-
specific data are limited. Care must be taken, however, that the monitoring
data are not confounded by multiple contamination sources, problems well known

for air and surface water and more recently recognized also for groundwaters
(OTA, 1984).

. Catascrophic relsases scenarios! Catastrophic raleases of
hazardous substances duripg storage, processing, or transport of large
quantities of wastes are low probability, but potentially high consequence
events. They would pose sericus occasions of intense ocoupational and public
exposure to health and safety risks and of substancial Llocal ecological
damage. Such releasas could be inicviaced by either natural evencs, such as
floods, tornadoes, lightning, and earthquakes, or human activitles such as
spills, fires, cransportaction accidents on land or sea, and acts of vandalism
or carrorism. Issues, mechods, and case studies involving low probability but
high consequence risks were describad in over 40 papers at a recent meeting
(Waller and Covello, 1984). Tha mechodology for assessing such risks is less
developed than chat for more cypical risks, and further development of it is
beyond the scope of the preseat study. In general, scenario approaches are
required, but the ouccome is quite dependent on assumptions about cechnol-
ogies, sites, timing, operation of failure prevention/detection measures, and
human behavior. [In particular, results can depend on what assumptions are
made concerning contingency accident management plans and consequence mitiga-
tion measures that are at hand.




For hazardous waste disposal, the releases, exposures, and impaccs
will depend on the nacture of the waste in a given assessment, on the site of
cacastrophic release, and on assumptions concerning the ciming and efficiency
of protective and corrective dctions. I[m some cases, the nature of the waste
and the disposal technologies might make negligible the probability of catcas-
trophic releases from many or even most causes. For example, a nonflammable
sludge of low volactilicy, low solubility in water, and high viscosicy could be
cleaned up with minimum risk in event of a large spill from an overcurned
cruck. In view of the usual time and resource limitacions, efforcs to assess
such risks could be reasonably minimized in the health and cost assessment.

On the other hand, attention may be required for tche risks of
flooding during cleanup of an old hazardous waste disposal site or for the
risks of loadipng/unloading activities in transporting wastes for at=-sea incin-
eration. At & minimum, Ctransportacion risks should be discussed gqualita-
tively; gsubsequent quantitative analysis may be desirable before ultimare
decisions are reached. The qualitative apalysis should note the worst reason-
able case scenario, e.g.; a4 maximum release at the most populous or mosc
difficult to clean—up point in the route. In general, the more decencralized
che hazardous wastes, the lower the risks of catastrophic crelease, Che more
centralized the waste disposal technology, the greater che poctential for
cacascrophe.
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VI. PREDICTION OF ENVIRCNMENTAL TRANSPORT AND FATE

A critical part of most chemical exposure assessmencs is the pre-
diction of the movement and reacticns of the chemicals becween their sources
(points of release) and the points in space and time ar which chay mighe reach
human or other receptors (Meely and Blau, 1985). Comprehensive assessments
must consider all major pathways of transporc and any cransformation of the
toxic macerial between the points of entering the enviromment and points of
exposure (Blau, 1985). Pathways include atmospheric and aquatic transport
(resulting in inhalation or ingestion in drinking water or through the skin)
and passage through cthe terresrial and aquatic food chains into human foods.
Transformations may. include chemical and biological reactions and incermedia
transfers. Multimedia exposure assessment can become the most resource-
demanding part of an overall risk assessment of a hazardous material, but
partial exposure assessments can often provide information useful for many
regulacory deliberations.

Several hundred environmenctal transport models have been described.
Their classificacion is not easy. Broad categories include water models, air
models, ecological models and intermedia models. Water models are generally
divided into surface water and groundwater models, and the latter into those
that address che unsaturated or wvarlably saturated {vadose) zone and the
saturated zone or aquifer. Increasingly, however, newer models can address
both the unsaturated and saturated zomes, or the interactions berween surface
water and groundwaters, or other mulcimedia interactions. Media models are
also commanly classified according te their mathemacical basis or type of
application. This chapter discusses che kinds of data generally required for
analysis of environmencal transport and fate and che mathematical models chat
are available for specific pachways.

A. General Data BHequirements and Sources

Information on the physicochemical properties of the specific ma-
terial are important in evaluating cransport and fate in the environment.
These properties include! melting and boiling points; wolatilicy; solubilicy;
wiscosity; phorolysis rates; hydrolysis rates; oxidation/reduction rates;
atmospheric reaction rates with ozone or hydroxyl radical; biotransformation
rates; vapor particle size and density} octanol/water partition coefficienc;
soil adsorption coefficienc; and other sorbtive properties. Some of these
properties are specific to cransport in agueous environments and others to
transport in air environments. Each property plays & significant role in
predicting the transport and facte of specifie chemicals. Mechods are avail-=
able to assist in estimation of chemical properties (Lyman et al., 1982;
Paterson, 19853). Callahan et al. (L979) review che wacer-relared environ=-
mental fate of 129 prioricy pollucancs., Hushon and Clerman (1981} have
reviewed information sources for the overall exposura assessment process.
Donigian (198l) discussed field validation and error analysis in modeling the
fate of chemicals in the aquacic environmenc.
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. Site characreriscics: Informaction and data are needed for both
the major physical parameters of the site and the locations of populations of
concarf. Physical characteristics of the site and the surrounding terrain are
important factors in salecting the most applicable trangsport models. The
types of informacion about the site and surrounding locale which are of
interest include:

. Spacific geographic leocacion

. Topographic maps

= Soil maps

* Hearest body of wacer

. Drainage pattarn

= Types of emission sources

. Stack height and plume rise factor (if applicable)

The exposed populacion, which includes workers at the site as well as the
people living in che vicimicy, is discussed further in Chapter VII.

. Physicochemical paramecers? Soils data required for a varieCy
of cransport and farte models--including many surface water and groundwater
models==can be obtained Erom a4 number of sources. The best sdurce i3 countcy
soil survey reports published by the U.S5. Deparcment of Agriculture, 3Soil
Conservation Service. Ceneral soil maps are also available from the scace
Soil Conservacion Service office. Soil scisncisca knovledgeable of particular
soil properties can also be found in chis office and in the agriculture
department of the state land grant university. Examples of information needed
for some models are!: soil type, organic matter content, pH, bulk densicy,
moisture content, particle size distriburion, temperature, vegetative cover,
alope and slope length, soil erodibilicy, and soil management practices.

Surface water data are necessary for storm water runoff and stream
models. One of cthe largest data bases wicth this information is STORET
(Storage and Betrieval for Water Qualicy Data) maincained by EPA. Other
useful data, such as storm hydrographs and high/low stream flows, can often be
abtained from agencies such as the U.5. Geological Survey (USCS5), U.5. Army
Corps of Engineers, Federal Insurance Administration, and state environmental
and water resource agencies. Examples of dats and information that might be
required in some models are!

. Stream flow rates, pH, cemperature, and dissolved oxygen
" Stream sediment load
" Background water qualicy

. Storm hydrographs for individual sites

¥ Surrounding land uses

Groundwater transport models are necessary to predict movement of a
hazardous pollutant through the soil unsaturated and saturaced zones and to
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predict discribucion of the contaminant in the groundwater agquifer. Data to
run these models can aftan be obtained from sources such as che USGS, stcace
water resgurce boards, groundwater management districtCs, stCate and municipal
health deparctmencs, and municipal water supply departmencts. Although it
appears chat there are many sSources of informationm, obtaining hydrogeologic
data for specific model parameters cam be difficult because there are so many
hydrogeologic paramecers to quancify. Bast estimates must £requently be
made. Examples of typical groundwater paramecers needed by groundwater Crans—
port modela are:

. Hydraulic conductivicy

. Hydraulic gradient

. Tranamissivicy

. Actual aquifer pocosicy

. Effaccive porosicy

4 *Depth to groundwater

. Baturated chickness

. Transverse and longictudinal dispersivicies
= Seepage velocicy

. HBullk density

» Becharge rate

- Soil permeabilicy

The use of air transporc 'models for multimedia exposure assessmant
requires certain information, including meceorological data, physical and
chemical properties data Eor che substances, and source emissions inventories.
Meceorological ambient =sir daca can be obtained from sources such as the
Stabilicy Array (STAR) daca base of the MNacional Oceanic and Atmospheric
Administracion and Storage and Recrieval of Aeromeceic Data (SAROAD) of the
EPA. Typical meceorological data required for mosc air models include:

. Wind speed

. Prevailing wind direction

. Precipitation

. Atmospheric stability

" Cloud cover

. Maximum and minimum daily air cemperactures

. Mixing height

. Solar radiation flux

Other selected meteorological data may be required for specific air transporc
and dispersion models.

Vi-3



¥ Einln;i:aL parameters: Assessment of enviconmencal cransport
and fate processes 18 greactly complicaced if the pollucants interact with
living organisms in the environment. Daca requirements increase substan-
tially, But che available data base is often fragmencary. The nature and
extent of che hiotic interactions will wary significantly with the physical,
chemical, and biochemical properties of the specific substances of interesc
and with the populations of organisms at the specific sites being analyzed.
These interactions occur primarily in che terrestrial and aquatic systems,
although interactions in atmospheric and groundwater sSystems are not
precluded.

Tha kinds of dacta needed includa:

b Uptake through different processes (e.g., ingestion in diet
ingrediencs; absorption from wacer or soil). Uptake rates can
differ greacly among species and classes of chemicals. The
data base i3 in a relatively early stage of development.

" Metabolic resctions that activate, conovert, degrade; or decom=
pose the chemical; processes that lead to excretion of it or
its metabolites; and toxic effects that might Kill che or-
ganism. Follutants in the environment are generally mecabo-
lized to the greatest extent by microorganlsms in soil and
water, but metabolism can also occur to a substantial excentc in
many plants and to a lesser extent in Eish, birds, and higher
animals. A subscantial Lliteracure exiscs on metabolism of
chemicals, but data are very uneven among different species and
classes of chemicals. Structure-activicy correlacions have
been made for many combinactions.

- Bioaccumulation or biocconcentration is the uptake of a chemical
from the surrounding medium by an organism and retention of 1t
at a higher concentration than in the medium. This process
occurs for many aquatic and soil organisms. It occurs readily
when the chemical i5 much more soluble in fatty and lipid tis=
sues than in water (e2.g., chlorinated hydrocarboas)} or when it

. binds cightly to componencs of the organisms (e.g., certain
heavy metals with proteins or bone). Sufficient research has
been performed on bioconcentration that useful generalizacions
are available to make reasonably good estimates, even if the
data base is incomplete om a specific chemical.

. Biomagnificacion involves the successive increase in concentra-
tion of a chemical along the components of a food chain (e.g.,
plants, insects, fish, birds of prey). Organisms at che top of
the food chain such as predators and raptors are at the great-
est risk. Analytical daca are available on levels of chemicals
in many food chain species in the field. Model ecosystems have
also been used to study many chemicals and classes of chem—
icals. The data base and ctheoretical development are suffi-
cient that ressonably good estimates of biomagnification can be
made for many pollutancts in given environmental sectings.
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. Interbiotic/intermedia transfer refers to the role of organisms
in mobilizing pollutancs or cheir mecabolices from one environ=
mental medium to another, #.g., mecabolism of hazardous waste
components By microorganisms may lead £o solubilization, wola=
tilizacion, or planc uptake of toxic chemicslsi bicaccumulation
of soluble toxies by agquatic organisms may be followed by
transfer to botfom sadiments or to terrestrial species. Such
processes generally are not believed to be as importanc in
Exposure assessment as other processes ciCed, but the daca base
i3 relacively sparcse.

B. Croundwarer Maodels

Contamination of groundwater 13 a major concern with many methods of
hazardous waste management. Intense 2ffprts have been made recently to under—
stand groundwater fransport and to develop mechods For predicting the rates
and gquantities of contaminants movipg from point of entry to points of human
exposure. Recent rveviews of groundwater models include those of Bachmat
et al, (1980), Jenne (19B8l), Oster (1981), Javandel et al. (198&4), BPNL
(1984}, and Fenstermacher and Octtineccti (1987).

The primsry mechanism that governs cransport of pollutants in
groundwaters is convection of dissolved chemicals as water moves through the
501l macrix. Solute cransport is retarded by adsorption=-desorpCion incer=
actions between the solute and the soil macrix. These interactions are com=
monly quantified using the seil/water discribution ecoefficienc, K,. Chemical
characteristics and field conditions which increase the potentcial for ground-
water contamination include: (1) the chemical has water solubility greater
than 30 ppm; (2) the chemical is negatively charged at ambienc pHj (3) the
coefficient K__ (defined as K, divided by soil organic carbon concent) is less
than 300 to 500; (4) the chemical's degradation half-life is greater chan 2 to

3} weeks} and (5) tocal precipitation is greater cthan 10 in/year (Travis,
1985).

Dozens of models are now available for predicting or comparing Che
movement of groundwater contaminants under various conditions. They include
mathematical models that are fairly demanding of input data and ranking models
that may be used in emergency response situations. Both types of models are
reviewed in this seccion.

1. |Mathematical models: Mathemacical models can provide estcimates
of contaminant concentrations in groundwater at specific points of interest.
These models may be subdivided into Ewo groups, analytical models and numer-
ical models, but other classifications are also used. For example, in prac-
tical analyses, one must consider vhether the models focus on the unsaturated
zone or the saturated zone, alchough some models can address both zones.

Mathematical models also can be categorized as random or ﬁn:arnin-
istic. Mandom modals may be either scaciscical and based on empirical data
{i.e., using statistical methods to make pradictions without attempting LO
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simulate physical processes), or stochastiec (if.e., using probabilistic predic—
tions based on simulaction of physical parameczers). Decerministic models
assume that the parameters in the cause-sffect relationships and other uncon-
trollable variables are fixed or known, and then decermine an optimum value
far some wariable of interesc. The review below follows the analytical/
numerical classificacion.

Boch analycical and numerical models are basad on partial dif-
farencial equations describing groundwvater flow and solute transpert. Boch
types of models frequencly use reference grids® superimposed on twao or Chree
dimensional maps of the aquifer in question, and both have similar kinds of
input and outpul paramecers. The distinction between analytical and numerical
models lies in a fundamencal difference in the mathematical approach. In -
analytical models a continuous function is evaluacted as such to produce a
straightforward single answer. In numerical models a continuous Eunction is
broken up into small discrete units and solutions are calculated for each unit
and aggregated, making the use of a computar desirable (Keely, 1983). A good
analytical model can be superior in some respects Co numérical models since it
avoids round-off and discretionary errors. The major drawback of analytical
models is chac chey usually cannoc be solved in functional form withoutr exten-
sive and often uncealiscic simplificatiom. The major drawback of numerical
models is thact error analysis is usually impossible except in che simplest
cases.

This study identified about 30 models that could be considerad Eor
use in predicting solute transport from hazardous waste disposal sices.
Table VI=] lises 22 models thar were svaluated; capsula deseriptions of these
are given in subsection (c). Table ¥I=-2 liscs other models cthat were
considered.

Decailed informacion on data management within che concext of spe-
cific analyctical or numerical models is bevond che scope of this review. A
few of the more wvaluable resources lnclude Mercer and Fausc (198l), the
groundwater model data base at Holcomb Research Inscicuce (1983), EPA (1982a),
and BPNL (1984). Another valuable source of information is the EPA Robert S.
Kerr Environmental Research Laboratory, Ada, Oklahoma. Analycical and numer-
ical models are compsred following potential applicacions, and limitations of
each Ctype are noted.

a. Analytical models: TIn analytical models, relationships
usually are simplified by assuming steady-state condicions relative to fluid
valocicy, dispersion dynamics, and other physical paramecters (Kufs et al.,
1980). This simplificarion resuits in equacions which can be solved in func-
tional form to calculate specific wvalues for parameters of interest, i.e.,
dilucion, dispersion, and attenustion of groundwater contaminsnts. In cases
where the broad assumptions are valid for the actual hydrogeological system
being modeled, this approach yields rapid, efficient resules. The usefulness

* The use of analytical models does not require the use of grids, while che
use of numerical models necessarily involves grids (Keely, 1983).
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Code

AT121D

BIOFTIH

CFEST

FEMWATER/FEMWASTE

FIESTA

HcWhorter=Hel son

HINTEQ

MHC-5L0

PATHS

PESTAN

PLUME

GROUNDWATER SOLUTE THAWSPORT HODELS EVALUATED

TABLE WVI-1

Applicable
Lone

Seturated

Vadose/Aquatic®

Saturated

Unsatursted/
Saturatad

Sgpturated
GCeochem
Unzaturated
Seturatbed
Unaaturated
Saturatead
Surface®/

Unsaturated

Saturated

Hodel Typo!
Characteristics

Analytical §

1=, 2= or 3-Dimensional

Microbial Degradations

Humerical j
2= or }-Dimensional

Humericalj Multi-
Dimenaional

Humerical ;
l=-Dimensional

Analytical §
I-Dimensional

Humerical;
Coeochemical

Humerical;
|-Bimenzional

Semianal yticalj
2-Dimensional

Analytical j
2=Dimengiongl

Analyticalj
Z-Dimensional

Heference

Yeh, 1981

Ritcman ec al., 1980

Cupta, et al., 1982

Yeh and Ward,
1980, 19481

Theis eér al., 1982
HcWhorier and
Melson, 1979

Felmy et al., 1981
Lester et al., 1981
Hel son and Schur,
1980

Enfireld et al., 1982

Wagner, 1982



Code

Plume Hanagement

PRIHM

SESOIL

SWIFT

SWip2

TRANS (Random Walk)

TRUST /HLTHAN

UHSATID

USGS-HOC

ViHS

VIT/HHTID

#* Includes microbial degradation capability.

TABLE VI-1 (Concluded)

Applicable
Zone

Saturated
Root Zone¥/
Unpaturated

Surface/
Unsaturated

Saturated

Saturated

Saturated

Unsaturated/
Saturated

Boot Zone/
Unsaturated

Saturated
Unsaturated/
Saturated

SBaturated

Model Type/
Characterislics

Analycicalj
2-Dimengiongl

Mumerical

Semianalytical
Compartméntal

Humerical }
J-Dimensional

Mumerical §
I-Dimensional

Humerical j
1- or 2-Dimensional

Mumerical
Hultidimensional

Humerical §
I-Dimensianal

Humerical §
I- or 2-Dimensional

Analyticalj
2-Dimensicnal

Bumerical
Z-Dimensional

Reference

Wilaon and Hiller,
1978

Carzel et al., 1982
Bonazountas and
Wagner, 1981

Dillon et al.,
1978

INTERA, 1379
UsGs 19482

Prickerr et al.,
1981

Harasimhan and
Witherspoon, 1977;
Relsenauer et al.,
1582

Bond et al., 1982
Konikow and

Bredehoefr, 1978

Bomenico and
Palciauskas, 1982

Kipp et al., 1976



TABLE VI=2

ADDITIONAL CRAQOUNDWATER SOLUTE THANSPORT MODELS IDEWTIFIED

ANALYTICAL HMODELS

Ground Mounding Orciz et al., 1979
Leachate Plume Migration Prediction Kenc, 1982
Screening Procedure Faleo ec al., 1982

NUMERICAL MODELS

Pollutant Movement Simulators Khaleel and Redell, 1877
FEJDCW/MMT1D Gupta et al., 1979
GEQCHEM Sposicto and Matcigod, 1980
Leachace Traval Times HModel EPA, 193ia
Solute Transporc/Groundwacer Flow Porcer, 1982
Leachate Organic Migracion and

Atcenuacion Model Sykhes et al., 1982



af such solucions, howevar, 15 directly dependent on adequace verificacion of
assumptions by field obsarvacions. Analytical models are generally inappro-
priate for aguifers wich complex boundary conditions or ocher charactecriscics
which do not permit the necessary assumptions.

Models which are designed for hazardous wasce site evaluacions
for pocencial groundwater problems are frequencly applicabie to several
scenarios. DSecause these models are designed for spesd and ease of applica-
tion, they have limitations. Of che models listed, che AT1230 (the Analytical
Transient one=-, two=, or three=Dimensional model) appears best able ro model
waste Ctransport 1in both saturated and wnsaturated zones. Izt uses a simple
analytical approach to estimate concentrations with minimal tnpur daca.
SESOIL (che Seasonal Soil wmodel) simulaces wacter flow and chemical
concentrations in the unsaturated zZone. The McWhorcer-Nelson model i3 a
hydraulic expression useful for selected applications in che unsaturated zone
that do nor require consideration of adsorprion incteractions. MNone of the
models addresses secondary porosicty, ismiscible liquids, wor mulciple
contaminants.

Data requirements for che use of analycical models £all into
chree categories! aquifer boundary condicions, hydraulic variables, and
contaminant concentration variables. Boundary conditions include head discei=
butions, types of boundaries, flux polnts, and media thicknesses. Hydraulic
variables include porosity, hydraulic conductivicy, dispersion coefficients,
and accenuacion coefficients. Contaminant concantration wvariables include
inicial concenctracions, release rates, and flushing rates (Kufs er al.,
1980).

Inpuc-output parametars for individual analyrical models vary
somewhat; Table VI=-3 presents an illustrative input=-cutput hbreakdown Eor che
ctandem PESTAM/PLUME model. No atrempt is made to define fully the parameters
in this example. The liscing is presented as an illustration of the scope and
complexicy of che input and outpur parameCers commonly associated with analyc-
ical models.

Analytical models are applicable co groundwater analysis whare
substancial data describing the physical system are available and where those
data confirm aquifer homogeneity and the asbsence of complex boundary condi-
tions. The margin of error for analytical model output is primarily due to
the margin of error carried into the model by the uncertainty of input param-
ecers; problems presented by inherent model weaknesses are minimal in compari-
son. Consequently, the margin of error accompanying mass transpart outpucs
for a particular model will change on a case-by-case basis. Sources of uncer-
tainty are most commonly relacted to inadequate physical characterizacion of
the ;quiflr rather than the chemical analysis of cthe groundwater {Keely,
1983).

bs. MNumerical models: Humerical models require more inpuc
data than analyctical models, and under some conditions possess a potential for
more extensive data output., MNumerical models break up functions of interest
into many smaller units. The mathematical solutions that follow invalwe the
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TABLE ‘VI-3

ILLUSTRATIVE INPUT AND OUTPUT PARAMETERS FOR AN ANALYTICAL GROUNDWATER

MODOEL:

THE PESTAN/PLUME MODEL

Input Parameters

Boundary conditions

daximum and minimum depths (un-
satucated zooe)

Observation point coordinates
(saturated zone)

Hydrauliec variables

Bulk density of soil

Porosity of soil

Aquifer porosity

Solubility of contaminant

Serption constant ia soil

Degradation rate coefficient in
soil

Recharge rate

Dispersion coefficient in soil

Seepage velocity in aquifer

Retardation coefficient in
aquifer

Dispersion coefficients for
¥= and y=axis

Decay constant in aquifer

Concentration variables

Source:

Maximum and minimum Cimes

Time duration of waste release
{unsaturated zone)

Frequency of waste release (un-
saturated zone)

Active ingredient released

Mass rate and time

Steady-state source rate

Other

Curve coefficiant
Coordinate system
Units
Time

YIi-11

Jutput Parameters

Water content of unsaturated zone

Follutant velocity in unsaturated
ZOne

Length of poellution slug in unsatu-
rated zone

Depth increments in unsaturated Zone

Solution concentrations in unsatu=
rated Zone

Solid phase concentrations in un-
saturated zone

Total concentrations in unsaturated
Zone

Copcentration distribucion matrix
in agquifer at times desired for
steady-state

Eafield et al., 1982 and Wagner, 1982.



reduction of partial differential equations to algebraic equations which, in
turn defipne the wvalues of incerest within each subdiwision of the given func=
tion. In order for this method to approximate reality closely, the functions
under study must be subdivided into as many discrete units as possiblas. As
the number of small unics ip the model increases, the mechanics of performing
the necessary machematical calculations also become more compiex.

Thers are several different forms of numerical models, but the
two most common ones are referred to as finite-~difference approaches and
finite-element approaches. Wich both syatems, concinuous functions are
approximaced by a series of discrete equacions in time and space which cor-
relate with parameters of interest at reference points (nodes) or areas (nodal
aregs or elements) within a reference grid. The difference between finite-
difference and finite-element methodology lies in the manner in which the
original parctial differential equations are reduced to algebraic expressions.
In the finite-difference models, the mechanism is a differential approach; in
the finite~element models,; the mechaniam 13 an integral approach.

The individual grid units may be either two or three dimen—
sional; they can be sgquare, rectangular, ctriangular, pelygonal, or cor-
reaponding three dimensional shapes. All grid units within a single model
usually maintain the same shape. OCrid unit size, however, often varies within
a model. For complex areas of the aquifer under study, a greacer number of
grid unics per area or per valume may be designaced.

Data requiremencs for the use of numerical models are wvery
similar to the boundary condition, hydraulic variable, and concentration
variable parameters mentioned earlier for analytical models. However, numer=-
ical models are designed to go beyond the scope of the analytical models and
£o generate more detailed, informative outputs, e.g., to account for a greater
fnumber of attenuating factors and complex squifer boundary conditions. To
achieve these objectives, numerical models require a commensurate Increase in
baseline daca.

The input=-output parameters for numerical models are similar
Erom model to model, but there are wvariations refleccing different modeling
approaches and unigque featurss. Foar purposes of illustration, Table VI-4
presents an input-output breakdown for the Random Walk Solute Transport Maodel
or TRANS (Prickett et al., 1981). This numerical model is widely recognized
among hydrologists and is regarded by some auchorities as among the best
available for many solute transport modeling applications (Keely, 1383).

Humerical models can be uzed to model groundwater cransport of
hazardous waste in a wide variecy of circumstances. From a technical stand-
point, these models have the maximum modeling capability available. The fac-
tors which limic the use of numerical models include availability of trained
personnel , computer facilities, substantial field data, and allocation of time
and funds. Such models would not be appropriacte for routine use, but would be
very valuable in the study of isolated, high priority cases,.

vi-1z



Bl R yulg
wriifs u) sajajyded jo saqmmy
BEEE 3]213A%
apral japom agy
uy Buipiess sapaprind Jo daqunu Bujaoge dey
o) yei iy Burmoys dey
siligs dwjy e yeay jo manpey
wrajawrard yondeg
EAFLAAYEYd LAdAnO

sI REIINA ainyeradmag
ndyna aoy 1sgueo jram jeagio
FIUIWIIIML IOFY O TEipEuh
slueyy FRedumd 13d sywsezizug C IR LR E T T
LHELRE] Fupdand up wages IR
[apon W) EAGI Jo 3RgEing
waqals up sdwied jo dsgmny
e amypy
aupy rad sdajs swpy W mopiiel jo §dipmiey
Wy RASE Wy SEjayyiml Jor §oupmee ey
Jirjru W) mUMILjC JO0 BTN
wa juA® W) s vaml po e wee e ey
wEywipions yuje go ajgeg
il fo sywujppivoa-f
pur .x gimbi) do) segmw ypem jeajBeg
Aeiiw gy piarpijIeg-1amaiea)
paspa o paawpl sy jpia wapajyied yapga rano
aiediplosi.f [ibE ® oaey pappe piasaiaug -..-_n__uun
W Pk U PR oW il 0 [EARAINY piaB Japoy
aaum 4y
[refmpe ] & RAE -H.._nu..._.-.-:___ S hhpm wil ymaomd iy ..-l.‘.-.
AvIIW | A e aw-urmased,|
FIED30 adaas E3 jeAE By pasn Awiay

wyeg adey 13

TREE "7 1® 33 1R@gafa4

pai1mes m| ajayised iWam srejag 10)] pIINNOIAE 3§ D} I3JEA JO W04
dojae) a¥aegaar jynejaq

soyrwy afargaay

E3TR1 [RARIPYIIA J[REIa]

BRI [RARIpRY]A JUE] RO

am 2]3]3Ing

CRELITE ] ﬂu.n mw Iﬂ—.u.-.h.:-ﬂu_.-ﬂu

DI QRIS WOTYEE YIS IINEY

Lyratyampuos dppnoapdy o) juansdees josung

WA IPFIIad U] anigpaiegg

sappraa]as 1033as Jo nyuesuadeey Sujupesues Keasy
16330] NSTIPPARISL BB

Ayjajpeaymanesy 1ajpnby

wenjun alesele doj ehpea J[Rejaq

wHa)jIpEas B[qT1 3018A 30) sue)ijpund sieioig
TGl ipuns urpesie soj odajijpEca aleioyg
Lyyumap sevm yyng

agprishe jo Eypapyonpoed appoasrply

Eypsosed sayysajyy

Eyipuoaod penyay

sajquiims o pneipiy

AIEPINE WEII]Y WO pUE] JO BO)IEAS | 3af InpeEs V[EERfa)
gasway wopinsjdeavayedeas gaige
AOj2q HD]ivAF]@ 10 WO} 00 PIOETILIE 0 UOTIEAITR J20f AnjEs JTRE]2]
FINJIANE BEIIYE o pEE] jo WOjIEAR|F
BREE2] wajyErjdsueay
-odTAD QIR AOJH] RDDIEAS ]S 10 PREEINNE JO E0)}0R JO HO]}RAI|Y
IS IN] IW[Y JO JEEIW AW PRI
Bpeay Jaj Injea jpaejag
Tiawzig| Wiy jo puz ¥ FEEI)
sajynbs jo doj jo wojiwas)y
dr g pead)@ Juppihe Jo sajjoq Je) sRjea 3 pnejag
tajpohe jw majyeg jo os)ivas

U] JPPUE] ATRpUng

EMILANYHY] JIN]

eSNYHL “T300W LHO4SHYEL 3LAT0S WIVM HOONVE FHL

V1300R HELVMANNDED TVDIHARNN ¥ H04 SHALIWNVEYd LN4LN0 ANV LNdNT 3ALLVELSNTII

h=1A FTHVL



The numerical models do exhibic inberent minor sources of
mathematical instability known as numerical dispersion or numerical oscil-
lation (Mercer and Fausc, 1981). However, with proper management, errors Erom
these uncertainties are negligible (£ 10Z) compared to uncertainties intro=
duced by input parameters (EPA, 1982a). In this regard, the comments on
uncertainty in the analytical model disgussion appily here as well. The margin
of error ip model output for verified, established models listed i1n this gec=
tion varies from case to case, based on input error. Characterization of the
aquifer properties, processes, and boundaries presents the greatest diffi-
culty. If incorrect parameters are applied to a oumerical model, the com—
plexity of the model will serve to multiply the errors and an arronecus gutput
profile will resulc.

Ho developing methodology wvas idencified which would radically
improve or replace che soluce ctransport models described in this section. The
greatest potential for increasing the accuracy of groundwater model outputs
lies in improving the quality and quantity of input data describing aquifar
properties and boundaries.

B Summaries of mathematical models: Capsule descripticns of
analytical and pumerical models follow.

AT123D: The Analyctical Transient One - Two - or Three - Dimensional code is a
versatile rtool for modeling cthe transport of wastes in aquifers with minimal
input daca. Developed for the Department of Energy by Yeh (1381) ac ORNL, it
can be applied to instantanecus, extended period or continuous releases from
chemical or radicactive wvasces and heat flows. It can address eight source
configurations (poinci ) linear; 3 plamar; and volume), four wvariations of
aquifer depth and width, and transport paramecers of adveccion, hydrodynamic
dispersion, adsorption, degradation or decay, and wvolatilization to che
atmosphere. Boundary conditions can inoclude Dirichlet, Neumann, mixed type,
and radiatidn. It is written in FORTRAN for IBM and DEC systems. It is well-
suited to modeling hazardous waste transport Erom land disposal sites.

BIOFILM: This model is applicable in transport studies where biological films
dre the controlling factor in uptake and microbiasl degradation of low concen-
trations of organic chemicals from agqueous solutions. Developed by Rictman
and coworkers (1980) ac Stanford University for che U.5. Environmental Protec-
tion Agency, BIOFILM has been applied to land disposzal of aqueous wastes as
well as to convencional trickling filters in waste water treatment plants.
BIOFILM concains both steady—state and non sceady-state models. The former is
based on Monod kinetics for substrace ucilization, molecular diffusion for
substrate transport wicthin the film, and liguid-layer mass transport of sub=-
strate from bulk liquid to the film. It predicts substrate flux into the film
as a Function of ics concentration in the bulk liquid and the chickness of che
film for a given concentration of substrace. The nonsteady-state model can
predict substrate Flux into an existing film formed at a different concencra-
tion of substrate. The model is written in WATIV FORTRAN.

CFEST: The Coupled Fluid, Energy and Solute Transport model was developed by

Battelle Pacific MNorthwest Laboratories for the U.5. Department of Energy's
Underground Energy Storage Program (Gupca et al. 1982). Developed particu-
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Larly for prediccion of a confined aquifer's response to thermal enercgy
storage, CFEST has also been of interest ta the 0. 5. EPA for study of haz-
ardous wasctes disposed in landfills. It uses the finite element method for
fluid flow, and has two- and three-dimensional applicacions. It has been
verification—-tescted against analyrical and semianalytical solutions. CFEST
can be compiled with a one dimeénsional modél developed by the same organiza-
tion for the ungsaturated zone UNSATID (Bacrtellae, 1982) CFEST is awvailable in
FORTRAN and FLECS languages and is operational on che DEC PDP 11/70.

FEMWATER/FEMWASTE: These are affiliated Finite Element Method codes for Water
and Waste constituents. Hoth use a Gaussian elimination solution technique
and are Cwo dimensional models rthat simulate groundwater dynamics 1n
unsaturated-sacturaced poroud media. Developed by Yeh and Ward (1980, 1981)
for Oak Ridge Nacional Laboracory, these state-of-the-art codes can be usad
either separately or in tandem. FEMWATER can include response of the ground-
water basin to precipitation, pumping and other recharge/discharge effeccs.
FEMWATER is sensicive co the grid discrecizacion and soil characterization ac
sharp moisture froncs or wverctical media incerfaces (BPML, 1984). FEMWASTE
uses an advecrion-hydrodynamic dispersion aguacion to model solute ctransporc.
It can include chemisorption and first order decay. FEMWATER/FEMWASTE are
writcen in FOATRAN and operacional onm boch CDC and [BM 360 syscems.

F _ESTA: The Finite Elemenc Solute Transport Yodel atcempts to couple the
effects of geochemical processes with solute transport. It is a one-

dimensional model for transport of up Eo six ocomponent chemicals in the
saturated zone. FIESTA was developed by Theis and covorkers (1982) ac Nocre
Dame University for the Office of Healtzh and Eavironmental Research of the
U.S. Department of Energy. It combines =lemencts from earlier models for
transport and chemical speciacion equilibria. It uses the finite element
method for transport and Newton-Haphsom technique for geochemistey. The model
assumes homogenesus, isotropic soil syscems and includes transport Eactors of
dispersion and convectien and chemical factors of ponlinear ion exchange,
adsorption, and complex formacion in solucion. 1Tt is written in FORTRAN and
operates on a CDC system or DEC VAX I1/780.

McWharter-Nelson Hydraulic Model: MeWhorter and Nelson (1979) provided a
hydraulic expression useful for modeling selected applications in Cthe
unsaturated zone that do not require consideration of adsorption or accenu-
ation inceractions. It can provide the Cime to breakthrough to groundwater
for leachate from a land disposal sitce.

HMINTEQ: The MINTEQ code is one of several geochemical codes designed
primarily for calculations of chemical equilibria in agqueous systems., [t was
developed at Battelle Pacific Northwest Laboratories for the U.5. Environ—
mental Protection Agency (Felmy et al., 1981). MINTEQ combines the becter
features of earlier geochemical codes and a wvery large, documented thermo-
dynamic data base to permit modeling of fairly complex systems involving
metallic elements. It is capable of addressing ion speciation, activicy coef-
ficients, adsorption, precipitation, dissolution, ion exchange, and generacion
of gaseous 07 and COZ. It employs the Newton-Raphson numerical technique and
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iz written in FORTHAMN for the UNIVAC 1l44 and DEC 11/70. A version is alse
availabie for the IBM PC XT or AT and compatible microcomputers.

MRC-5LB: The U.5. Nuclear BRegulacory Commission's Shallow Land Burial model
is a one-dimensional numerical code designed to compare che fate of contam—
inant from low-level radicactive wastes disposed under alternacive scenarios
in near-surface sites. The MNRC-SLB's unsaturated zone submodel uses cthe
finite difference mechod and ics saturated zone submodel uses an analytical
golution technique. The discribuction coefficient {Hd} pr retardation equation
approach is used to model groundwater attenuation mechanisms. It also con-
tains wind ercsion and atmospheric dispersion componencs. The model can pro-
vide either a maximum individual dose or an integrated populacion dose over 50
years for comparison of scemarios. The model was developed for MEC's Division
of Waste Management by Science Applications, Inc. (drawing on a flow model of
Hanks and Childs) and is written in FORTRAN IV (Lester et al., 1981}.

PATHS: This two-dimensional, semianalycical code was designed to make an
inittial and fairly rapid prediction from limited daza of che transport af
groundwater contaminants accidentally released from a storage facilicy to a
predecermined boundary. Developed Eor the Department of Energy and the
Electric Power Research Ipstitute by MNelson and Schur (1980) ac Battelle
Pacific Morthwest Laboratories, the code uses an idealized solution for the
groundwater potential distcribution and generated pachline differential equa-
tions to give the paths of fluid particles and their advance with time. The
model has been applied to surface, near-surface and deep cavern storage
problems (BPNL 1984)., The program is wricten in FORTRAN-77 for the Univac
1100/44 and DEC VAX 11/780 syscems.

PESTAN: This analytical model was developed by cthe EPA's Kerr Environmental
Research Laboratary in Oklahoma to evaluate the transport of organics applied
to land chrough the unsaturated soil zone to ground water (Enfield ec al.,
1982). PESTAN includes three different models: (1) linear adsorption/
desorption of the pollutant without dispersion. f{this mode can include firsc
order microbial cransformation); (1) a mode similar te the preceding, but with
dispersion included; and (3) nonlinear adsorption following a Freundlich equa-
tion withour dispersion with first order degradation.

PLUME: This is a solute transport model based on steady stace two-dimensional
advection-dispersion eguation containing adsorption and degradation cCerms
(Wagner, 1982; Bumb et al., L984). Roy and Criffin (1987) used che PLUME
model to estimate groundwater contamination by representative organic solventcs
leaking from solid waste at & hypothetical landfill site, and to estimate the
threshold quancicies of each that might be acceptably placed in the landfill
under warious asssumptions of attenuation by dilutiom, adsorption, dispersion
or degradaCticon.

Plume Management: (or Wilson-Miller): This is a two dimensional analycical
model (Wilson and Miller, 1978; Miller, L978; USG5, 1981). It assumes s con-
tinuous point source, but nonsteady scate conditions. It can yield estimates
of concentration in the groundwacer higher than the solubility limit for some
constituents in the hazardous waste., Hunt (1978) developed a three-dimen-
sional model for a continuous point source as well as a model for a pulse
source of contaminant.
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PRZM: The Pescicide Root Zone Model (Carsel ec al., 1982) was developed by
the EPA's Kerr Envircnmental Research Laboratory to predict the movement of
surface-applied or surface-incorporated pesticides in or below the planc root
zone. PRIM should be applicable to the transport and degradacion in the
unsaturated zone of other organic chemicals with linear adsorption behavior
and first order kinetic reactions. The soil column is divided imto several
layers, maas balances are maintained for water and chemicala in each layer,
and hydrolegic fFactors include rainwacer, runoff, snow accumulation/melting,
evapotranspiraction and percolacion. PRIM uses a tumerical solucion to cha
advective dispersive equacion for chemical transporc, first order reversible
sorption, and first order lumped decay kinetics (which can include microbial
degradacion). It can cake inco account both plant uptake and runoff losses of

chemicals. PRIM can be used on microcompucters compacible wich cthe IBM PC
KT/AT systems.

SES0IL: The Seasonal Soil Model was designed for rapid evaluacion of solute
transport in the unsaturated zone of pollutants ac wasce Creacment and dis—
posal sites. It is a semianalycical {stacistical/mathematical) comparcmencal
model that, with minimal data regquirements, can simulace vaterflow and polluc-
ANt concentratlons in a three=compartment soil column extending from the sur=
face through the unsaturated zone. 3SESOIL uses a mass balance Eormulation and

addresses seasonal wvariacion in water, sediment and pollucant cycles. It
averages che soll propercies of the chree compartmencs and yields a sceady
stace moisture level with depch. It can take into account convection, dif-

fusion, wvolacilizacion, adsorption/desorpcion, complexation of metals by
organics, chemical degradacion (hydrolysis, oxidation and photolysis), and
biological upcake/transformacion, (but not specifically plant uptake). BSESOIL
was developed by Arthur D. Little, Inc., for EPA's Office of Toxic Substances
and is in FORTRAN (Bonazountas and Wagner, 1981). Because of SESOIL's
emphasis on solutes and hydrogeological simplicity, it may not simulate short
term response of che soil column to moisture levels as well as some other
hydrological models.

SWIFT: The Sandia Wasce Isolation Flow and Traosport code is a three=
dimensional finite difference groundwater flow and soluce transport numerical
model. Developed for the Nuclear Begulatory Commission by J. E. Campbell ac
Sandia MNational Laboratories (Dillom, Lancz and Pahwa, 1978), SWIFT was
designed te rtake into account both mass and heac flows in modeling radio-
nuclide cransport with decay te daughter products in an isochermal or heated
porous medium. The program is wriccen in FORTRAN for che CDC 6600 system.

SWIP2: The SWIP model was developed to evaluate the effects of liquid wasces
in deap saline aquifers in the design and testing of waste disposal systCems.
It is a transient, chree-dimensional numerical model using a finite difference
solucion to the mass pressure and energy equacions. Developed for che U.5.
Geological Survey by INTERA Environmental Consultants, Inc., the original 1976
varsion was subsequently updaced as SWIPZ by modifications to include free
water surface, vertical recharge, equilibrium-controlled linear adsorption and
an irreversible firsc order race for simple chemical reactions (INTERA, 197%9).
The SWIP2 version is preferable for most hazardous chemical waste disposal
applicationa. The program is written in FORTRAN for the CDC system and 1is
available from the Macional Technical Informacion Service. SWIP is a sub-
system in the EPA's CEMS model.
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TRANS; Random Walk Soluce Transport Modael: Trangport of a large class of
soluces in groundwater can be simulated in this numerical model developed by
Pricketr, Maymik and Lonnquistc (1981) for the Illinois Stacte Water Survey. It
applies a finite difference mechod to ground water flows, and "particle-in=-a-
cell™ and "random walk" ctracking techniques, respectively, to model solute
copvection and dispersion effects. TRANS can simulate in either one or two
dimensions both steady or nonsteady flows in hecerogenous aquifers under wacer
table, artisan or leaky artisan conditions, and can handle exchange with sur-
face water and evaportranspiration. An abilicy to simulate solute transport
while ground water pumpage is underway 1s an important consideracion faor
hazardous waste studies. The code allows specification of concencrations of
chemical constituencs in any segment of che model, and can accommodate chem—
ical reactions and mixing of waters having different solute concentrations.
This model 1s widely recognized by hydrologists, and is regarded by some
authorities as among the besc available for many solute transport modeling
problems (Keely, 1983).

TRUST/MLTRAN: This multidimensional numerical code models water content,
pressure distributions and Elow in the unsaturated=-saturated eanviconment,
using the kinematic pachline subroutine, MLTRAM. TRUST is based on the ince-
grated finite difference mechod and an interactive explicit/implicit poinc
solurion technique. The model was developed primarily from an engineering
perspecCive by Narasimhan and Witherspoon {1977) for che Department of Energy
and updated by Reisenauer et al., (1982) for the Nuclear Regulatory Commis-
sion. TRUST does not differenciate solute effecta. It has been used to
analyze uranium mill cailings disposal (BPNL, 1984). TRUST is written in
FORTRAN and can be operated on both CDC and DEC VAX L1/780 computers.

UNMSATID: This one-dimensional numecrical model 13 designed to simulate short-
term water flows and chemical transport in the unsaturated zone, including
infiltration, vertical seepage, and uptake by plant roocs as functions of che-
hydrauliec propercies of the soil. It requires informsrion on precipitation/
irrigation rates and Erequency, evapotranspiration, soil properties and
layering, and root growth characreriscics. UNSATLD containms a series of
programs run in succession. It does not concain a solute Eranaport component .
It uses an implicit Einite difference method and a Caussian elimipacion solu-
tion technique, is written in Fortran, and was developed by Battelle Eor the

U.5. Department of Energy and che Electric Power Research Institute (Bond et
al., 1982).

USG5-MOC; Solute Transport and Dispersion Model: This model was developed by
the U.5. Ceological Survey to simulate the concentrations of dissolved chem—
icals in an aquifer at specified poincts and times under advecrion-deminated
flow conditions (Konikow and Bredehoefr, 1978)., It is sometimes called the
USC5-HOC model because it uses the mechod of characteristics for solute trans-
port; it uses the finice difference method for groundwarer flow approximation.
It can be applied to either one or two dimensional analysis of transient or
steady state flow conditions and considers convective transport, hydrodynamic
dispersion and mixing/diluction with ocher fluids in a heterogeneous or iso-
tropic aquifer. It is designed for use on uniform grids and assumes that
velocity distribution is not affected by gradients in Ffluid temperatures,
viscosity or density. Updated versions of MOC are said to be able ta address
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solute adsorption and decay reactions. The U.S3. EPA has examined MOC in
studies of hazardous waste sites. It is written in FORTRAN for the CDC
syscem.

VHS (Vertical and Horizontal Spread) Model: The VHS model is under develop-
ment by the EPA Office of Solid Waste's Delisting Program to help determine 1if
given industrial wastes might pose hazards to human health or the environment
if disposed in an unlined landfill, based on a "Reasonable Worst Case"
scenario for groundwater contaminstion. The model is adapted from Domenico
and Palciauskas's (1982) VHS analytical model for predicting maximum plume
concentrations, based on one dimensional steady flow and dispersion in direc-
tions perpendicular to the flow pach.

The VHS model assumes: A landfill tremch (40 fr x 8 f£c) wicth a stated waste
volume and measured leachate concentration; a continuous, steady velocity Elow
of contaminate to an aquiferj and 5 fr penetracion of the leachate into the
aquifer at the landfill boundary. The contaminant plume moves directly roward
a receptor well 500 £r away at a groumdwater dispersivity of 2 m/year (i.e.
travel time for contaminants is 76.2 years). The modal assumes only traversas
{i.a. wvertical and horizontal) dispersion. It does not consider: longi-
tudinal dispersion; constituent attenuation by saturated scil, sorptionm, or
chem/bio degradationj recharge dilutionm} or restriction of verticle spreading
by any low permeabilicy materials.

The VHS model has not been validated to date. 1t use for regulactory purposes
has dravn serious criticism, and its Euture ugility is uncertain.

VTT/MMTID: The Variable Thickness Transient fluid flow model was developed
for application te multiaquifer groundwater systems with transfers under
pressura between aguifers, or an aquifer and a surface water body. VIT was
developed by Battelle Pacific Morthwest Laboratories for the Department of
Energy, with particular consideration of conditions affecting waste disposal
at the Hanford Site in Washington (Kipp et al., 1976; Reisensuer, 1979) and
was recently updated by cthe Electric Power Research Instituce (Bond, 1981).
VIT is a flexible two dimensicnal medel using one finite difference method for
steady state conditions and a second version for transient conditions. The
model can handle heterogsneous parameters, a variety of boundary condicions
and configurations, and confined and unconfined aquifers. The VIT must be
coupled with a solute transport model for predicting pollutanc migration. The
MMTID, a rvandom walk convective-dispersive Cransport moedel (Ahlscrom and
Foote, L9763 Ahlscrom er al., 1977), or the MLTRAN subroutine with kinematreic
pathline approach ares suitable (BPNL, 1984). The VIT is wricten in FORTRAN
for the CDC system.

2. Banking models: Contamipnation ranking models and the ground-
warer related portions of more general hazardous waste site ranking models,
although not strictly groundwater transport models, might be valuable in cases
involving potential hazardous waste emergencies. They may provide the only
immediately available way ta estimate potential groundwater problems, if che
use of mathemacical models must wait until substantial sampling and analysais
are completed to provide necessary data. Ranking models could provide cthe
best method available for scoping the problem and developing emergency
rasponse plans (Keely, 1983).
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Ranking models are standardized schemes which permit an experienced
observer to judge approximately the hazards presented by a particular problem
site. Examples include the current forms of the LeGrand model (LeCrand, 1930
and Pettyjohn et al. 1981), the MITRE sysctem, (OTA, 1983) and che JR® model
{Kufs atr al., 1980). A brief discussion of the LeGrand model will help to
describa this group.

The LeGrand ranking system is based on four geologic and hydrologic
characteristics:

1. Discance to a water supply;
Z. Depch to water table;
3. Hydraulic gradianci and

4, Permeability-sorpcion (indicated by the geologic setting).

Each of these characteristics is evaluated and rated according to standard
scales. For the water supply, water table, and permeability-sorption char-
acteéristics, a ranking scale of 0 to 9 is used; for the hydraulic gradient, a
scale of 0 o 5 is employed. The ranking scale for distance to a water supply
ranges from O for distances in excess of 6,200 fr to 9 for distances of up E£o
45 £t. The depth of the water table scale ranges Erom 0 for depths in excess
of 200 fr te 9 for depths of 0 fr (surface water). The permeability-socption
scale is more complex and depends on the type of soil and the thickness of
unconsolidated materials over bedrock. For che water table gradient scale, a
low value of 0 is assigned if che gradient is away from all water supplies
closer than 1,000 m; a high value of 5 is assigned for gradients greater than
71 towards the water supply. The arithmecic sum of the rankings for the [our
characteristics will fall somewhere in a range from 0 to 32, 0 representing
the safest end of the spectrum and 32 representing the most hazardous. Letter
rankings (A through D) are added also to indicate permeabilicy-sarption, level
of confidence, nature of the closest water supply, and a final designacion for
the most appropriate of 11 site descriprions (a fifth lecter may also be
included if two of these descriptors apply). The Einal product is & series of
numerals and letters which provide a vyardscick for preliminary ranking
purposes.,

Other ranking mechodologies wvary in features, but che concepts are
similar, All such procedures require minimal data input, equipment, time and
expense, and yield quasi-quantitative site evaluations. Data needs for rank-
ing models are less rigorous than the corresponding inputs required for mathe-
matical models. The modest data raquirementcs of ranking models make their use
eagsier in the field than analytical or numerical machematical models. There
are, however, disadvantsges in the use of ranking models, including che lack
of definicive quantitative output (e.g., potential contaminant concentrations
at a postulated point of human contact) and the inability to allow for complex
physical, chemical, and biological factors. Because ranking models have no
calculated outputs comparable to analytical or numerical models, identifica-
tion of mathematical margins of error are not possibla.
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C. Surface Warkar Models

Studies of environmental contaminants in surface waters are gen-
erally divided intoe two categories: (1) disparsion in streams, etc., of
pollucants that are discharged, spilled or othervise released at a point
source; and (2) runoff of pollutants from a land surface area into streams
following precipitation (i.e., nonpoint watershed runoff studies). Warershed
runoff is generally a minor problem compared to other transpert routas for
hazardous waste management, although it is imporcant in ocher environmancal
studies such as pesticide or fertilizer impacts. HNumerous machemacical models
have been developed for both kinds of scudies.

1.  Pollutant dispersion models: Dispersion models are used to
predict the dispersion and fate of chemicals discharged or spilled into
gtreams, rivers, lakes, estuaries, or oceans. A stream or river is modeled as
a series of completely mixed reaches. Steady-state concaminant concentrations
in each are then eatimated based on dilution and physical/chemical removal of
contaminants from the water column., Several dispersion water models of dif-
ferent types and complexities are available (Onishi et al., [980b;i Burns ec
al., 19825 Browman er al., 19825 DiToro et al., 1981; Onishi, 1985a, 1985b:
and Schnoor, 1985).

The model most widely used to compute fate, persistence, and ex-
posure of pollutants in Ereshwater ecosystems is EXAMS (Exposure Analysis
Modeling System) which was developed by EPA's Environmental Research Labo-
ratory at Achens, Georgia. Other models which have been used for surface
water pollutant dispersieon studies include: TOXIWASP: 5LSA; and QUAL.

EXAMS is designed for the rapid screening and evaluation of the
behavior of synthetic organic chemicals in aguatic environmencs (Burns et al.,
1981, 1982). The model requires three types of daca: chemical, enviran-
mental, and loading rates. Chemical data requirements include physical con-
stants (e.g., molecular weight, solubility) and parameters to compute cCrans-
formations such as photolysis, hydrolysis, oxidaction, and biotransformation.
EXAMS is interactively linked to a data base of properties of chemicals.
Environmental data rcequirements include system geomectry, hydrology, and
meteorology, and definiction of dispersive and advective pathways Eor both
water and sediments. EXAMS can partition pollutants among five valence states
and three physical forms (adsorbed, biosorbed, and dissolved). Pollutant
loadings can be specified as poinc source, nonpoint source, dry fallouc aor
aarial drifr, atmospheric washout, and groundwater seepage. Processes such as
phocolysis, hydrolysis, oxidacion, volactilization, and biotransformation are
simulated as pseudo firsc-order kinetic reactions. Second-order effects can
be introduced also. EXAMS does not handle dynamic (ctransient) flow condi-
tions, ics hydraulic and sedimentation algorithms are limited, and it 1=
limited to organic chemicals. Fileld wvalidation results have been reporced
(Cames, 1982). A version of cthe EXAMS model is available for use on micro-
computers compatible wich IBM PC XT/AT systems.

TOXIWASP is a kinetic subroutine for the Water Analysis Simulation

Program {(WASP; see DiToro et al. 198l) and was also developed by EPA's Envi-
ronmental Research Laboratory. The toxics degradation techniques from EXAMS
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area simplified by adding the pseudo first-order races due co photolysis,
oxidacion, biolysis, hydrolysis, and wvolatilization tao yield & total degra-—
dation rate. -TOXIWASP calculates the dissolved, sorbed, and blosorbed frac-—
tiong of a neutral chemical only. [t has the capability to simulate dynmamic
as well as steady-state wastaloads. As in EXAMS, laboratory and literature
values for the chemical characteristics of a compound may be used. WASP] is
available for use on IBM PC/XT and compatible microcomputers.

SLSA (or HydroQual Model) is a simplified model developed by
HydroQual, Inc. and cthe Chemical Manufacturers Association for the study of
the facte of partitioning chemicals in lakes and streams (DiToro et al.,
1982). Total degradation race of a subacance L3 escimaced by adding the
pseudo first-order rates due to the kinetic processes, a3 in TOXIWASP. Mach-
anisms considered are settling, resuspension, and diffusion. The adsorption-
desorption reaction 15 assumed Eo be at eguilibrium. The fraction of the
chemical mass that is either dissolved or adsorbed to particulates is decer=-
mined by the mass of the adsoerbing solid and cthe partition coefficient in the
water column and in the sedimenc. Treatment of column-sediment interactions
is a4 scrong feacure of the model. All algebraic and differantial equations
are expressed in a form as simplified as possible. Closed form solutions,
based on che conservacion of mass, are presented and operated on a mini-
compucter Linked into graphics oucpur devices.

QUAL was designed to simulace spacial and temporal wvariations of
dissolved oxygen, biological omxygen demand, up to chree conservative minerals
and temperature in stream and canal svscems under steady—-state flow condi-
tions. The model is actually a set of incerrelated qualicy routing models
based on empiric and kinetic considerations. Developed originally as QUAL-I
in 1970 by the Texas Warer Development Board (TWDB, 1970}, the model was
improved (QUAL-II) under EPA support (NRRC, 1974), but is less favored now
than newer, more versatile models. The QUALZE version can be used on the
IBM PC XT/AT family of microcomputers and compatible systems.

Other Hodels: According to Travis (1985) most currently available
methods for evaluating dispersion of comtaminants in streams do not account
adequately for sediment transport. Such models must calculate cime-varying
distributions of contaminant adsorbed by sediment for each sediment size
fraction. He indicated that the moat adwvanced two-dimensional models of this
type are SERATRA (vertical and longitudinal) (Onishi and Wise, 1979; Onishi ec
al., 1980b) and FETRA (lateral and longitudinal) (Onishi, 1981).

2. Watershed runoff models: Watershed models are used to predict
the guantity and qualicty of water thact {after falling as rain) Flows off of
the land surface into receiving streams carrying dissolved and suspended mate-
rials., Over B0 different runoff models are said to be available; they have
different input requirements and sddress many different adspects of the
problem. Only 12 of these models, however, simulate both dissalved and
sediment-sorbed migration together with the surface runoff and soil erosion
processes (Onishi, 1985b; Travis, 1985).

Two broad classes of vatershed runoff models exisc: (1) chose chat
focus almost entirely on the quancticty of runoff water; and (2) cthose that
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emphasize informacion on the qualicy of runoff water, i.e.; the environmental
contaminants. {(NHearly all warershed models simulate erosion rates.) Runoff
models are sometimes classified also according to operational characteristcics,
including geometrical representation of the drainage basin, temporal repre-
sentation of £low, and physical process reprasentation, each of which has sub-
sats as nocted below:

* Ceomecrical Representation (lumped or distribuced):
= Lumpead models represent the drainage basin as a whole,

without detailed spactial characterization of subbasins or without the spatial
distribution of concaminants wichin the drainage basin.

- Discributed models represent the drainage basin on a grid
: e e S e ; ;
or map basis, and accounts for wariations in hydrolegic processes and contam=
inant discribucions from point to poinc chroughout the basin.

* Temporal Representacion of Flow {concinuous ar discrete):
- Concinuous simulacion models describe a time series of

runoff flow and runoff quality within the drainage basin over an extended
period, B2.g., 1l year.

= Discrate storm event medels describe the basin response to
a single storm (runoff-producing event), buc may describe that response in
summary (scormaveraged) form. Most runoff and erosion From a drainage basin
ovar a long period of time are concentrated in a fev scorm evencs; discrece
models use this simplificarion in their simulacions and as a resulr are more
vidaly used than continuous simulacion models.

* Physical Process Representation (descriprtive ar concepruall:

r Dascriptivae models use basic physical paramecers Cto ac-
count for observed phenomena. They have the greatest use by practicing hy-
drologisca.

- Conceptual models rely heavily on theory to interpret
phenomena rather than to represent che physical process (i.e., these models
are based on probability cheory).

Described below are several general features of runoff models, and
then specific runoff quancicy and runcff quality models.

as Features of runcff models: Runoff models focus on inter-
actions at the soil surface such as overland flow, sediment cransport, and
sediment and water quality. (Some can simulate subsurface pollutant migration
pathways also.) Bunoff models are designed to estimace delivery of nonpoint
source pollutants to streams and other bodies of surface water in a region.
In order to estimace pollutant loads, watershed models first describe the
hydrologic characteristics of the watershed, such as soil moiscure and ground-
watar recharge, followed by watershed sediment loads, and €inally watershed
chemical characteristics. The number of so0il chemical phenomena and the
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sophistication of chemical processes simulated vary widely among models., Many
watershed modals, however, incorporate the same or similar hydrologic
algorithms.

Some of the approaches used for hydrological processes involwve
paramecars which are not directly ocbservable, such as water infiltration rate.
The further a model deviates Erom fundamental physical laws or relies on
paramecers which are not directly observable, the less likely it is to be use-
ful in a general application to watershed modeling. The models most suitable
for simulation of contaminant migration require exctensive site-specific daca
for calibration of the model (Basta and Bower, L981).

A number of environmencal factors influence the quancicy of
runoff, and many physical and chemical processes affect its guality. These
factors and processes interact to form nompoint source pollution and should be
considered in watershed modeling. From & data needs scandpoint these faccors
and processes can be divided into three areas: hydrologic phenomena; erosion
processes; and chemical processes.

Hajor hydrologic phenomena affeccing quancity of runoff are!
peecipitation, infilcration, evapotranspiration, overland flow, interflow,
groundwater recharge, and depression storage. These phenomena are all com-
ponencs of the hydrologic cycle.

S0il erosion is the most important process affecting qualicy of
runoff, Erosion involves two steps! detachment of soil particles Erom the
land surface and transporc of these parctiecles by overland flow. B8ecause many
contaminancs adsorb to soil particles, moil erosion data are very useful in
estimation of contaminant loads to surface water bodies. Efforts have been
made to predicc soil erosion as accurately as possible, but soil particle
decachment is dependent upon a number of Ffactors: particle cohesiveness;
organic matter content of the soil profile; rainfall incensicy; vegetacive
caver} slope gradient; slope Length; and seil cultural practices (Wischmeier
and Smich, 1978).

Many chemical processes have an impact on contaminant behavior
because of the complexity of soil chemiscey and the broad range of contam=-
inants associated with runoff. Somea procesaes fraquencly addressed by opera-
tional models include:

- Adsorption of concaminant to soil particles (usually
characterized by a partitioning coefficient).

g Solubility of contaminants and of soil components.

. Volatilicy of organic compounds (may depend on meteoro-
logical condicions).

. Biodegradation of contamingnts by soil microorganisms.

. Soil pH (influences contaminant solubilities).
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. dedox potenctial of soil solution {influences mobilicty of
mecals).

Hence these models require detiiled hydrologic, mecearalogical,
and “atershed data, togecher with the chemical and distributional properties
of the contaminants., Several catalogs and handbooks exisc that provide means
of evaluating watarshed models as well as ocher environmental medels (Basca
and Bower, 1982; EPA, 19825).

b. Runoff quantity models: Five models are discussed below:

Rational Formula: The simplesc of all hydrologic models is the
Rational Formula, Eirst introduced nearly 100 years aga. The simplicicy of
this method (and others derived from ic) limics its application to situacions
where only a rough estimace of runoff is needed. it is best applied ro
calculate urban ares runoffs., The rainfall-runoff formulas are difficulr ro
2pply unless the recurn periods for rainfall and runoff are assumed [0 be
equal. Peak runoff rates are predicted by correlacing Elow races with only
simple drainage basin charscteristics, such a8 area and slope. These cor=-
relacive mechods are limited in applications because they are derived Ffrom

localized data and are not valid when extrapolated to other basins (Viessman
et al., 1977).

Stanford Watershed Model IV (SWM-IV): SWH, one of the earliest
and most comprehensive numerical models, is based on classical methods of
hydrograph separation, i.e., idencificarion of surface runoff, interflow, base
flow, ate., Erom the observed time series of rainfall and rotal runoff. Many
other models use 5WM as a basis for determining nonurban, nenpoint source
pollution. Calibrated input paramecers are available for more than 100 water-
sheds around the nation. The model also considers snow melc.

U.5. Deparrtmenc of Agriculture Hydrulngi:aL Laboracory Model
USDAHL-74: This model is a physically based, distributed storm event modal
R - = 4
iicorporating many phenomens known to influence runoff and erosion. The model
demands specificacion of more LNput parameters than SWM, but relies less upon
calibration versus ohserved hydrographs. It predicts rainfall From acnurban
land areas.

Storage, Treatment, Overflow Model (STORM) (Corps of Eng.,
1976) and the Storm Water HlnEEamgnt Model (SWMM)] (EPA, 1971) are Eairly
widely used, but simulace primarily hydrologic processes of water movement and
do not estimate chemical Eransport directly.

Ca Bunoff qualicy model s

Six models are regarded as being particularly useful in pre=
dicting quality of runoff. They cover a variety of runoff qualicy aspeces.
Brief descriptions of these models are given below and their characteriscics
are compared in Table VI-5. Onishi (1985h) and Donigian and Dean (1985) have
compared some of these and several ocher watershed models according to pro-
cesses simulaced and land use.
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Agriculcural Runoff Management (ABM): The ARM model predicts
runoff, sediment, and contaminant loadings at the edge of a stream. It pro=
vides continuous simulation of contaminant Lloading by modeling hydrologic
response of watersheds, soil erosion, contamipnanc adsorption and removal, and
contaminant degradacion (Donigian and Davig, 19787 and EPA, 1981h).

Chemical Migration and Risk Assesament Mechodology (CMRA): The
CMRA mechodology predicts the occurrence and duration of toxic contaminants in
stream systems. AL the same time, it predicts the probabilicy of acute and
chronic damages to aquatic biota. The methodology consists of the following
components: (a) overland contaminant transport modeling; (b} instream concam-
inant transport modeling; (c) staciscical analysis of inscream contaminanc

concentrations; and {(d) probabiliscic risk assessmentc. (Onishi ec al.,
1980a).

Chemicals, Runoff, and Erosion from Agricultural MHanagement
Systems (CREAMS): CREAMS 1s the U.S. Department of Agriculture's latest
watershed model for estimating rumoff, erosion/sediment transport and
nutrienc/pescicide losses from the surface and root zZone of fields. It
incorporaces two alternate hydrolegic components. Option 1 represents minoc
modificacions and computerization of the 5CS curve number appreach. Option 2
is a relatively sophisticated model requiring high Erequency rainfall data.
CREAMS routines can be characterized as physically based, Lumped parameter
models that produce total storm runoff and pesk runoff races. The input
parametars are physically observable and may be estimated from Eindings on
watersheds. (Enisel, 1980).

Hydrological Simulacion Program - FORTRAN (HSPF): HEPF is a
comprehensive simulation model for predicting watershed hydralogy, water
quality, agricultural chemical migration, and risk assessment. The simulacion
model uses such informacion as cthe time history of rainfall, cemperature, and
solar intemsity and characteristics of the land surface such as land use
patterns, soil characteriscics, and agricultural pracrices to simulate the
processes that occur in a watershed. Flow rate, sadiment load, and nutrient
and pesticide concentrations are predicted. The model takes these resulcts,
adds information abour the scream channels in the watershed, and simulates the
processes that occur in these screams. This part of che simulacion produces a
time history of water quantity, quality, snd chemical transport at any point
in a watershed--the inflow to a lake, for example. The model alsoc contains a
risk assessment mechodology to evaluate lethal and sublechal effects using the
median lechal concentration (LC50) and mazimum scceptable Coxicant concentra-
tion (MATC) as the key effects parameters (Barnwell, 1981; Donigian, 1981;
Donigian et al., 1983} Johanson and Kitcle, 1983; and Johanson et al., 1984).

Monpoint Source Pollutant Loading (NPS) Model: The NPS model
is a continuous simulation model that represents the generation of nonpoint
pollucants from the land surface. The model conCinuously simulates hydrologic
processes (surface and subsurface), smow accumulation and melt, sediment
generation, pollutant accumulation, and pollutant transport for any selected
period of input meteorologic dacta. The NPS model estimates the total trans-
port of pollutants Erom the land surface to a watarcoursa. It does not
simulate in-stream processes that occur after the pollutancs are in the
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stream. The model uses mathematical equations that represent the physical
processes important to nonpoint sgurce pollution. The NPS model should be
calibraced whenever it is applied to a new watershed. However, most NPS model
paramecers are specific by physical watershed characteristics and do not
require calibration {(Donigian and Crawford, 1976).

Unified Transport Model (UTM): Tha UTM simulates che cransport
of toxic trace metals chrough an ecosystem consisting of the atmosphere, land
surface, wvegetation, soil layers, groundwater, and streams (Munro et al.,
1976). It operates with a time scep of 1 hr when rain is absent and 13 min
when it rains. The UTM is actually a group of models cthat may be configured,
the output of one serving as input to che next, to yield & multimedia model.
Different configurations of the UTM have been applied co watersheds ranging in
size from about 2,000 sq km to the order of 10,000 sq km. Input daca include
vales for historical hourly precipitation, daily average wind speed, maximum
and minimum tCemperature, dew point, and integrated tatal radiacion. Values
characterizing the watershed topography, soil characteristics, and vegetacive
cover also are inmputs. A version applicable to organic chemicals (UTM-TOX)
has been mentioned (Hedden, 1982, 1984).

D. Air Models

Air quality models may be divided inte twe broad categories:
(a) scaciscical models, and (b) dispersion (or simulacion) models. Scatis-
tical models require excensive actual atmospheric monitoring data (including
air qualicty and detailed metecrological measurements) for che specific site.
Transfer of the results from these models from location to location (without
re-estimation of parameters) is difficult. Hence, statistical models are of
guite limited value as potential components of a generic comparative risk
assessment methodology and are not described further in this report. Recent
reviews of mathematical models for air pollutants are available (EPA, 1978,
1981l; Geraghty and Ricci, 1985; thalic and Rasmussen, 1385).

Cispersion models actempt to simulate the physical processes of the
transport and dilucion of airborme pollutancs.* These models are more
applicable than scatistical models in the present study for two reasons:
(a) chey provide a degree of similarity in the use of the models between
sites, and (b) chey do not require actual historical monitoring data for the
specific sice. The principal requiremeénts are source emission rates and
meteorological Lnput consisting of wind apeed, wind direction, and actmospheric
stability. The model then predicts time-averaged concencrations at specific
locacions for these emission rates. These predictions are based on mathematc-
ical relacionships using empirical data corresponding to the particular
meteorological condition. This type of model does not attempt to describe
inscantaneous conditions but rather time-averaged conditions. Because they
are developed in terms of fundamental physical principles of general applica-
bility, simulation models have the important property of being ctransferable

* Farmer ec al. (1%80) describe mechods for predicting vapor movement through
sails.
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from ocne location te another {(EPA, 1973). Dispersion maodels ctypically do not
require monitored aic quality data except to fix initial or boundary condi-
tions, and for purposes of model calibrationm and verificatien.

A large number of air models have been developed. Models considered
here for the exposure assessmant mechodology were of two kinds: Chose
approved by EPA and included in the User's Metwvork for Applied Hodeling of Air
Pollurion, or UMAMAP series (EPA, 1981); and the ATM developed by QOak Ridge
Mational Laboratory, which is considered a "reference" model in the OQAQPS
Guidelines Series (EPA, 1978). The ATM has sewveral features that make it
potencially useful for dispersion modeling of toxie pallutancs. The current
UNAMAP package (UNAMAP-4) conctains 21 models; chey were developed for specific
applications, but have many features in common. All che models can be classi-
fied as sceady-state and semi-empirical, and are based on Caussian plume con-
cepts which assume that the plume disperses in the horizontal and wvertical
directions following & Gaussian concentration distribution. The differences
becween models arise primarily from variations in che treatmenc of: (a) plume
cise, (b) pollutant half-life, (e} diffusion Limitations due to mixing
heights, (d) source configurations, and (e) the dispersion coefficients used
to characterize plume growth.

Air dispersion models can be classed in three broad categories:
{a) screening models; {b) refined models; and {c) specialized models. For
most current regulacory problems, screening models are used in single analyses
to decermine maximum air qualicy impacts. The calculations are based on
assumptions that tend to overestimate actual concentrations. Screening models
also msy be applied to large emission inventories as an aid to determining
suitable levels of aggregation as well as co exclude insignificant sources
prior to more refined analysis. The refined models are typically employed to
determine air quality impacts in more complex situations. Refined models are
necessary when the interaction of many sources must be analyzed. The
specialized models category includes those that are approved by EPA for appli-
cation only on a case-by-case basis.

Descriptions of 16 selecred air models are given below, organized
according to these cthree categories. These descriptions highlight some of the
features and capabilities that differentiace the various models of che UNAMAP
series. Most of the UNAMAP models have a published user's guide that provides
a relatively complete technical description. In addicion, more detailed model
abstracts can be found in cthe EPA Environmental Modeling Cacalogue (EPA,
19825). Twelve of thesa models were selected for systematic amalysis of their
capabilicies, as showm in Table VI-6. Following the model descriptions,
eriteria for model selection and the accuracy and limitacions of models are
discussed.

1. Snranninl_nnd:Li

Point Source Model (PTDIS): PIDIS is a historical model thac may be
ysed to define the iLsopleths (i.e., equal areas) of constant concentration
from a single point sourca.
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Point Source Model (PTHAN): PTMAX 13 a historical model that has
been superceded by PTPLU (see the Zollowingl.

Point Source Caussian Plume Model (PTPLU): The PIPLU model 15 an
improved version of PTMAX. Applied to a singie point source, it is useful as
a screening model for guickly estimacing maximum l-hr ground=-level concentcra—
tions and the discance to maximum concencrations for varying combinacions of
wind speed and stabilicy ¢lass.

Point Source Model (PTMTP): PTMTP is a historical model thar has

been superceded by PAL or by using MPTER or ISCST with user selected meteor-
alagy.

Point, Area, Line Source Algorithm (PAL): The PAL model is an
enhanced version of PTMTP chat may be used Co esCimace short-term concan—
cractions (1l to ‘24 hr) Erom point sources, area sources, two ctypes of line
sources, and cwo types of curved path sources. The algorithm is not intended
for application to entire urban areas. It 1s suitable Eor small-scale

analysis of the impact of a single industrial facility or for evaluation of
fugitive dust sources.

Texas Episodic Model, Version B (TEM-8): TEM-8 was developed as an
alternative to the PTMTP and PAL models. It may be used to estimate ground-
level shorc-term (10 min te 24 hr) concentrations Erom point and area sources
in flat or gently rolling cerrain. TEM=-B differs from other models-in the
UMAMAP seriea in its ability to account for wvariability in the horizonctal
dispersion coefficients as a function of averaging time and scabilicy. As an
sddictional capability, it can yield more realistic creacmenca of plume
restriction beneach an elevaced inversion,

Texas Climatological Model, Version 2 (TCM-2)}: TCM-2 may be used to
estimacte long-term (seasonal or annual) ground-level concentrations in urban
or rural areas (TACB, 1980).

Gaussian Plume Dispersion Algorichm (VALLEY): VALLEY is designed to
escimate eicher 24-hr or annual concentrations in complex terrain. VALLEY and
two other models (COMPLEX I and COMPLEX II, which are variations of che basic
VALLEY algorithm) are the only UMAMAP models that will estimare concentrations
at receptors located above the stack height. The COMPLEX models, however, are
still under evaluation and have not been recommended for use by EPA. VALLEY's
treatment of plume impaction in complex terrain has been criticized. However,
it continues to be an EPA-approved option for screening air quality impacts in
complex terrain. It should be noted that VALLEY does not consider the lee
side effects created by significant terrain features, nor does it consider the
potential impacts created by terrain-induced downwash. In general, the
inherent difficulries associated with modeling pollutant dispersion in complex
terrain limit the applicabilicty of the VALLEY model.

1. Refined models

Single Source Modal (CRSTER): This point-source model is designed
to estimate ground-level concentrations due to emissions from up to 19 co-
located, elevated stacks on an hour—-by—-hour basis for an entire year. CRSTER
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may be applied in rural and urban settimgs, and will consider uneven terrain
as long as recepcor elevacions are not located above the lowest stack heighe.
In addition te providing estimates of maximum hourly concentration for each
day and 24-hr averages, CRSTER produces summary tables which include annual
mean concentrations, and highest and second highest 1=, 3=, and 24=hr con-
centrations.

Gaussian Plume Multiple Source Air Quality Algorichm (RAMJ): This
model is used primarily to escimate short-term (1l to 24 hr) concentrations
from point and area sources in urban areas. It may be applied in four ways:
urban short term, cural short cerm, urban full year, and rural Eull year. In
all modes, hourly averages are che basic unit for calculacing econcentra-
tions. The urban mode uses McElroy/Pooler dispersion coefficiencs, while
rural applicactions will access che Pasquill-Cifford dispersion coefficients.
Operacing in the full-year mode, it is possible to compute cumulative fre-
quency discribucions based on 24-hr averages for up to 1 year of daca at a
limited number of receptors. There are no provisions in cthe RAM model to
account for elevation differences between sources and rceceptors.

Hultiple Point Gaussian Dispersion Algorithm (MPTER): MPTER is a
multiple point source model that may be used co estimate hourly concencrations
o dverages over the cime peériod covared by the ioput daca. HPTER 13 very
similar to che rural veraion of RAM. However, unlike RAM, MPTER is capable of
adjusting for slight cerrain wvariations by considering differences between
source and receptor ground-level elevations. Receptor ground- level eleva-
tions cannot exceed the height of the lowest scack or be less than the Lowest
stack base elevacion.

Climacological Dispersion Models [CDM and CDM{QC)]|: Theses models
may be used to escimate long-term {usually seasonal and annual) concentrations
from point and area sources within an urban area. Two pollucancs can be
modeled simultanecusly, with the option of user-specified half-life values for
simulacing plume depletien., CDM{QC) is applicable in areas of flac or gently
rolling cterrain. It also has a calibration package and cthe capability to
produce individual source contribution lists, in addition to the capabilities
of CDM.

Industrial Source Complex (ISC): The most Elexible of the UNAMAP
series models, ISC can ba used in eicher short-term (ISCST) or long-term
(ISCLT) wversions for both urban and rural applications. It is applicable to
point, area, and volume sources; cthe latter may be used to simulate Lline
sgurce Cype induscrial process fugictivea. A user's guide for the ISC is
available (Bowers et al., 1979).

Some of ISC's potentially useful features are: (a) a procedure to
simulate building wakes and scack tip downwash effects; (b) plume rise due to
momentum and buoysncy as & function of downwind diatance; (c¢) time- dependeant
exponential decay of the pollutant; and {d) the capability to simulate gravi-
tational settling and dry deposition. 1ISC is the only model in the UNAMAP
series that incorporates the latter featwure. ISCLT is used as a component in
EPA's Inhalaction Exposure Modeling (IEM) system to link concentration modeling

capabilities with computerized meceorological and population daca bases (EPA,
1983a).
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Atmospheric Transport Model {ATM): This model is designed primarily
to provide long=-term (e.2., annual awerage) estimates of concentrations and
deposition of pollutancs released from a point or diffuse source. (It can be
used to calculate hourly estimaces.) ATM Has analytical capabilities to con-
sider washout and turbulent deposition. It does not have some of the featuras
of the more refined UNAMAP models, including: (a) stack tip downwash,
(b) building wake effects, and {c) Cerrain adjustments. Representation af
area and line sources is not as sophiscicated as in many ather UMAMAP models.
ATHTOX (Acmospheric Transport Model for Toxic Substances), a gaussian plume
model applicable to Mesoscale (0.1-50 km) studies, is used as the air com-
ponent in the Unified Transport Model-Toxics (UTH-TOX) developad by Qak Ridge
Hactional Laboratory Eor the EPA (Hedden, 1984). It can be used td estimace
annual average atmospheric concentrations and deposicion values resulcing Erom
gasecus or particulate ralesses. The program is in FORTRAM and is available
on magnetic tape from the National Technical Informarion Service {Kaufman and
Kinerson, 1985a). The ATH is accessible also a3 2 module in the EPA's multi-
media Graphical Exposure Modeling System (CEMS), and can be combined with
populacion data co calculace numbers of persons exposed at wvarious
concentcracions.,

1. Specialized models

COMPLEX T and [I: COMPLEX I and II are very similar to che MPTER
model excepc cthat cthey allow for consideration of terrain higher cthan che
lowestc stack heighc. Five options are available to address the inceraction of
4 plume with terrain. The complex terrain group of cthe EPA Office of Air
Quality Planning and Standards (OAQPS) at RTP suggested the algorithm for the
COMPLEX models. The only difference between COMPLEX I and II i3 in estimating
horizontal dispersion coefficients.

BLP: This model can estimate the plume rise and ground-level con-
centrations resulting from emissions from buildings by using roof monitoring
data. It was developed specifically for che glass, aluminum, and graphite
electrode industries, and its development was Ffunded by the Aluminum Associ-
acion.

BOXMODAD: This atmospheric area source model esctimaces concentra-
tions within an area containing many diffuse emission sources (e.g., mulciple
spurces, urban aresa). It also recrieves 1980 populacion data to calculate
exposura, BOXMOD is accessible a1 a module in EPA's GEMS network.

4. Criceria for model selection! In selecting & model(s) for a
particular application, Cive general aspects of the problem should be con-
sidered. These are! (a) pollutant charascteristics, (b) source type(s), (c)
geographical or land-use characteristica, (d) daca requiremencs, and (=)
averaging period.

Pollutant Characteriscics: Dispersion modeling of toxie air pol-
lutants should consider numerocus depletion processas (including wet and dry
deposition and gravitational seccling) that can vary with pollutant charac-
teristics. Unfortunately, the physica of deposition processes is incompletely
understood (EPA, 198l1). The current UNAMAP models (designed primarily to
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astimate concentrations for relatively scable criceria pollucancs such as
suspended particulates) are capable of only a fairly simplistic representation
of these processes, with the more refined models represencing plume deplecion
as & function of a hali~life term and travel time downwind. The ATM model
differs from the mpost refined UNAMAF models im that ic has che analyciecal
capability to consider wet deposition, Curbulenc deposition, and parcicle
resuspension. [n most cases the lack of daca available to specify deposicion
terms Limits the usefulness of chess features.

Source Typels): Source type and source-receptor configurations are
probably the most flexibly represenced ampect of the UMAMAP series. Models
are available to consider: (a) a single or limiced number of poinc sources,
(b) multiple point sources, (c) multiple point and area sources, and (d) more
specialized representacions including line and volume sources. In general,
when the dimensions of & stationary source are small compared to the distcance
at which concentrations are Co be escimaced, the source may be Creaced as a
geometric point. Hazardous waste Creatment/disposal Facilities subject to
BCEA will generally £ic this criteria, although a land surface disposal
activity or a wvery large landfill might require Treatment as area soucces.
(In practice, multiple close sources that emit small amouncs of criteria
pollucants are often aggregated and treated as uniformly emicting area sources
since their number and highly wvariable emission races preclude treatment as
individual sources.)

Geographic and Land-Use Characteriscicasi Several geographical and
land=use characteriscics should be considered in seleccing a model Efrom che
UNAMAP series (EPA, Ll98l1). A primary consideration is whether the area of
interest is predominantly urban or rural. Some of the models are applicable
only to rural areas, others are appropriace only for urban areas. Some of che
morea refined models are both urban and cural (oprions with the primary dif-
ferences in the two modes being (a) che choice of dispersion coefficients used
to characterize the plume behavior, and (b) the treactment of meteorological
parametars such as atmospheric stability and mixing heights). Another key
geographical consideration involves study area terrain. Many currenc disper=
sion models are based on empirical data that were collected in flact, open
terrain, and are thus most applicable to these conditions. Several of the
models do actempt to account for the effects of uneven terrain by considering
differences betveen source and receptor ground-level slevations. The VALLEY
nnd!ld has been designated as applicable for screening analyses in complex
terrain, although its treatmenc of plume impaccion in complex terrain has been
widely criticized, and thus its applicability must be considered limited. A
more microscale land-use consideration that may be imporctant in seleecting a
model is the presence of buildings or ocher obstacles adjacent to cthe
source. The more refined UNAMAP models have limited capability to treat the
wake effects created by such features.

Data Requirements: All models require information on the sources to
be modeled and the metsorological conditions to be examined (Holzworech, 1972).
For area sources, the models require a4 description of the size of the area and
the emission rate. In many applicationma, source data can be obtained as
emisgion factors from che "Compilation of Air Pollutant Emission Factors” (AP-
42 as revised) (EPA, 1983b). For point sources (e.g., an incineracor stack),
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the models require the emission rate of one or more pollutants, the height of
releasa, the diameter of the stack, the exit velocity of the gases, and the
temperature of the gases as they are released. In some applications, a flow
rate may be raguired instead of stack diameter and velocity] multiple point
models require a location for each source. If downwash is considered, the
dimensions of an associated building will be required.

Many rouctine applications use data from nearby locations, such as
airports, WNacional Weacher Service scacions, and milicary installations co
represent cthe atmospheric conditions for che area of interest. The primary
source for surface and upper air meteorological data is the National Climacic
Center (Asheville, W¥orth Carolina). Long=term models use & climatological
summary of atmospheric conditions, commeénly referred to as a "STAR" deck. The
STAR deck summarizes meteorological conditions in terms of joint fregquency
distributions of wind speed, stability class, and wind direction. This infar=-
mation has been developed for many locations in the United 3tates and is alse
available Erom the Wational Climacic Center.

Averaging Period: Averaging period probably will be one of che
ma jor criteria used 1n model selecticn. The basic Caussian egquation calcu—
Lates & short=term coocenbration representative of abour 10 mim te 1 hrs
Hourly data are the basic calculation input for shocrc-cerm modeéls. The con—
centration estimates are often averaged for 3=, B-, and l4-hr periods. GCen-
erazlly, it is also possible to use a Eull month, seéason, or year of hourly
values to produce long-term escimactes. A3 an iLnexpensive alternative, some of
the models use an integrated form of the basic Gaussian equation and a
acatiscical susmary of che meteorslogical data (STAR tabulacions) for rapid
calculation of annual averages. These models are referred to as "long-term"
or "climatological"™ models and are typically used to calculate l-, I-menth, or
annual averages.

5« Accuracy and limicacions of air models: Three major factors
influence the accuracy of air quality simulacion models according to che
American Meceorological Seciecy (AMS, 1978, 198l). These are: (a) the capa-
bility of the algorichms to reproduce the important physical and chemical
processes; (b} the qualicy of the emission dataj and (e} the quality or appro-
priaceness of the meceorological daca. The overall accuracy of the Gaussian
dispersion model will be dependent wuwpon cthe specific application. The
Gaussian model will perfarm best under the conditions used to form the basis
for the current models. These conditions include: (a) low-level, centinwous,
nonbuoyant emissions, in simple terrain; (b) near neutral stabilicy, steady
and relatively homogensous, and wind field; and (ec) local, short-term, concen-
trations of inert pollutancs.

Under these relatively simple conditions, "factor of twe" agreement
between predicted and observed concentrations is probably realiscic. This
estimate of accuracy assumes that the controlling meteorclogical paramerers
are megsured on-site, an assumption that in many practical applications 1s not
valid, At present, routine dispersion modeling applications often rely on
ground-level observarions taken hourly at WS airport sites. These observa-
tions are intended primarily for aviation needs, and are not particularly well
suited to dispersion problems.
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Mateorological data requirements are substantial for diffusion
modeling from point sources (AMS, 1980). With a completa range of meteoro-
logical measurements and correspondingly accurate emissions data, CLrue con-
cgntractions for the simple dispersion case can probably be estimaced co wichin
+40% (AMS, 1978). Complicating Eeaturas in the specific applicacion can sub-
stantially increase the uncertainties in the results. Such features include:

L. Aerodynamic wake flows of all kinds.

2. Buovant Eluid flows and accidental releases of heavy coxic
gases.

1. Flows over surfaces markedly different from those repressnted
in the basic experiments, e.g., forests, citlies, water, rough
tarrain.

[ Dispersion in extremely scable and unstable condicions.
J. Dispersion at great downmwind discances (> L0 te 20 km).

Significant improvemencs in dispersion modeling will require more direct
observational unowledge of dispersion under these conditions. Model users
should be aware that the capabilicies of the current UNAMAP series rtao repre-
sent these features are based on & few special case studies.

Parhaps the most difficult situacion co model with any accuracy
would invelve a Llow-level accidental release of pollucants. Here, uncer—
taincies in the source emission rates probably would be the domipant factor
determining accuracy of the concentration estimates. In this case, the cime
and space distribucion of concentrations would be as important as overall
concentration levels, Order of magnitude estimates of concentratlonm within
the area covered by the effluent may represent reasonable limics of accuracy
for the hypothetically "perfecc" model.

All of the preceding examples refer to short=-term concentration
estimates for point sources, MNo estimaces of accuracy are available for cases
where the basiec point source model is extended (with modifications) to the
prediction of dispersion from large area sources, or for long-term average
disparsion. More confidence generally can be placed, however, in lomg=term
predicted concentrations than in short-cerm predictions of worst case impacts
(EPA, 1980). Khalil and Hasmussen (1985) have reviewed modeling of chemical
transport and mass balances in the actmosphere.

E. Ecological Models

Ecological models for the cransport, dispersion, accumulation,
degradation, &tc., of chemicals in environmencal biomsss are at a rudimencary
stage of development compared to the single media physicochemical models
discussed in preceding seccions. Attempts to develop models for complicaced
biotic systems ara a relactively recent endeavor (Travis, 1985}, but

Pritchard's extensive review of microcosm and model ecosystem studies cited
over 200 references {(Pritchard, 1982).
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Ecological models can be classified in two cacegories according to
the kind of simulacion used (NAS/NRC, 19753):

Laboratory and field microcosm models - These are smpirically based
models developed by abservations on systems of a small number of apecies of a
small area under reasonably controlled physical, chemical, and biological
condicions (e.g., bench-top systems, small ponds, and test plots).

Theoracical - These models usually dre computer simulations of the
tima—dependent behavior of ecosyscems and subsystems based on mathematical
expression of assumed inctarrelationships and input data.

To a considerable extent, ecological models have focused on potencial impactcs

on organisms rather than on the gquantificaction of Ctransport and Eate
processes.

Qualicacive and semiquancicacive ecosyscem models have been de=
scribed in the literacure for several specific chemicals, such as persistent
organics, heavy metals, and radionuclides (Whice and Burton, 1980; Travis,
1985). They focus primarily on food chains, particularly those Lleading Erom
agricultural or industrial practices to yield serious exposures fto humans or
predator species at the top of the chain. Quancicacive models. cend co be
applicable to specific chemicals in carefully defined systems. Machematical
pharmacokinecic expressions can describe uptake or decomposition rates {much
as in chemical kinetics) for simple organiams or populations, but generally
are not applicable to a complex environmental population. Models that rou-
tinely treat such processes as metabolism and biotic Etransfers acrosd média
generally are unavailable.

Daca requirements Eor ecological models are substantial and can
include uprake ractes by organisms, mectabolic reactions and rates, bicaccumu-
iation (bicconcentracien) or biomagnification rates, and interbiotic/incer-
media cransfer mechanisms and races. For even a simple ecological model, all
the data needed for a specific chemical may not be available, and estimation
methods for missing dacta (e.g., use of structure-activity relationships) may
be inadequate for gquanctitative modeling.

F. Intermedia and Multimedia Models

Most early research toward the development of transport and face
models Efor environmental contaminants used a single medium approach. HMare
recently, & serious need has been recognized for models that could accommodace
intermedia transfers of contaminants and that could yield multimedia exposure
assessments. One approach to developing incer/multimedia models is to Llink
selected existing single medium models in a way thac reflects the sequential
and parallel processes that actually occur in nature. The UTH, described
under water runoff models, was one of the first such models {see below).

Multimedia models can be divided into two classes: screening and

gice—specific. The data needs for sultimedia cransport and exposure assess—
ment models are extensive. Hedden (1982, 198&) has reviewed the data needs,
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which c¢an include hydrologic and meceorologic daca, site-specific media
properties, and chemical-specific transfer parameters.

Screening models - These models ‘are used when the data base on the
chemical and its receiving environmenc are inadequate. The simplest of these
are partitioning models chat assume & pollutsnt is partitioned (usually ac
equilibrium) becween environmental media; -examples are ENPAAT, dJdiscussed
below, and two models developed at Arthur D. Litrle (Lyman, 198l). A more
complex model i3 TOX-SCREEM, also discussed below.

The Environmental Partitioning model, ENPART, uses fugacicy equa=
cions to estimate racios of chemical concentrations in air, water, and soil
under equilibrium or dynamic (incermedia transport and cransformation)
conditions (Wood et al., 19B1). The model provides a first-level screening
analysis of a chemical and its partitioning in the environmenc. It is an
interactive or batch model with the ability to receive a minimum set of imput
data for the physical chemical properties of a compound and calculate other
proparties required using correlations. It also has the ability to receive
input of degradacion and ctransfer rates or to supply default wvalues. The
interactive mode allows sensicivicy analyses of wvarious parameters of a
substance to be performed quickly and easily.

TOXSCREEM is a scresning level muitimedia model, developed at Cak
Ridge Mational Laboratory for the U.5. EPA, Office of Toxic Substances, Co
assess the potential face of coxic chemicals released to air, surface water,
or soil. The model is said to be simple in nature and is intended co be used
as a screening device to identify chemicals that are unlikely to pose
environmental problems even under conservacive assumptions. It incegraces
SESOIL with other analytical models to provide a profile of chemical concen-—
trations in multiple media surrdunding a release site. Ir accouncs for in-
cermedia Ctransfer by wvolatilizarien, disposition, runoff, and parcolacian
{McDowell-Boyer and Hetrick, 1984). The program, wricten in FORTRAMN far che
DEC VAX 11/780 computer, is available on magnecic tape from the HNational

Technical Informacion Service Computer Products (Kaufman and Kinerson,
1985k).

Sicte-specific models - These models include two versions of the UTH
and CEMS which can be used in either screening or site-specific applics-
cions. The Unified Transpert Madel, UTH, is actually a group of models from
which selected models are used in series, the output of one serving as the
input of the next, to provide a mulctimedia model for a given study problem
(Hedden, 1984). The UTM model requires data on temperacturs and dewpeoint,
hourly precipitation, daily wind speed, soil and vegetation characteristics,
and watershed copography, in addition to data on the metal being modeled. The
UTH model requires site-specific application. UTM was limited in its original
version to trace metals (Munro, 19768), but has recently been modified (as UTH-
TOX) to accommodate organics {(Patterson et al., 1984). UTM-TOX is said to be
capable of addressing pollutants from point and nonpoint sources, dispersion
in different media, wet and dry deposicion, surface and stream flows, soil

erosion, and percolation through the seil to groundwdaters or surface wacers
(Travis, 198%).
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The CGraphical Exposure Madeling System, GEMS, is a network of meodels
assembled by EPA's CEfice of Toxic Substances for assessing potential human
eXposured Co Coxlc substances from production of proposed new chemicals or
from existing produccion. The system can integrate seaveral data bases and
modais. GEMS can estimate, if necessary, the physical and environmental
properties of a chemical from ics sCructure-properties data base, and <can
utilize site-apecific data on environmental characteristics to estimace
transport and transformacion races. Hodels accessed through CEMS included
ATM and ISC for point and artea air emission sources; SO0XMOD for diffuse urban
emissions to airj EXAMS for surface waters; SESOIL for cthe unsaturated soil
zone; ATL23D and SWIP for groundwacer transport; and ENPART and TOXSCREEN for
intarmedia and multimedia phenomena. GEMS can ucilize locacional data for a
relesse site and access 1980 U.5. Census Bureau populacion/demographic daca co
predict exposure concentrations and numbers of people exposed to air polluc-
ants via ATHM-SECPOP. GEMS also contains three subsystems for estimation of
physicochemical properties (ineluding biocconcentration factars) for chem—
icala: CHEMEST (development by A. D. Litcle Company), AUTOCHEM, and CLOGP3.
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VII. EXPOSURE PREDICTION

Exposure prediction involwves using selected chemical and demographic
information to estimate which and how many people (or ocher populations and
values of concern) could come into contact with the environmental contaminancs
being studied and for what period of time. It combines information from che
environmental transport and fate analysis on the concentrations of the contam—
inants with appropriate information from demographic and other peopulacion
studies, and estimates the overlap of contaminants and populations in space
and time. [t requires concurrent consideracion of where people live, work,
and play, and of the routes, concentracions, frequencies, and durations of
exposures to which they might be subjected.

A. Populations Pocencially Exposed

Comprehansive assessments of the effects of environmental concam—
inancs can require consideration of exposures of several kinds of populations
and subpopulacions. Populations can be considered conveniently in five gen-
arally discinct classes as follows:

. Workers at sites where contaminants originacte or are being
handled in large quantity.

. Members of the public whom the contaminant may reach.
. Macural populacions of flora and fauna.
- Plants and animals of agricultural, commercial, and aesthetic

value (e.g., crops, forests, fisheries, ornamencals).

" Other objects of economic or aesthetic value (e.g., corrodable
paints, structural macerials, and works of arc).

The following discussion briefly addresses occupational exposures, but focuses
on exposures of the general public. ®esources did not permit further discus—
sion of other kinds of exposures suggesced above, but many of the principles
noted under general populacion exposurss also apply to them. In most deci-
sions at EPA, exposures of humans to hazardous substances are Likely co be the
Primary CONCEEN.

l. Occupational exposures: Workers at facilities where hazardous
substances are present at high concentrations and in large quantities can be
significantly exposed to such substances if proper safeguards are not main-
tained. Many studies have been made of occupational exposures at plancs that
produce, formulate, or use any of hundreds of commercial chemicals. Guide-
lines and regulations for worker exposures have been established by industry
and government for many chemicals., For example, the HNational Inscitute of
Occupational Safery and Health, several induscrial firms or trade associa-
tions, and some unions have compiled data on Cypical exposures, basad on
analysis of air or materials in the work place or of body fluids of wvorkers.
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The American Conference of Governmental Industrial Hygienists, the Occupa=-
tional Safecy and Health Administracion, and in some cases state or local
agencies have published guidelines or standards.

Workers involved in creating, handling, transporting or disposing of
hazardous wastes at TSDFs generally would be covered alsc by regulacions om
specific chemicals, although potential exposures may not be well documentced,
particularly when complex mixtures of chemicals are prasent. Workers involved
in spill cleanup or corrective actions can also be exposed. Worker exposures
tend to be site specific and are difficult to estimate quancitatively. They
can vary with the chemical and physical natura of the materials being handled,
the technology being used, and control measures and Craining programs in
place. They can vary with the particular job or work statiom at a given
facility and the individual's use of available control measures and prescribed
practices (e.g., use of dust masks). The primary route of exposure is Likely
to be inhalation, but absorption through che skin, and hand-to-mouth Ctransfers
are also possible.

The assessment must idencify the cCypes of workers exposed, the num—
ber of each type, and the frequency, intensity and duracion of exposure to all
relevant toxicants. [n addition, secondary exposures of worker's families can
occur occasionally when coxicants are carried home on worker's clothing or
bodies. While such exposures are probably small for workers in well-run
modern manufacturing plancs, this possibility should not be neglected in an
assessment of hazardous waste disposal facilities.

2. Ganeral population exposurss: Mambers of cthe general publie
can be exposed to hazardous substances in several ways. The present discus-
sion will focus on exposuras Co contaminants moving through environmental
routes and will not include exposures to chemicals used directly in the pro-
duccion of foods, madicines, or consumer products. Assessments of exposures
to environmental contamimancs must consider chree Eaccors: where people live;
where they work; and orther Llifescyle [actors thact might increase axposures.
Exposure routes Chact must be considered include inhalation of contaminatad
dusta, miscts and wvapors, ingestion of comtaminaced wacer, food, beverages or
other substances, and dermal absorption following concact with contaminated
subscances.

In assessmencs involving hazardous wasces, actencion usually will be
directed to che TSDFs as pocential poinc sources of contamination. In some
cases attention musc also be given Co Cransportaction accidents cthat would
cause additional point (or possibly nonpoint) sources. In either case the
environmentsl cransport and fate studies or modeling runs will have provided
information on the spread (baoth geographically and aver time) of the pol-
lucants from the source through the &dir,; surface water, groundwdters, and
other environmental compartmentcs.

For air emissions, dispersion of the plume over residential areas
would lead co inhalacion of pollutancts. Inhalation at site-specific commer-
cial or institutional facilities may require consideration in some cases, and
alternacte exposure routes (such as deposition of pollucants on foods or sur-
faces) may require attencion in ochers. For pollutancs entering surface or
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groundwaters, contamination of water supplies could lead to ingestion of con-
tamipants in drinking water and foods or beverages. Private wells, public
water supplies, and both home and commercial food processing should be con-
sidared, For some pollutants absorption through cthe skin during bathing or
other contact and inhalation of chemicals wvolatilizing in the shower may
require consideracion. [n som# cases lifestyle factors such as daily commuc-
ing through a dispersion plume or frequent recreational activicies in poten-
tially contaminated lakes or parks may need to be considered. A preliminary
analysis of the geographical distribution and population distributions then
decermines the major exposure routes and populations that should be analyzed
quancicacively.

Civen the geographical boundaries of the pollutanc's dispersion
(coordinaces of latitude and longitude) from che source site, & detailed popu-
lacion profile can be developed for the study area., The U.S5. Bureau of the
Census data provide one useful starting poinmt, the most recent being the 1980
Census of the Populacion. In ic, populacion enumerations are broken down by
urban and rural areas, age, race, sex, commuting patterns, and household
dara. All data can be related to coordinates of latitude and longitude, bur
the level of specification will be less in rural than in urban areas (DOC,
1983). Because pollutancs follow natural pactterns racher chan political and
stacistical boundaries, che Census enumeracions will ofcen have te be splic ko
develop the populacion profile.

Several data bases besides thac of the U.5. Census Bureau can cor=
relace their data by latitudes and longitudes. Some models contain programs
that access population data bases. For example, using GEMS, the ATM model ia
coupled with the Sector Population (SECPOP) program to recrieve 1980 popula-
tion data. The model calculates the average annual concentration and exposed
population for directional sectors radiating from the emission sources.

State agencies are another potentially wvaluable data source. Host
stace geology and land survey divisions work closely with the U.S. Caclogical
Survey (USGS) and publish water supply and water resource information. Land
usage information can be obtained from local governments or planning commis-
sions. Local planning commissions may be able co provide current and pro—
jected community growch in the study area. Table VII-lL liscs sources of
certain specific data related to exposed populations.

Several U.5. government agencies and EPA divisions are currently
teying to use the EPA's REACH File as the standard geographic coding mechanism
for data storage. The EPA's Federal Reporting Data System (FRDS) lists
- 60,000 community water systems of which - 30X obtain at leasc some of their
water supply from groundwater. In some cases, on-line wacer treatment such as
granular activated carbon is indicated; this would be a modifying Eactor in an
exposure estimate. The USG5 Groundwater Site Inventory Eile lists privately
owned wells and springa.
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TABLE WII-1

SPECIAL DATA SOURCES TO ASSIST IN PROFILING A POPULATION

Data Bases

Cepsus

Orinking Water
Supply File

Groundwater Site
Inventory File

Inventory of Public
Water Supply

REACH File

STAR apd Ground
Conditions

Degcription of Imformation

Demographic characteristics; in-
cludes commuting patterns and
equmeration by school distict

Prowvides locatioms of water
utilities, intakes, and sources

Lists locations af public and
private wells and sprimgs

Lists detailed imformation about
60,000 community water systems
and 160,000 transient water
systems

Lists the intersections of
rivers with tributaries, lakes,
and other water bodies

Contains wind distribution
(rose) data, dominant wind
direction, precipitation and
temperaturs
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Contact

U.5. Bureaw of
Census
3R1=-763=-7315

EFA
202-382-7045

USGs
T03-860-6031

EPA
202-382-3551

Monitoring Branch
EPA

202-382-7074

National Climate

Center, HC
NOAA
T04=-258-2850



Limitarions on profiling the population effectively are: (a) the
gqualicy and completeness of the data awailable; and (b) che ability to s$pecify
pertinent subpopularions and to obrain geographically coded information.
Extrapolated data from other areas may be useful, ac cimes, in supplemencing
the development of the population profile. Daily human activicty patterns and
short~term population fluctuations such as commuting patterns, school hours,
etc., may also need to be veighed, but are difficult to quancify confidencly.

Since cthe intensicy of health effects could be compounded for indi-
viduals in the general population who are unususlly sensitive to the pollucanc
of concern, the presence of such individuals should be noted for consideration
in the healch impact analysis. Background healch data, some of which is
regionally and locally specific, are awvailable through the Macional Center For
HEalt@ Statistics, Center for Disease Control, and state and councy healch
agencies.

B. Estimated Exposures

The estimacion of exposures involves two phases: (a) development of
exposure profiles for populacion groups; and (b) incegration across population
ETOUpE .

| Exposure profile: An exposure profile must be developed for
each of the identcified axposed population groups. This profile should iden—
tify chree characteristics of the exposura: '

. Route of exposure! air, water, foods, soil, or other rouces

= Time over which exposure will occur: Etime to onset and dura=
tion

= Concentration of contcaminant received: concentracion by rource

and variation over time

Average rates for intake of air, water, and food for humans are
available (3ee Table VIII-2). Estimaces of che incake of concaminaced soil in
different activities by children and adults have also been published (Hawley,
1985).

1. Exposure integration: The exposure incegraction process
involves aggregating exposurs co the extent possible over routes, concentra=
tions, cima, and populacion groups. The degree of aggregation that is reason-
able can depend on several aspects of the contaminancs. The toxicological
properties of the chemicals of concern will be particularly importanc, buc
physical-chemical properties and route of exposure may also require consider—
ation.

For example, if the chemical is nonvolatile and the health effecc of
primary concern is lung cancer after prolonged inhalacion of it as a dust,
then exposures via drinking water probably should not be routinely aggregated
with those from air emissions to calculate the tocal axposure. Similarly,
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dermal exposuras to a chemical that can be readily absorbed from water would
be dissimilar to dermal exposures if it is tightly adsorbed on dust particles,
and the two should noc be roucinely summed. The toxicological literature
documencs many examples in which the health effects differ depanding on the
dosage route. In other cases, however, cesponse i3 similar for different dose
routes. For long-term, low-level environmental doses to most chemicals, expo-
sures by different routes usually are assumed Co cause similar responses in
the absence of information co the contrary.

Aggregation across population groups requires considerable care. In
particular, if exposures vary widely across groups, the "mpst exposed groups
or individuals {(MEIs} should ba identified, They generally should not be
aggregated wicth all other groups to calculate an aversge or mean exposure
level. The reason is that most of the adverse healch impacts could be
incurred by a small number of highly or frequently exposed persons. The
validity of this reasoning is most easily seen For a chemical with a well-
defined threshold exposure level (i.e., only exposures above threshold cause
adverse effacrs). It alsoc holds true, however, for affects such as cancer
that are assumed not to have threshold exposures, because the uncertaincy
range of escimated healch effeccs usually increases raplidly as exposures
decrease from those reported in toxicological or epidemioclogical studies used
as reference poincs.

Aggregation across time also reguires care in that some healch
effects are associated primarily with shorc-cerm exposureés at relacively high
concentrations, while others are associated wicth long-term {even lifetime)
exposures at lower levels. Hence, populacion groups with substantially dif-
farent cemporal aspeccs of exposure should be treaced separately in the health
effects escimacion and should not be aggregated in cthe exposure prediction.

In summary, the incegraced exposure assessment tabulates all signif-

icant populacion groups according to cthe relevant environmental dose that each
is estimaced co receive.
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VIII. HEALTH EFFECTS PREDICTION METHOOS

Risk assessmencs involving roxic substances require predictions of
the type and degree of adverse healci effects chat would likely resulc Ecom
given exposures. Such predictions require first a review of appropriate epi=-
demiological, toxicological, biochemical, and octher healch-related licerature
for the chemicals involved in order to identify cheir effeccs on humans, other
species, or other test systems under known copditions of exposure. They
require, secondly, an evaluation of methods for extrapolating healch effects
from the known conditions to thosa of the problem ac hand. The most appro-
priate prediccive methods are chen applied toe the information from the litera-
ture to escimace Che probable effects under expected conditions of environ-
mental exposures.

This chapter characterizes che health effects daca base typically
available for chemicals of inceresc, and the models that have been proposed
for health effeccs predictions. The discussion is broad, but not exhauscive,
It is intended to five che reader an overview of cthe strengths and limicacions
of cthe field. Good recent reviews of most of the topics covered are available
elsewhere, e.g., NAS/NRC (1975); OTA (1979, 1981); Richmond er al. (198Ll); CHMA
(1984); Clayson et al. (1985); Ricci (1985); Woodhead et al. (1983): OSTP

(1985). It provides a basis for the general mechodology described in Chap-
ter X.

A. Characreriscics of Health Effaccs Daca

Virtually every chemical has the potencial to produce adverse health
affeccs in biological arganisma if adminiscered in sufficient quantity over a
sufficient period. The nature and degrea of toxic response depend on the
chemical, the conditions of exposure (e.g., rouce, concentracion, duration),
and the nature and condition of the receptor organism. The literature con-
tains information on many kinds of adversa health effeccs from a large number
of chemicals under a wide range of scudy condicions, including different
rouces and temporal pacterns of exposure, different degrees of concrol over
exposura, and differenc cest species or biological systems. A risk assessment
of potential environmental exposure to a given chemical, ideally would usae as
a reference the resulcs of one or more carefully controlled studies made under
test conditions wvery similar to the envirommentsl conditicns. Pracclcally,
howewer, such idesl reference studies seldom are available, and the anmalysc
must draw on 4 more extensive literature Cto predict poctential adverse healch
impacts.

Several approsches are used in toxicity studies, depending on the
properties of the chemical of interestc, the health effect of concern, the type
of information desired, and the resources of the researchars. For axample,
rapid effects of inhslacion may be of primary concern for a nevw gaseous indus-
trial chemical, while long-term effacts of ingestion would need to be known
for a food additive, and the mechanismsa of DNA interaccion might be of
interest for a known mutagen. Since information developed by differenc
approaches is complementary, information Erom one or more specific studies on
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a given chemical and the substancial body of background health effects infore-
mation often will be needed for predliccions.

L. Types of exposures: Exposure to a toxic subscance occurs when
the substance is present ac the intérface betwesn a bioclogical organism ar
test material and ics environment, e.g., When the subscance i3 in alr we
breathe, in food, wacer, or other liquids we ingesc, or in macerials we use ar
contact. Exposure subjects may be humans, laboratory and domestcic animals,
microorganisms, cellular preparations, or pertinent biochemical test systems.
Exposures can be controlled and known, &s is usually the case in pharmaco-
logical or tcoxicological studies with humans (e.g., of medicinal or consumer
products) amd in toxicological studies with nonhuman species and other biclog-
ical component systemsj or they might be uncontrolled or uncertain, as 1s the
case of clinical reports or epidemiological studies of humans exposed to con=
taminancs in che workplaca or through foods or the environmenc.

In concrolled scudies, cthe substance may be adminiscered in air,
food, or water, by gavage (by tube into the stomach), by injectionm under the
skin {subcutaneocus), or inte a body cavity (e.g.. incraperitoneall). The
adminiscered dose is cthe amounct of substance thac actually contacts or enters
che organism through bodily membranes or portals. The total administered dose
in a study is a product of the concentraction of the substance in its carrier,
the volume of carrier crossing the interface per unit rime, and the frequency
or duration of dosage. In many cases, however, the toral administered dose is
not too useful a measure for making comparisons, and reaponse will be reported
as a function of simpler variables such as concentracion mass or time. In
other cases, particularly if the substance i3 rapidly excreted or mecabolized
by the organism, the concentration of the substance in the blood or at the
affecred organ site may be a more meaningful measure, and will be reported ss
the delivered dose or the effective dose.* The delivered or effective dose
can vary depending on the route, carrier, and timing used for the administered
dose, and also with the cest species atr a given dose. The concentration aof
toxicant at the site of action on a cellular level most often is not linearly

relaced to the administered dose; a sigmoidal (S-shaped) relacionship is com-
mon .

Foar environmencal contaminants, cthe term envirommental dose is
analogous to the administered dose in concrolled scudies. (Unfortunately, the
cerm “exposure” often is used also in a quantitative sense for environmental
dose.) As in controlled studies, the effective environmencal dose and hence
the response, can depend on the conditiona of exposure.

The temporal characteristics of exposure can have significant effect
on the magnitude and even the cype of response. For example, the effects of a
Large single dose of alcohol may be readily apparent (inebriacion, and pos-
sibly death}, whereas the same quantity administered over many days may have
little effect. On the other hand, some subatances administered Erequencly at
levels without obvious effect may accumulate in certain organs and cause

* The term "effective dose™ occasionally is used to mean "minimum dose
causing the effect," which is more often called a threshold dosa.
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subsequent adverse affscrcs. For humans beoch short-term and long—= Cerm expo=
sures can be important.* The tradicional series of coxicological studies with
laboracory animals includes acute, subéhronic and chronie exposures, and
special studies which can address effects ac cercain developmental stages ar

in subsequent generacions following exposure (see Animal Studies below for
further discussion).

2. Types of effeccs: Toxic effects have both qualitative and
gquantitative aspects. An Lncrease in the number and severity of affects can
occur with incressing exposures; an increase in the prevalence of a given
effect {or respanse)} with dose can be of primary interest ac cCimes.

a. Effmors of concerm in risk assessmentc: All significant
adverse human health effects (end points) should be considered in risk assess-
ments. These include effects usually seen as a result of long-term {(chronic)
axposures, and those seen after shorter exposursas. The health effects of con-
cern include general coxicity: effects on digestive, respiracory, or cardio-
vascular systems; effects on central nervous system (neurocoxicityl: effects
on the Lliver (heparotomicicty); effmccs on rthe kidney (renal or nephra-
toxicity); and growth and development rates. Other health effects of concern
will also include: woncogenicity (causes tumors of any kind), carcinogenicity
{causes cancer or leukemia), mutagenicity {(causes mutacions), embryotoxicicy
or Eertotoxicicy, teracogenicicy {(causes deformed fectuses), induced starilicy
or decreased reproductcive succeas, adwerse behavioral effects, and cellular or
subcellular effects. Table VIII=1l summarizes the range of effects of poten-
tial concern.

The litersture will contain a wariecy of information and daca,
including observations and experimental resulcs involving exposures of humans,
animals, or other test organisms or subscances, and conclusions regarding the
range of adverse health-related effeccs. Different chemicals may produce dif-
ferent characteristic adverse effectcs, but a given chemical may also produce
several different effects (one or more nonlethal effeccs and perhaps deach) in
different dosages and exposure situarions. EPA has proposed guidelines for
assessing the risks of carcinogens, mutagens, and developmental toxicants
{Anderson et al. 1983; EPA 1986a, 1986b, amd 1%86c)., The literatura can be
inconclusive about whether a chemical causes a given effect, particularly
cancer. The international agency for research on cancer established guide-
lines for evaluacing evidence of carcinogenicity, and has reviewed available
avidence for many chemicals and classes of chemicals in a series of reporcs
(IABC, 1977).

b. Measures of response: Biological response data are
reported in one of three ways!: quantal, graded, and continuous.

Quantal (dichotomous) data are based on a "yes-no," "all-or-

none” determination of a specified end point. A cest subject has the effect

* For example, both 15-min peak exposures and continuous, Llower—lavel
exposures may be addressed in setting workplace standards.
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TABLE VIIT-L

ADVERSE HEALTH EFTECTS THAT CAN BE CAUSED BY EXPOSURE
TO SOME CHEMICALS

Debilitating Effects

Allergies

Asthma

Arthritis

Behavioral disorders
Cirrhosis

Dermatological disorders
Emphysema
Endocrinological disorders
Immunological disorders
Neurological disorders
Renal disorders

Severe weight loss

Reproductive and Genetic Effects

Sterility or decreased fertility
Miscarriages and spontaneous abortions
Reduced weight or wigor at birth
Teratogenic effects

Hutagenic effects

Frequently Fatal Effects

Cancer and leukemias

Central nervous system disorders

Severe respiratory or gastrointestinal distress
Heart and circulatory disease

Liver function loss
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a¢ LE does port. Data are reparted, for example, as percent of subjects dead,
percent with cancer, or percent with skin irritation. Quantal data dre used
excensivaly for toxicological comparisons, particularly as indices of potency.
Best xnown of these is the lethality index, the LDg4, which is the quantity of
substance which kills one half of the tesct subjeccs (i.a., the median dose).
The LDy is usually scaced as milligrams of substance per kilogram of body
weighe of subject (mg/kg) but can be in other units. The LDg,; is usually one
of che firsc coxicological paramecers decermined for a chemical, but ics value
often varies wich che species, strain, and che sex of the cest animals, and
between laboratories. Oral LDg,'s are usually lower than dermal LDgy's, but
higher than intrapericoneal LDg5's. The LDg, is one of the most reproducible
of toxicological parameters, but a cwo-fald variation between species (or at
timas betwesn test groups of the same species) is not uncommon. For some pur-
poses, knowledge of other toxic dose levels may be desirable, such as the LD,
ar Thgq (causing 50% tumorigenic response above background dose). Quancal
data are used ino most of che common risk extrapolacion models.

Graded data are based on a step response concept of severity of
the response, 8.g., absent, minor, moderate, severe, very severe. The graded
formar is not used extensively to report toxicological data (pachological
reports on lesions are one exception). Graded data are considered to be a
subset of quantal dacta by some authoricies (Klaassen and Doull, 1980). 1Inm
quantitative risk assessment, graded data usually would be transformed into
gquantal data for use in extrapolation modals.

Continuous data are often based on the degree of response
within individual test subjects, as well as among individuala. Typical daca
in the continuous response format might include! percenc loss of weight;
changes in performance or behavior} percent cholinesterase inhibition or
carboxyhemeglobin in the blood; or percent reduction in respiratery function
or sperm levels. Alchough such end points can be quanticacive, they are not
necessarily direct measures of toxicity, or may not reflect basic ctoxicity
mechanisms.

3. Types of dose-response r=lacionships: [f exposure to a sub-
stance causes a given adverse effect, then the relacionship betveen the dose
and the measured response will usually take one of a fev familiar patterns. A
graphical presentation of gquantal data usually will shov a nearly linear rela-
tionship between response and dose (or logarichm of dose) in the midrange of
the ploc.* If data are taken ac sufficiencly low doses, the line usually is
found to have convex curvature.** The upper portion also may be appositely
curved to give a slightly sigmoid (s-shaped) curve (the typical inregrated
normal discribution curve) as shown in Figure VIII-1A. Two good midrange daca

*# pDose-respondent data are sometimes specified as dose-incidence for gquantal
data and dose-effect for graded or continuous data.

** Convex curvature ofcen 1s called upward or sublinear curvature and concave
curvature called downward or supralinear (OTA, 198l; Bickis and Krewski,
1985). One can find, however, an extrapolation to wvery low (or high)
doses thar exhibits concave curvature described as sublinear (NRC/NAS,
1983), and even the combination cerm "concave upward" (NRC/WAS, 1975).
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points (i.e., becwesn aboutr 16 and B4% response) are usually adequate for
estimacing an LDgy. The appeavance of a given plot of daca will depend on the
dosage scale used and also on factors specific co the tesc, such as presence
of a threshold or background, as will be discussed below. An essentially
linear ralacionship passing chrough che origin is one possibilicv.

In general, exposure to a chemical will cause nor just one but
several types of response as the exposure level is increased. A family of
dose-response curves could be developed, as shown graphically in Fig=
ure YIIT-1B. At low deses, the response might be beneficial (in the case of a
medicinal or essential nutrient) or relatively benign (e.g., subrtle biochem—
ical aor physiological changes). At increasing doses, howvever, increasingly
adverse responses may be revealed, e.g., various physical and behavioral symp-
toms; effects generally seen with chronic expodsures, such as liver damage,
cancer, or mutational effects; reproductive and teratogenic effects: and ulti=
mately effeccs seen following acute exposuraes such as raplid debilitation or
death. Data for such effects might be observed by a variety of approaches,
including epidemiological as well as coxicological. The most immediate
adverse effects should certainly be addressed in a comprehensive risk assess-
ment, but longer term or less severe effeccs which may occur acr lower expo-
sures (parcicularly below the apparent threshold or threshold of concern for
the most immediate adverse effects) mesc also be considered; some could be the
effaccs of primary concern for exposures through environmental routes.

Several factors make difficule che extrapolacion of the dose-
response relations from the relactively high doses ctypically seen in toxico-
logical studies of snimals or epidemiological studies of workers to the low
environmental doses of interest. These include experimental difficulties at
very low dose (which make data points scarce and subjecc to increased uncer-
tainty and scatter), and alsao the curvature that commonly occurs in the rela-
tionship in this region.* Assuming that cthe response is zero at zero dose, a
straight line might be fitced to all the daca points so that it also passes
through the origin, or a straight line might be drawn from the lowest dose
data point to the origin. Both have been used when the data are of minimal
quantity or quality. If data are satisfactory, one might expect that the
relacionship could be extrapolated by inspection im a smooth, perhaps asymp-
totic curve to the origin, as showm im Figure VIII-1C,=¥

In many studies, the low dose responses do approach the baseline in
this nearly asymptotic fashion. Such simple extrapolation has chree weak-
nesses, however, that require caution before ic can be applied in quantitative

# Similar curvatures at the low end are known in the cause-effect relation-
ships for many physical phenomena also {e.g., nuclear radiation, molec-
ular ionization, chemical reactions); curvature can reflect a quantum
mechanical "tunneling effect,” 43 well as population wvariability and
mulcifaceted causes of the effect. Corvatura at the upper end can re=
flect the presence of highly tolerant members of the population or
:nlgli?‘:iﬂn: by other kinds of response (e.g., cells or organisms may be
killed).

** The response at low dose is not necessarily normally discribuced.
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risk assessment of environmental exposures to chemicals: (a) sensicivicy co
dose; (b) background effects; and {c} threshold effects. In addicion, cem-
poral effects can influence the nature of the observed dose-response relacion-
ship, Each of these effects is discussed briefly below and then illustrated
by the results of a major scudy of a carcinogen, the EDg, study.

. Sensitivity of risk to dose! In cases vhere the asymptotic low
dose relationship holds, the response (risk) changes too rapidly from about 1X
ar 1072 to 10710 gver a small dose range to permit quantitative estimacion at
a given low dose with confidence. Mathematical expressions chat fit the exper-
imental data have been proposed for such extrapolacions, but they also have
weaknesses, as will be discussed in Section VIII.B.

. Background effecc: In many cases the simple extrapolation
shown in Figure VIII-IC also does not hold because a background incidence for
the response exists in the study populacion, i.a., the curve Lnceércepcts the
vartical response above zero, &s shown in Figure VIII-IC. Experimental daca
for unexposed conctrol subjects can demonstrate the presence of background
incidence, alchough they do not demonstrate the compiete absence of a small
background. When a background level exists, it often increases with the age
of cthe subjects. From a risk assessment and management viewpoint, the
presence of a background incidence posas no conceptual problem, since it 1s
the increase in response above background that is of inceresc, i.2., the
background is subtracted out of the daca. Practically, however, high back-
ground incidence for a given response in either the scudy populacion (particu-
larly nonhuman subjects) or the potentially exposed human population will
substantially increass the uncertainty in estimates of increased cisk at low
dosa, In addicion, mathemacical extrapolacions to low dose can depend on
whether the background is conaidered to be independent of or additive to the
response of che cest substance.

. Threshold effect: In many cases the relationship apparentcly
does not hold because a mintmum or threshold dose 15 reguired to elicit any
response or a4 response above background, i.e., the response to the chemical
below the threshold is gapparently zero, as showm in Figure VYIII-lE. The
highest dose (level)} used in & test chat elicits no observable effect (or no
observable adverse effect) is called the MOEL (or MOAEL), and can be either
slightly above or well below a true threshold that might be established by
more extensive testing.

Thresholds are widely observed in biological response in individuals
to many stimuli (e.g., tasce, odor, light, heat, pain, ectc.}), and threshold-
like relationships are typically found in pharmacological, toxicological and
epidemiological studies alse. A reasonably sound biological rationale often
explains why a threshold could exist. For axample, as noced in Section A.l,
the delivered dose often holds a sigmoidal relacionship to the adminiscered
dose, with a threshold effect, in some cases because of simple adsorpcion/
clearance mechanisms. In addicion, a decoxificacion or repair mechanism that
is effeccive at low dose may become saturated and ineffeccive at higher doses.
Conversely, biological racionaleas have bean proposed that would preclude
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thrasholds for cancer and gome other responses.¥ Experimencally, che exis-
tence af a threshold can be neither proved nor disproved in toxicological
studies of populations with a distribuction of a given response. The number of
test animals needed to acquire each significant new data point simply becomes
too large at dacreasingly low doses (e.g., thousands or tens of chousands of
animals) to decermine if a few very senaitive individuals exisc. Whether or
not a true chreshold exiscs in a hecerogeneocus populacion for a given effect
is a maccer of faich based on the rationale used.¥*

Belief that Cthresholds should not exisc for carcinogens became
embedded in the so-called Delaney Clause of the 1958 Amendmencs to che Food,
Drug and Cosmetics Act. Recently, reconsideracion of the cange of biological
origins of cancer have led to suggestioms that while threshold doses might not
exist for some carcinogens, thresholds might exist for ochees, in particulare,
those associated with bladder or thyroid tumors. Carcinegens that aec chrough
"epigenecic" mechanisms (e.g., via formacion of bladder stones) were viewed in
one stody &3 more likely te have chresholds chan those causing somacic muta-
tions ({genotoxic mechanisms), although the daca were not conclusive (OTA,
1981). 1In 1985, however, an expert review (OSTP, 1985) noted chat a chemical
that only causes cancer secondarily to a gross physiological effeect is likely
to have a threshold at some dose lewvel below that which causes che physio=
logical affect.

From a rcisk management viewpoinc, belief chat a cthreshold dose
exiscs for a given chemical greacly simplifies regulation: che threshold is
divided by a safecy factor (e.g., 10, 100, or 1,000) chat reflects che confi-
dence one has in the daca base and the quotient is ser as the scandard of
acceptable exposure. Thus cccupatiomal exposures to & great many chemicals
are regulated under threshold limit values (TLVs) (ACGIH, 1980, 1983). Levels
of many chemicals in food produccs are regulaced under the concept of accept-
able daily intake (ADI), introduced by the U.5. Food and Drug AdministraCion
in 1954 using a 100-fold margin of safecy (Lehman and Ficzhugh, 1954). With
few exceptions, rcegulation of noncarcinogenic chemicals to date have been
based on risk assessmenc chat assume cChresholds exisced, whereas regulation of
carcinogens has not (Moreau and Anderson, 1%80) .7

* Even if the biological rationale precludes belief in a threshold dose for
response, a threshold of regulatory concern can exist, and lead to the
sacting of ;-"virtu.lly safe dose’ (VSD) or colerance level, BaBsy
aflaroxin in natural foods. VSDs obtained by machemacical extrapolation
models can be as little as one millionth of the no (or lowest) observed
effece level in a scudy.

** Brown (1976) discussed che machemacical aspeccs of the threshold concept in
dose-responsa studies of carcimogens. Weinberg (1983) has nocted che
trans-sciencific nature of regulacting wunder conditions "beyond
demonstrable affecc.”

#h*Risk assessments for regulacing carcinogens  Thave usually involwved
extrapolations to very low dose on a nonintercept log-log scale, as
discussed in Subsection VI.B.2.
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From a risk assesament viewpoint, helief in a threshold dose sim-
plifies the analysis ac doses clearly below chreshold (i.e., the risk is
assumed £o be zerg), but 1t does pot eliminate the semsitivity problem cited
above for simple extrapolation to the origin. Since thresholds are usually
determined by extrapolacion from low dose data with substantial uncertainty,
the threshold dose itself is uncertain. Slightly above threshold, the asymp—
totic nature of the curve makes response relatively insensitive to dose, and
risk prediction difficulc at a given dose. At the threshold, the risk changes
rapidly over a small dose from about 1072 ce 107!%?, [n addition, thresholds
can vary substantially between species and also between individuals, depending
on their genetic makeup and their general health ac cimes of exposure.
Thresholds could be sensitive co synergistic affects. These factors all
increase the uncertainty in escimacing risk vhen environmental doses are in
che chreshold region.

As indicated above, both a background incidence and a threshold
effect for increase above background could be observed in the same data. In
practice, a threshold may be eliminated if the toxic mechanism 0F tha rcesc
substance 1s similar to that cgusing the background, or a threshold may be
revealed only 1f studies are made on populations with negligible background
itncidence. In essence, the basic shape of the curve is fairly codstanc, but
the background and threshold levels of the particular chemical and population
determines the low-end cutoff point and thus determines how much of the low—
end tail is observable (see Figure VIII-1F).

& Tamporal effects: Three kinds of temporal effects can influ=
ance cthe results observed in a roxicity study. The first is that some
responses occur to a significant extent only after nearly continuous long-term
exposures. Such responses may be missad in shorter studies, and possibly even
in chronic studies at doses 30 high that the subjects die early of other
effects. Results of good chronic studies (see subsection &) are essencial for
risk assessment. The second effect involves lacent response. Some effeccs,
notably cancer, can occur long after exposure has oecurred or even ceased,
Lateancy periods of 10 te 15 years or even longer have been suggested for soms
human carcinogens. Hence, results of good chronic scudies are again cricical
in assessing risks. However, the observed slope of the curve, background
incidence, and minimum effect levels, can vary with the study period.* The
third effect involves heritable genetic change in the exposed population,
Lefl., Mutagenic effects. Studies of at least two gensracions following expo-
sure are usually needed to assess mammalian mutagenic risks confidencly. The

effects on subsequent generacions are generally a fraction of the effect for
che firstc generacion.

. [llustracive daca: The EDy, study is che largest ever made of
a carcinogen. The chemical was 2-ascetylaminofluorene (2-A4AF), a potent
bladder and liver carcinogen. Over 214,000 mice allocacted to Bl different

treatment groups were dosed in feed at seven exposure levels (30 to 150 ppm
plus an undosed control) of 2=-AAF uncil sacrificed and examined. Croups were

* Incidence of some naturally occurring cancers is reported to increase at

approximately the 4ch power of age.
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sacrificed ar eicher 18, 24, or 1] monchs. Subgroups of mice were dosed only
9, 12, or 15 months and then sacrificed at either 18 or 24 monchs. The scudy
wias designed to escimate precisely the effecrive dose (sic) producing a 1I
tumor rate in the mice (hence, the name EDgy). The scudy, its results, and
analysis were published in a collecced series of papers (Scaffa and Hehlman,
1980), and in other publicacions.,

[llustrative resulcs from the EDy, study (Littlefield ecr al., 1380}
are shown in Figure VIII-2A and VIII-2B for bladder and liver necplasms. In
brief, the bladder cancer resulcs showed assentially no background, an
increasing incidence with dose and exposure peripd (age at sacrifice), and a
clear minimum observed effect lewel of abour 45 ppm. The auchors say, how—
ever, that the total results are consiscent with a "no-chreshold concept” of
tancer. The liver cancer data, in contrast, showed greatar variaction. At 18-
month exposures, background was negligible, and incidence increased alowly
with dosej but at 24- or }l-monch exposures, the background and the incidence
rates increased dramatically. The 33-month exposure daca illuscrate cthe
uncertainties in chronic studies at Low dose with high background response:
the scatter in the 30-, 35-, and 45-ppm dose data points occurred even though
over 40 mice were in each group. (The composice dita points were usad to fic
the curve in this figure.) The 24- and }3-monch exposure data again suggest
the presence of a minimum effect level of perhaps 10 ppm, although the authors
stated the data were nearly linear and extrapolated directly to zero.® In the
summary of the EDg, study Caylor (1980) insisted that the daca for bladder
tumors did not support a threshold concept, those for Lliver tumors dispelled
it, and together showed the impossibility of ever showing thresholds by animal
studies., (Other conclusions might be drasm.}

The disconcinued feeding studies also provided data important Ear
assessing risks Erom carcinogens. Again, the results were different for the
two kinds of cancer. Bladder neoplasm incidence was not as high in later life
if dosing was stopped in midlife. The authors concluded that induction of
these tumors appeared to be continuous across the Lifespan of the mouse. In
contrast, liver neoplasm incidence was 60 to 70X as high in lacer life if dos-
ing was stopped in midlife as if it had continued. The ‘authars concluded thac
these tumors were largely induced in early life. but nmot axpressed clearly
until much later.

Overall, che results of che extensive EDy, study suggest some of the
kinds of uncertainties one should expect even in well performed toxicological
or epidemiological research. The development of dose-response relationships
for use in risk assessment require careful evaluation of all relevant data for
d given chemical.

* The original graph (p. 27 of Licclefield et al., 1980) was inaccurately
drasm and showed more linearicy at low dose rhan actuslly existed
(Figure VIII-22). When data from sacrificed and dead/moribund animals
were combined, the curves were changed slightly from those shown (Farmer
et al., 1980).
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&, Data sources and qualicty: The daca needed for & health risk
analysis will depend on the specific nature of the chemicals present, the type
of adverse responses they cause, and the nature of the exposure conditions.
One would like to have descriptive information and gquantitative dose=-response
data on the range of heslth effects in humans of the subject chemicals under
controlled ceonditions closely approximating those predicted Co occur. In
practice, however, cone rarely has such information, and must resort co alcer—
nactive approaches based on the data that are available and the mechods or
models For using such dacta in health-effects escimacion. Animal scudies are
usually an accepcable firsc alternatiwve for toxicicy daca. [f adequace data
are available from neicher human studies nor animal studies, one musc look for
other, less desirable alternacives. Each of chese three kinds of daca sources
is described briefly below.

i Human studies: Decerminacion of risk factors for many
kinds of technologically relaced threats is greatly aided if healch-effects
informacion on humans i3 available. Data on humans are obtained by Chree
approaches: direct experimenc, clinical observation, and epidemiological
studies.

. Human experimentation: The usa of human subjects in con=-
trolled studies is limited by ethical consideracions to ctescs in vhich one can
be confident that no serious or irreversible effects will oeccur. For example,
humsn subjects could not be used to test the pocencial carcinmogenicity of a
substance. A substantial aumber of sicuacions do require human-subject cesc-
ing after cther teats have demonatrated the general safety of the procedures
{e.g., pharmaceucical cesting, biomedical engineering applications, and the
Hational Aercnaucics and Space Administration manned space programs). These
are controlled clinical scudies which include laboratory amalyses of physio-
logical endpoints. Experimental laboratory studies on humans are more likely
to be for less toxic substances or lower exposure levels; chey usually address
less severs effects such as skin, ewe or bronchial irritation, dnd organo-
Leptic effecrcs.

Data from human experiments may be used in risk assessment sim-
ilarly to data from animal toxicology experiments. However, human experimants
generally provide "No Observed Adverse Effect Lavels" (NOAELs), "Lowest
Observed Adverse Effect Levels" (LOAELs), or "Frank Effect Levels" (FELs),
rather than full dose-response data. The major limitacionm ip trying Lo use
human expsrimencation daca in healch risk analysis of hazardous waste is that
few of the chemicals of interest have been tested in a controlled relevant
manner.

. Clinical case reports: In addition to controlled experi-
mencs with human 1ub3;Et=. much useful information for determining human risks
is developed through clinical invescigacion and observation of persons who
have been unintentionally——and often excessively--exposad to a health hazard.
An analysis of case reporcs on such observations can yield useful qualitative
information, such as identification of endpoints ac high exposures. The lim-
itations of these data, however, are that exposures were uncontrolled, usually
unknown, and seldom of the long-term, low level nature thar are of mosc con-
cern with hazardous wastes. When animal studies exist, clinical case reports
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provide wverification of the adverse endpoint in humans. HReports of a serias
of cases, often found in medical journals, provide stronger qualitative
support of the type and degree of adverse effect, buf again usually no gquanti-
tative information. Occasionally, the oumber and quality of case reports may
be sufficient to make feasible an epidemiology study (as described belaow).

. Epidemiological studies: Epidemiological studies seek tro
dactermine the incidencs, discribution, and causes of injury and disease in
humans. Epidemiology focuses on groups of people (rather than on individuo=
als), and increasingly uses sophiscicated biostatistical techniques. Epidemi-
ological studies may have either a descriptive or an analytical orientation
{i.e., focusing on either the distribution of a disease in a defined popula-
tion or on the various factors associated with its incidence).

Descriptive lsomecimes called ecologic) studies usually rely on
an analysis of wvical staciscics. Vital statistics consist of rates of mor—-
bidicy, mortality, incidence of diseases such as cancer or birth defects, and
age and residential discributions. They ars used Eto examine gecgraphical
variations and time trends of bBealth effects in order ro idencify unusual
kinds or areas of incidency, and if possible to compare them with concomitant
eXposurd variacions.

Analycical epidemiological scudies provide messures of
increased risk in the form of incidence or prevalence rates (Fisher, 198%).
Analytical epidemiclogy has two® basic approaches: case control {(often called
retrospective), and cohort {often called proapectivel). Case control studies
invalve & group of persons who have a3 given disease and a concrol group of
persons who do not have itj] comparisons by age, sex, genstic composition,
occupation, place of residence, life style, chemical exposures, etc., may
reveal risk-related information for that disease. Cohort studies involve fol-
lowing the medical histories as they develop over several years of twe previ-
ously identified groups, one of which has been exposed to che potencial
disease-related agent and one (the control group) which has not. Bach
approaches have strengths and limitations, but che cohort scudies are usually
preferred for estimacing che health effects of exposure to a specific chem—
ical. Day (1985) and Kraybill (1985) have reviewed the application of epi-
demiological methods to carcinogens.

Several aspects of experimental design must be evaluated to
determine whether an epidemiology study is suitable for risk assessment. This
includes examinstion of procedures used (a) to select and classify subjects,
(k) to estimace cheir exposures, and {c) to follow cheir healch effeccs.
Ocher issues to be evaluated include control for potential confounding Eac-
tors** and the selection of an appropriate control group. The measure used to
summarize the degree of associacion becwesen exposure and adverse effect is the

# Cross-sectional studies (also called prevalence studies) are sometimes
considered as a separate approach. They measure the presence or absence
of a disease and other variables at 2 fixed point in time.

*s See for example discussions by Holland et al. (1979) and Bolcen ac al.
(1983).
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ratie of the race in the exposed populaction to the rate in the unexposed
population. This rate ratia can comsist of incidence or prevalence races
(relacive risk), adjusted mortality rates (e.g., Standardized Morrality
Batio), or the rate of exposure in cases relative to that of concrols (odds
ratio). A ratio of unity suggests no assoclation between the exposure and the
effects. When the ratios do show an effect from exposure, the incidence races
from the study are suitable for use in guantitative risk assessment. Preva-
lence or mortality races can be transformed to incidence rates when necessarcy.

Epidemiological studies have several inherent limicacions. One
is that increases of commonly occcurrimg healch effects (such 23 cancer of the
lung or colon) usually are not detected unless the change is wvery great.
Angther limitacion is that exposures were not controlled, and are usually
poorly knowm. In fact, many of the human data are obtained from industrial
gccupational studies in which sample size is Llimited by the number exposed,
and exposure Lavels are determined by che circumstances of the industrial ser-
ting. Because of thesea lLimictations, a study may yield only a single or a few
risk ractios thac provide an isolaced effect level. Such data do not vield a
dose=response curve, and probably do mot indicate how Ear the effecc Level 1a
above the cthreshold lavel, if any. A further inherent limitacion of epidemi-
ology scudies is that they may fail to reveal 4 true adverse effect due to
insufficient data for some reason. ‘When the daca collection procedures and
analysis are judged to be adequate, the determination of the wvalidicy of a
negative study is largely scacistical. Guidelines exist for distinguishing
between valid and equivecal negative studies and- for using isolated effect
levels. Finally epidemiological studies may establish correlations, but may
not be able to demonatrate a cause and effect relationship.

Deapice chese limitactions, epidemiological resulcs can be usa=-
ful in quancicacive risk assessmenc. Results of a conclusive epidemiclagy
study are lLikely to be the bestc data available. Ewvwen if the resulcs of an
epidemiological study do not provide a dose-response relacionship or are not
conclusive in demonstrating the risk or absence of risk posed by a given
agent, they can complement the results of other studies (e.g., animal toxico-
logical tests, clinical case reports, actuarial analysis) and may be the
deciding factor (particularly if they confirm other evidence) in reaching a
regulatory decision for potential socurces of a disease. See for example the
review by Crouch and Wilson (1979) and specific studies on ethylene dibromide
(Ramsey et al., 1978) and vinyl chloride (Gehring et al., 1979). Hacris
(1986) suggests chart "molecular epidemiology techniques"--combinacions of
analycical epidemiology with advanced biochemical methods==hold promise for
guantitative sssessment of a broad spectrum of human health risks.

b. Animsl studies: The traditional series of toxicoleogical
studies with laboratory animals classified by length of exposure consiscs of
acute (somecimes called single dose) studies, subchronic (somecimes called
repeaced dose, subacucte, or short-term,¥ studies), chronic (ofcen called long-
cerm studies), and special studies (Doull ec al, 1980).

* Unfortunacely, the microbiological and biochemical in vitro tescs developed
in recent years are also often called short-term studies.
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Acute studies usually involve a single dose or, for inhalationm,
a single exposure of up te 24 hr. These studies use relatively high doses.
Effaccs addressed in acuce studies include death, irritation, and ocher rela-
cively gross conseguences. AcufCe toxicity has traditiomally besn abouc che
first toxicological property to be studied for a chemical, and the LDgg i3
usually reported in che literature for studied compounds.

Subchronic studies range from those using a few repeated doses
over a few days to those lasting 90 days (or abour 10I of the subject's life-
time). Subchronic studies usually look for more subtls effacts than do acuce
studies, such as changes in clinical chemiscry values and microscopic tissue
patholegy, racher than lethality. Subchronic studies can yield quancitacive
dose-responde relacionships, but often are used to determine the range of
appropriate exposures for chronic studies.

Chronic studies involve repeated and prolonged dosing for peri-
ods approaching lifecime (typically 2 years in rodents and 7 years in dogs).
Chronic studies decect effects thact are cumulative ar have a lactency period,
and effeccs of biocsccumulaced toxicants., The end points af chronic studies
can be nominally che same as those of acuce studies, but vary often are dif-
ferent. Mulciple dose levels are used; & study should idencify cargec organs
and tissues, the range of effects, dose levels wvhere given effects are not

observed and First observed, and the frequency and severity at increasing
dose.

Ehling {1988} recenctly discussed the quantification of genecic
risk of environmental muctagens, ineluding the "direst,” doubling dose and
genatic number mechods for Mendelian mucants, chromosome aberration methods,
and methods for irregularly inhericed disorders.

Special sctudies are designed to look at particular endpoints,
mectabolic systems or unusual situaclona. The most common are Cteratogenesis
studies {looking for malformed fectuses) and reproductive scudies (loocking ac
fetotoxicicy, reproduction and survival races, and other developmencal

effects). Effects may be monitored for a lifetime, or in the second and third
generation following exposure.

In coxicological studies, an effect will not be observed unless
there is a receptive subject (e.g., pregnant female for teratogenesis®) and
the effect is systemacically sought (e.g., appropriate exposure period for
carcinogenesis). One can demonsctracte a specific adverse effect, burt it is not
possible to demonstrate the complete absence of adverse effeccs (i.e., escab-
lish complete safecy), since trus effects may not have been observed in sca-
tistically or biologically significant numbers, or may have been overlooked.

* Teratogenic effeccs occur only when the female is exposed co the teracogen

during a crictical period during the gestation period-—usually only a few
days to a few weeks, depending om cthe species and che effect. The

ceritical period is usually early in the gestation (first trimester Eor
humans ) .
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An adequate zert of experimental animal dats will comsist of one
or two reliable studies each of acute, subchronic, and chronic quantified
exposures To the chemical in an appropriacte dosing mode (e.g., by inhalation
for air exposurs, or by gavage, in feed, or in warer for ingestion. A roxic
response will have been studied at a minimum of three dose levels plus a con=
trol group. Ideally, the lowest dose tested will have negligible effects, one
or more doses will have definite coxicity but no lethality, and one or more
high doses will produce the substance"s full array of toxic effects including
subatancial lethaliey. It is helpful if the total daca base Eor the chemical
also includes evidence chat the effects would occur in humans. Inadequace
animal daca secs may still be useful, as discussed below, but will usually
lead to risk estimaces of lower confidence. Again, the ideal would be a reli-
able ser of dose-response data for each kind of effect over the exposure range
of interesc,

. Limitations: The use of animal studies ro predict human
Limitatlions ; kA 3
healch affects has several inherent and pracrical Llimitacions.

The inherenc Limitations imeclude:

. Extrapolations, when required, across dlssimilar exposure
conditions, e.g., from uniform chronic exposure studies in
animals to the short-term (even single dose) or intermic-
tent environmental exposures often incurred by humans, or
from subchronic animal data to chronic (even lifecime)
human exzposures. Such differences pose especially sericus
methodological problems when exposure to carcinogens ts

tavalved.

. Extrapolacions from high doses used in animal studies to
tha low doses afren encountered in human enviroomental
EXPOSUTES .,

. Extrapolations across species of different sizes, metabo-

liams and habicts. Different species ofcen respond sim=
ilarly to equivalent doses of a given chemical, but in
many cases Chey do not. In some cases che mouse Ls not
avan a good predictor of response for che rac.

. Extrapolacions across rouctes of exposure [rom animal
studies to human environmencal exposures.

The practical limitations include confounding factors, dosage
accuracy, and negative resulcs.

. Confounding factors include environmental Factors {such as
irregularicies in lighting and air circulation, cleanli-
ness of cages, and concomitant disease outbreaks), contam-
ination or misidentificacion of che cest chemical, and
other accidents in the study which, in effecc, change the
terms of the experiment (e.g., a sick animal seldom reacts
in the same way to a dose as a normal animal).
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* Accurates knowledge of the dosage used for each test 1is
extremaly imporcant, but is ofcen difficultc to achiave.
The actual dosage delivered to an animal may not neces-
sarily be the intended dosage, especially in inhalarion
studies of nongases but also in other tcests with the
toxicant dispersed in feed, water, or air. For example,
some Cest mateérial may decompose or be otherwise lost
during the scudy. Equally important, at timas the ab-
sorbed dose may be significantly less than the exposure
doge.

. Negative data (no adverse effects observed) are not with-
gput uncertaintyj a particular adverse eifect may be sta-
tiscically unobserved under the tesc conditloms, or if it
wad not looked for, it was not likely tec be reported, ewven
1f present. This is especially true for effects requiring
special tests for detmction, such as clinical chemistey or
hiscopathology.

g¢. Orher sources: If adequacte daca are unavailable from
sither human or animal studies, octher data sources may atill provide usaful
informacion for risk assessment.

Such information could include toxicokinetic datca on the chem—
icals, toxicological data for humans or animals on relaced kinds of chemicals
(cognates}), or data on the chemical of concern Erom one of the variecy of
large in vitro biocassay studies* chat have been develaped ovar the lasc two
dozen years. These are short-term tests that use microorganisms, cell cul-
tures or biochemical systems; they provide informatiom about a chemical's
effects, particularly mutagenesis and, by extrapolation, carcinogenesis. The
dose-response functions provided by these rests are difficult co extrapolace
to effecrs in mammals. Such studies are widely used in prioritizing chemicals
for chronic tesating, but have not been accepted as a general substitute for
mammalian studies. The potential use of acudies of these kinds is discussed
furcther under Section B, "Predictive Modeis.”

d. Judging evidence of carcinogenicicty: Carcinogenesis is an
effect of particular importance, but sctudies of & given chemical ofcen report
different results depending on the species, sex, and exposure conditions. The
[ncernational Agency for Hesearch on Cancer has developed a weight-of-evidence
system for judging information on a chemical's carcinogenicicy (IARC, 1982).
Evidence from both human and animal studies was characterized as either suffi-
cient, limited, or inadequate, and the chemical was classified overall in one
of five categories:

l. Sufficient evidence-—Malignant ctumors f{a) in multiple
species or strains, (b) in mulciple experimencs: {c) to an unusual degree
regarding incidence, site, or Cype.

* Literally "in glasa" cescs.
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2. Limited evidence=--Suggescive data (a) £from a single
species, strain, or experiment}] (b) from studies with limitations in Cesting
procedures; and (c) based on neoplasms that tend to ocour often spontanegusly
or are hard to classify as malignant.

3. Inadequate evidence-—Reported studies have major limita-
tions that preclude confident interpretations.

&, Hegative evidence==5tudies report that within Llimics of
cescs used the chemical is not a carcinogen.

5. Ho daca=--No studies of the chemical are available.

EPA proposed slight modificacion of che [ARC characterization
scheme, and developed five overall classificacions that can be summarized ast

Group A = Human Carcinogen = sufficient evidence Eto show a
causal relationship between exposure and cancer.

Croup B = Probable Human Carcinogen = limited evidence of car—
clnogenicity in humans and sufficient evidence in animals.

Group C = Possible Homan Carcinogen = Limited evidence 1in
animals or in short-term tescs.

Group D = Mot Classified - Inadequate animal data.
Group E = No Evidence of Carcinogenicity for Humans - Negative

results in ac least two acceptable animal or epidemiological
studies.

B. Prediccive Modals

Estimaction of che potential human health effaccs of chemicals
released from hazardous waste disposal activities requires three kinds of
informacion! (a) daca on cthe expected conditions of environmental exposure;
{b) data on the responses under wnown exposure conditions from the healch
effeccs literature; and (c) mechods for predicting effects at expected axpo-
sures by extrapolacion or other extensions of the literature base. This sec-
tion notes the several types of extrapolations that could be required, then
reviews and compares several mathemarical models and other approaches for
making predictions.

1. Types of extrapolations needed: Extrapolactions, interpola-
tions, or other syntheses from a data base can be required to predicc quali-
tatively the nature of the adverse effects in humans, but will more often be
needed to predict the quantitative rcesponse. If all of the human health
effects to be assessed have not been identified, their prediction will be the
first activity. It is vitally important, for example, to know whether a given
exposure posed an [mmediate chreat of death or severe illness, a short-term
threat from accumulative concencrations, or a long=term threat of cancer. The
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human health effects usually can be idencified with reasonable confidence if
roxicological test data in animals or ocher organisms are available for the
test chemical or for cognate chemicals {i.e., other chemicals with similar
chemical structure and physicochemical properties), or if toxicokinetic
{pharmacokinecric) informarion is available on the chemicals' absorbability,
mobility, and biotransformations wichin the human body or other appropriata
spacies.

The primary need is to predict the degree of the effect of concern
at expected exposure conditions based on the different sec(s) of exposure con-
ditions reparted in the studies found in the literature. These predictions
almpst inevitably will require the extrapolation of a dose-response function
across two or more sets of conditiems. ‘These include extrapolactions across
exposure routes, Erequencies, continuities, durations, and dosages; extrapo-
lations from cest species to humans; amd extrapolations from toxicological
test data on individusl chemicald te the exposures to complex mixtures of
chemicals Erequencly found in hazardous wastes. A considerable literature
discusses and compares methods for making such extrapolations under various
circumstances and the uncertainties inherent in chem.  Alchough cricical
review of this literature is beyond the scope of the present discussion, che
overview below may be helpful to the reader.

a. Predictions across exposure routes: The toxicity of a
given chemical may vary substanctally depending on how an animal is exposed o
LE. Factors influencing this variation include differing absorbabilicies

across different body membranes at point of contact, different pathways wichin
the bedy that affect distribution, mecabelism, storage and excretion, and
ultimacely different concentrations of the coxic molecules at the cells of che
most susceptible (or target) organ. For many chemicals, the toxic response
for the mesc common dossge routes genmrally decreases in the following order:
intravenous, intraperitoneal, intramuscular, implant, subcutaneous, inhala-
tion, oral (by gavage, water, or feed), ocular, and dermal.

In extrapolating dose-response data across exXposurs routes, an
assumption can be made as a First approximation chat the routes are equiva-
lenc. Improved extrapolations should be possible by using some of the scaling
factors or convenient rules of thumb thar toxicologists have developed for
comparing doses by different routes. Further improvements should be possible
by considering information on the nature of the toxic effect and the proper=
cties of the chemical.

b. Predictions across dose variactions: The toxic response to
a given chemical will vary with the frequency, continuity, and level of expo-
sure. Alchough metabolism can differ ac different dose levels, as discussed
by Gehring et al. (1979) and O'Flaherty (1385), a conventional controlled
toxicology or epidemiology study usually yields a dose-response relacionship
like one of choses showm previously in Figure VIII-l. Extrapolations and
interpolations ares relatively simple if extensive controlled dose-response
data are available and the environmental exposure is in the same general
range. The conversion may be made graphically or by fitcing a curve to the
data mathematically, and then calculating the expected response at the dose of
intersst. Two special problems may occur: (a) che temporal aspects of the
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expected exposura may be different from those used in the conctrolled studies;
and (b)) the exposure levals expected may be well below doses used in the con=
crolled study.

(1) Temporal extrapolacions: If the frequency, confinu-~
icy, or duracion of the expected exposure differs from che frequency, concinu-
ity, or duraction used in the controlled scudies, the healch effacts may be
quite differenc, even if che total doses seem to be roughly equivalent. For
relacively small differences the time-weighted average of the exposura may be
used as a firsc approximation to estimate the expected response from the Cest
dacs. Time-welghted averages have been used with good results in many appli-
cations., An improved estimate may be possible by considering informacion on
the specific chemical and the effect of concern. For example, the chemical
may be metabolized rapidly or may tend to accumulate in certain organs; the
affect may be readily repaired by the body, or injury may be cumulative. In
such cases, one may defensibly adjust the simple prorating method to give an
"affegtive dose."

Extrapolacion of the resulcs from short-term studies to
Long=term exposures is a difficult scep because, among other problems, some
affects (e.g., carcinogenesis) are seen only in longer term studies (see
Schneiderman, 1981, Criffin et al., 198l and Hertzberg and Dourson, 19835 and
Hertzberg, 1984). <Conversely, cercain responses sometimes can be detarmined
becter with acute or subchronic racther than chronic exposures. For example,
teratogenicicy is usually best determined with a few repeaced doses during
early pregnancy. Some research results suggest that the chronic toxicity of a
chemical can be partially escimated From subchronic and acute toxicity tests
on it, and from general coxicological principles. These results are worth
noting. This subject is discussed furcher later in this section.

(2) High dose to low dose extrapolations: As noted in
Section A, quantitative extrapolacion at low doses can be difficule, both for
relationships that exhibit threshold and those that do not. A particularly
difficult problem occurs if the expected exposure is below an observed "mini-
mum effect level” in the controllad studies of a carcinogen. Arguments have
been made on biological and stacistical grounds that threshold levels do not
gxisc for exposures to chemical carcinogens,* that any exposure, no matter how
small, poses some small risk of cancer. Similar arguments could be (but gen-
erally have not been) made in regard to the occurrence of mutagenic, Cerato-
genic snd many other affects ac very low doses. Biological rationales have
been suggested in support of a threshold level for some effeccs (Coenfield,
1977). As noced previously, however, a conclusion on a threshold's existence
for most morbidity and mortality effects is largely a mactcter of faich (or
probabiliscic degrae of belief) in the rationale.

* This theory was first based on a similar cheory developed in the 1350s
regarding the carcinogenicity of ionizing radiations, particularly
radicactive nuclides. Excess exposure to X-rays was considered to cause
cancer as early as 1902 (GAQ, 1981).
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For carcinogens, mathematical models have been axtensively
studied as aids in prediccing cancer risks at very low doses, as will be
described in Subsectiom 3.2. These models may be useful for ocher non-
threshold effects. For effects for which a threshold is assumed, risks dowm
to chreshold can be escimaced by graphical or mathematical models incorporac—
ing a specified chreshold., 1In addition, several other predictive approaches
have been reported, including: toxicokinetic models, quanticacive scructure-
accivicy relacionships (QSAR), prototype relative potency methods, nonpara=
mecric mechods, and extrapolations from in vitro test data wich microocganisms
and cell cultures. These other predictive methods are also discussed later in
this section,

e. Predictions across species! No rigorous scientific basis
@éxists for general quancitative excrapolacion of animal test data resulcs to
humans, and many problems exist in making predictions. Such extrapolations
reguire making two kinds of assumpcions: (a) thact a method is available for
decermining equivalent doses in two species, and (b) cthat a method is avail-
able for determining the response in the two specias at equivalent doses.

(1) Dnlﬂge conversions: The dose wunits wuwsed should
enhance interspecies comparison, and be readily calculacted from available
data, if noct used explicitly in the original study. Two types of does unics
are commonly used in che literature!

. Concentration-in-medium (e.g., parta per milliom in
feed, mg/m3 air).

. Quancity per animal on either a weight basis (e.g.,
mg/kg, mmolesa/kg), or surface area basis (e.g.,
mg/m2, mmoles/m2}.

All are used in various studies, and =ach can be converted relatively easily
to cthe others, vich proper conversion factors. Therefore, the units of choice
should be based on cheir biological usefulness. The basic biological phenome-
non involved is the resction of the coxicant molecule with a biological mole-
cule f{usually called a receptor) located ac an active site, iniciating a
series of reactions, ultimacely rcesulting in an observable effect. As
described in more decail by Gilman et al. (1980), this sequence seems to fol-
low chemical mass-action laws, 3o choice should be based on the characteris-
tics of the receptor reaccions.

The concentration-in-medium messure has been found mostc
useful in cozicology for situations involving a direct contact between the
medium and the receptor tissue, e.g., Errvitation of skin by liquids or of
respiratory organs by gases. [In risk assessment, the exposure analysis fre-
quently yields resulcs as concentration—in-medium. These can sometimes be
used direeccly, e.g., Alarie (1981), assessed the acute irritation of nose and
lungs by airborne chemicals.
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With most biological systems, the situacion is moce com—
plicated, since the chemical must enter the body (via the respiratory tract,
the skin, or the gastrointestinal tract), be ctransported cto ics active site
(uswally through the blood), and then react with zhe receprtor. While the
chemical acts on the body, the body also acts on che chemical, converting itC
to other chemicals (metabolism} and excrecing it by varigus pacthways (air,
bile te feces, urine, sweat). (For an overview, see the incroductory chapters
of Doull et al. (1980) and Cilman et al. (1980).)

When comparing chemicals, one may refine the dosage esci-
mates by the use of moles in lieu of simple weight, although biological wari-
ation is often so great chat chis does not improve precision. Therefore, che

basic gquestion remaining is whether to use mg/kg body weight or mg/m? surface
area.

The tradicional wunits are mg/kg. They are simple,
straightforward, and widely accepred. Recencly, however, a surface area rela-
tionship was suggested (Mantel and Schneiderman, 1975) and was adopted by EPA
in ics water quality criteria documents (EPA, 1980¢). For simplicicy, the
surface area usually is assumed to be proportional to the two=thirds power of
body weighrt. {The assumption holds Eor most mammals, but somewhat under-
estimates the surface area of long-limbed monkeys.) This scaling system com—
presses the incerspecies dose range (see Klaassen and Doull, 1980), and i3
preferred by some auchoricies (such as Alberc, 1980), buc not by all (such as
Morris et al., 1982). It has the advantage cthat many mecabolism functions
(such as calorie and oxygen intake) are best correlated to weight by a power
close to two-thirda. The only studies comparing the weight and surface area
units involve anticancer drugs, which find the surface area units superior
(NRC, 1980a).

Table VIII-2 gives a ser of average characteristics far
humans and several species thact are useful in caleudlacing equivalent toxicity
test doses and other incerspeciés comparisons.

(2) WHature and extent of response! At nomnally equiva-
lent exposures, different species may respond differencly in both nature and
degree. The occurrence of some types of effects in humans is difficulc co
predict confidently from valid results reported in the literature. For exam—
ple, common table salt caused substancial teratogenic effects when injected inm
a large dose (2,500 mg/kg) under the skin of mice in cthe llth day of gestation
(Mishimura and Miyamoto, 1969). The effect of corresponding doses on humans
is unknown, but no evidence exists for effects at normal salt consumprtion
rates. In concrast, chalidomide is not teracogenic in racs, but is in rab-
bits, monkeys, and humans at moderacte doses (Wilson, L971). The effect
identificaction problem is not discussed further here, but some of the methods
used for identification are also used to estimate dose- response relationships
and are addressed subsequently.

Humans are known £rom clinical observations, controlled
experimentacion, and epidemiological studies to have many but not all of the
responses of cypical laboratory animals to exposures CTo a great many chemical
substances. The clinical observations usually give informarion on reaponse ac
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TABLE VIII-2

USEFUL FACTORS FOR INTERSPECIES COMPARISON

; Weight Surfsce Area Fnudfﬂ?]ggt Haltrfweigﬁl Hespirﬂéiun
Species  _(kg) m*/kg (w?) kg/m?  Fraction” ~  Fraction Rate
House 0.030 0. 340 0.0102 2.94 0.13 0.17 0.04
Hamster 0.125 0.2312 0.0265 4.72 0,12 o.68
Rat 0.35 0.150 0.0525 6.67 o, 05 0,078 0.24
Guinea pig 0.40 0.114 0.0575 7.0 0.028 0.34 0n.07
Rabbit .00 0.084 0.168 11.9 0. 049 0,081 1.6
Cat 3.00 0.073 0.220 13.6 0.030 0047 1.5
Honkey 4.00 0.067 0.267 15.0 0. 062 .13 1.3
Dog 12.0 0. 046 3.555 21.6 0.029 0,025 1.5
Human 0.0 0.026 1. 800 14 0.028 o.030 20y

Sources: Durkin (1982); EPA (1980a) (1983); and HRI calculations. The latter assumes
mé = 0.106 (wt in hg]”a.
Wet weight of feed consumed each day divided by body weight.
Drinking water consumed each day divided by body weight.
Cubic meters of air per day.

Lilet e
ldays)

550
910
910
130

2,000

5,100

5,500

5,500

25,600



high exposures, but little if any gquantitative information on dose-response
Eunction at moderate and low doses.

The experiments necessary to obtain human daca are usually
pracluded by othical considerations and legal restriccions. Results of some
epidemiological studies are available {including occupational, environmencal,
and consumer exposures) on the effeccs of some chemicals on humans, but chese
are often difficult to interpret because of confounding factors (e.g., mix-
tures) and data gaps. Such studies msually begin afrer the adverse effects
has been noted and long after the toxicant has dispersed; therefore, few, if
any, dosage data are available. Occupational health effect studies may even
include good data on toxicant levelas in the wicinicy of work scations, but
actual exposures may be uncertain because of wide variance inm work practices
and human behavior. However, in those cases wheras human daca are availabls,
cthey should be used to determine dose- response Eunctions, or at least to
verify thact humans also incur the effects of concern observed iLn animais.

Crouch and Wilson (1979)}; Crump ec al. (19853); Clayson
{1985); Harc and Fishbein (1985); and Withey (1985) have recently discussed
the possibilities and difficulties of interspecies extrapolations. The unique
susceptibilicty of the mouse liver to carcimogenic response to chemicals that
do not have activity in other mouse organs or in rats or ather test species
has been well documented (Periera, 1985). In general, extrapolacion to humans
can be made most confidently from other primates, then (in approximate aorder)
from the larger test mammals, rodents, fowl, plancs, and microorganisms. On
the other hand, an extensive data base has been developed in che last two
decades on the mutagenicity in bacteria of many chemicals believed to be muca-
genic and carcinogenic in humans (Ames et al., 1962; Ames et al., 1973. These
and other in vicro short-term rests were recently reviewed (Hollstein et al.,
1979); they ars alsa noted subsequently in the subsection "Other Predictive
Mechods."

In the absence of information te the contrary, an assump-
tion is usually made as a Eirst approximacion that the response in humans and
in rest animals is che same at equivalent doses. This assumption could lead
to substantial overescimates of human risk in many cases, but might lead co
underascimaces in others.

d. Extrapolations to mixtures of chemicals: Hazardous wascCes
pose a special problem in health effecCy assessment because they usually con-
tain more than one toxic chemical. Thus, the wsual situacion invelves axpo-
sure to several chemicals more or less simultaneously. Almost all the avail-
able health effects dats, however, are from experimental studies of exposure
to a single, relatively pura chemical., Thus, one must comsider how to esci-
mate the effects of mixtures by using data for single chemical exposures.

A few recent studies consider the problem of mixtures in some
datail., The Naticnal Research Council (MAS/NRC, 1980a) attempted to assess
the hazards of exposure to mulciple chemicals in a marine envirooment. In a
later report (MRC/MAS, 1982), the Council published a symposium on the starte
of the art in assessment of multichemical contamination, which provides a good
summary of the limited knowledge of methods for study of simultanecus expo-
sures.
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The EPA's Environmental Criteria and Assessment Office (ECAD)
in Cincinnaci has been developing & multichemical health risk assessment meth-
odology which can be used in conducting site-specific risk assessments oo
hazardous waste disposal facilirties. Proceedings of an ECAQ workshep held in
Cincinnati, Chio, in 1982, are available (EPA, 198&4a), as are draft proceed-
ings from a second workshop held there in 1983 (EPA, 1983). In 1986 EPA pub-
lished guidelines for risk assessment of chemical mixtures (EPA, L19864).

Calle et al. (undated) of the Oak Ridge NWational Laboratory
considered heaslth effects assessments of the complex mixtures in synfuels, and
recommend that such mixtures be treated as if chey were single chemicals
{(i.a., be rtested and evaluaced as such). The U.S5. Department of Energy's
Health and Environmental HRisk Analysis Program conducted a workshop on risks
from mixtures of chemicals. A summary of the workshop (DOE, 1983) concluded
that the relative potency of a substance in various animal systems was useful
in escimacing human risk. It recommended the use of multiple short-cerm tests
of many chemicals and mixtures to estimate their relacive potencies as carcin-
ogens, in lieu of conducting the more lengthy and costly long-term Ctestcs
necessary to determine potencies of each directly.

Christensen and Chen (l985) have derived and tested preliminar-
ily noninteractive multiple toxicity models for quantal response of organtsms
to two toxicants, using probit, logit and Weibull transformacions for the tol-
erance distribucions of each., Only the nonnormally distributed Weibull model
gave an acceptable fit to experimental daca.

Far even the simplest mixrure (only two chemicals), there are
three possible cases: additivity, synergism, and antagonmism. In addicivicy,
the effects of the two chemicals are separate and noninteracting, so the
observed effects are the sum of the individual effects (response addicion) or
the effect of the net dose (dose addicion), where the latcer is a weighted sum
based on each substance's relative potency. In syneegism, the chemicals
interact so chat the toctal affect is greater than che sum of the individual
effects. Several cypes of synergistic inceractions have been well-documented.
A simple case is the increased penetracion of body membranes (skin, stomach
lining, placenta) by some toxic chemicals when certain other chemicals are
present. A number of chemicals that are noct chemselves necessarily carcino-
gens may act as promoters* and increase the carcinogenicity of ather sub-
stances. One of tha most notorious promocters is Cobacco smoke, which 1is
highly synergiscic with other lung irritancs, such as ssbestos fibers, as well
as being carcinogenic by itself. In antagonism, the combined effect is lass
than the sum of the individeval effects. This phenomenon is often sought in
the development of antidotes and other cherapy againat ctoxic effects. With

¥ Cancer promoCers are someCLimes referred Co as epigenetic agents. Sub-
stances which cause irreversible chamges themselves, thereby initiating a
carcinogenic process (iniciators), are often referred to as genorexic
agents. Soma suthoricies have protested that the use of this cerminology
should be limited to distinguishing modes of action, and should not be
used to classify chemicals, since & given chemical may act ac cimes by
either mechanism,
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both nonadditive cases, the paramecer of intarest is the degree of interac-
tionj this may be a constant or may be a Funcrion of dose.

If inceractions exist, the health effects of sequential and
simultaneous exposures are likely to differ. In addicion, differant permuca-
tions of sequential exposure may have different effectcs. Further, che
response variance may be greater between individuals for exposure to miztfures
than for exposure to a single chemical.

In the absence of specific studies, one cannot predicc which
case will apply to a given mixture. The common practice, therefore, is to
assume the effects (or doses) of differenc chemicals to be additive. This is
the simplest case, since estimates of the degree of interaction are not
required, and is also the median case among the three (i.e., neither best nor
worst case). Thus, unless specific information is available, cthe effect (or
dose) of each chemical is usually considered separately, and the estimated
adverse effects are aggregated at the end. It is possible that one or a few
components will be sufficienctly potent and in such high concentrations that it
gr they dominate the observed adverse effects. If g0, the risk esacimacion can
ignore the less potent chemicals without affecting ics validicy significancly
(i.e., without affecting che uncertainty level).

In the rare cases where 1t 15 known that there are interac=
tions, and these interactions have been quantified, cthis knowledge can be
incorporaced into cthe risk escimarion. If the daca allow, the doses of che
various interacting chemicals should be combined into a single "affecrive
dose" and used as the dose variable in the usual mechodology.

2. Machematical extrapolacion models: Toxicological extrapolation
models can be divided into three major classes and several subclasses. MHathe-
mactical models for axtrapolating {or Interpolating) response {or risk) across
dosage, and particularly from high to low dosa have received the most atcen-
tion from regulators; consensus does not exisc on their reliabilicy ac very
low daose. Toxicokineric (or pharmacokinecic) models are pocencially more
versatile (e.g., applicable across dose, route, species, etc.); they are
limited in use by their apecificity and data requirements, The third class 1is
a collection of approaches that may be useful when data needed in other
approaches are inadequatej they might be used for gquaptitative assessment, but
would probably be limited by the dats base to a qualitative output.

8. Difficulrties in modeling: Modeling of many biological
effeccs is difficult, but sttempts to model carcinogenesis mathematically have
proved to be exceptionally so. Efforts to apply macthemacical expressions to
toxicological dose-response relationships began in the 1930's wicth the work of
Gaddum and Bliss o¢n acute quantal response daca (Brown, 1985). The now
familiar probic model (see below) became a standard tool in estimacing LDgq3.
The discovery that ionizing radiacion could cause cancer led in che 1%403 and
1950 to extensive ressarch on dose-response funcrions for low dose predic-
cions (NRC/MAS, 1972). The results of this work has had greacr influence on
attitudes towards assessing and managing the risks not only of radiation, but
also of chemical carcinogens (NRC/MAS, 1980b; Woodhead et al., 1985). Many
models Eor extrapelation to low dose for carcinogens (and other toxicants)
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have some basis in early cheory of radiacion effeccs. Recent discussions have
noced the substantial differences (as well as the similaricies) in carcino-
genesis by radiacion and chemicals, boch in molecular mechanisms (Borg, 1985)
and in cellular or animal models (Fey, 1285).

The mechanisms of carcinogenesis have been difficulr ra eluci-
date and this difficulty accouncs for the suggestion and evaluation of many
increasingly complex models over the past 30 years (Whictemore and Kaller,
1978; OTA, 1981; OSTP, 198%; Brown, l985; Borg, 1985; and Fry, L283). Current
consensus is that at least three major phases occur in the development of can-
cer: initiation; promotion or expression; and progression. A given chemical
may be an initiator, a promoter, or a complece carcinogen.

An iniciater appears to cause a rapid, irreversible heritable
change in a targer OMA molecule or cell in a carget organ. The reaction
appears to be first order kinecically without threshold. The change can lie
latent (even long afrer the chemical has been eliminated) uncil promotion
occurs, unless the cell dies or is destroyed by bodily safety mechanisms.
Promocion is less well wunderscood, and may have mulciple forms or stages
involving possibly both direct and indirect mechanisms. A4 promoter {(of which
there are many®) appears cto alter the differentiation capabilicy of an
iniciated cell, possibly chrough adduct formation, amplification of damaged or
normal genes, or activation of repressed genes. A promoter's effects are
susceptible to bodily repair mechanisms, and the promoter must be prasant on
an extended basis (repeated or chronic exposure) to result in tumors. (Tumors
may regress if exposure ends). Cells that have been initiated/promoted may
still die or be constrained by the tissue's cell system. In the progresaion
stage the cell apparently undergoes sufficient genomic change (e.g., perhaps
through chromosomal translocations) that it largely escapes control by the
surrounding tissue and proliferaces unrestrained. Promoters may at times be
required ©o malntaln progression, dince Cumors will oecasionally regress when
exposure Lo a given carcinogen 1s stopped.

In addicion to uncertaincies abour che mechanisms of a given
carcinogen, the subject organism is also invariably being subjected to many
ocher cancer-relaced agents, including iniciators or promocers (possible
cocarcinogens) and also anticarcinogens. Ames (1983) has described a plethora
of natural smutagens and carcinogens in the normal diect. Many of these chem
icals act through generation of oxygen radicals which may play a degenerative
roll in cancer, heart disesse, and aging. The intake of these agents is com=
pounded by the Llifetime exposure to naturally occurring radiolisotopes and
intense cosmic rays. The diet also contains chemicals believed to act as
anticarcinogens.

Considerations of the uncertainty in the effective dose of the
carcinogen, coupled with uncertainty in the carcinogenesis and bodily repair,
as partially summarized in Figuore VIII-3, reveal why epidemiological and

* The common amino acids (such as ctrytophan, leucine, and isoleucine),
present in proceins, saccharin, and the sodium salt or ascorbic acid
(Vitamin C) have all been found to act as promoters.
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toxicological studies ofzen yield dose-response data that are difficult to
incerprat with general machemacical models.

b. Dose-response e=xtrapolation models: Machemarical excra-
polation from high dose levels to low dose Llevels is usually required to
estimate human health risk. Typical laboratory toxicity studies invelve 10 to
100 animals per dose level because of logiscical limications. The sensicivicy
of the test is arithmetically limited to an effect of 1 to lO% incidence in
test animals dosed st levels high enough to produce an abservable effecc, and
cancer risks below lI cannot be measured in animals with any useful degree of
accuracy {(Crump, 1981lb; Caiens, 1379).% Howaver, mosc risk assessments
require the evaluation of effects with lowver incidence, such as 1 to 10 in a
million (i.e., 1075 ar 10 &), Therefore, an extrapolation to the expected
very low level exposure is required. For this reason both the response (risk)
and dose are usually placed on logarithmic scale.

A variety of models is available to make extrapolations, al-
though in modeling research heavy emphasis has been placed on two areas:
scute lethal doses and carcinogenesis. Mosc of these models were developed
over 10 years ago. The models and cheir biological rationales are discussed
in several references {(Food Safety Council, 1980; NRC/MAS, 1980b; Altshulaer,
1981) Munro and Xrewski, 198la, 1981b; Krewski and Van Ryzin, 19813 Richmend
gt al., 198L; Tardiff and Jaffe, 1982; Park and Snee, 19845 Bickis and
Krewski, 198%; Crump, 1981, 1985a, 1985b; and Brown, 1985). Krewski and Browm
(1981} also provide a bibliocgraphy of the carcinogenic risk assesament
licerature.

Although not always expressly scated, mosc of the models have
variants to allew elimination of background rates (i.e., the presence of
adverse effects in undosed control animals). Thus, what is usually calculated
is the additional risk resulting from exposure over the normal or background
affect level. In addicion, threshold doses, if known, could be incorporaced
in most of the models, although this is mot done frequencly.

In general, all machemactical modals assume that the probabilicy
of response (P) at a given dose (d) is a Eunction of the dose

pld) = £(d)

but differ in the functional relacionship. Four subclasses of such modela are
discussed below and then briefly evaluated.

(1) Simple algebraic models: In the simplest case, the

function is linear over the entire range of doses

% The EDg, study, the largest animal study to dace, was designed to estimate
with precision the dosage of a wvery potent carcinogen that would produce
an increase in tumor incidence of 1X. It used over 24,000 mice (Cairns,
197%).
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P{d) = a~d

where the conscanc, a, is the slope of the dose-response line.

The linear relationship can be modified co include eicher
or both a background incidence P{dn} and chreashold dose [dtl.

Linear models Pid) = F{dn} * 4d
P(d) = a(d=d.)
P{d) = P{dﬂ} * l[d‘ﬂt}

where the effecrive or excess® probabilicy, Pe(d) is:
Pefd} = pid) - ?{da].

This mechod of correccing the response for background is
sacisfactory for many purposes, particularly if the background incidence 1is
apall, Becter comparisons can be made between response probabilities or risks
found in different studies, where differing (and somecimes high) background
levels axiat, by zonvercing the respomses above background in sach data set Eo
new O to 1.0 scales. A formula, knowm as Abbott's correction, expressas the
risk as:

Pld} - B(d )

R{d) =
1 - Efdaﬁ

A straight line can be fir to a data sec by regression
analysis and used for predictive purposes, including extrapolacion to estimate
the threshold dose or background incidence. Few data secs are linear over the
entire range, however, and more complex funccions required consideration. For
example, the four models below have been tested on the effects of ionizing
radiation (NRGC/NAS, 1980b; GAOQ, 1981):

Square Root Modal P(d) = B(d,) + ad®
Quadratic Model B{d) = Pld ) + apd?
Cubic Model P{d) = P(d ) + aydd

Linear Quadratic Model P(d) = P(d,) + ad + aud?

* In cthe literature, P(d) - P{(d. ) is wvariously called che added, additional,
increased and excess pruhlbfiity (or risk).
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Tha linear no-threshold model gave a reasonably good fit
to some data sets involving cancer incidence following radiacion, particularly
for so-called high~LET radiation* such as alpha particles (helium nucleil,
protons and fast neutrons and cosmic rays (heavy nuclei), bur a poorer fib for
low-LET radiacion beta rays (electrons), gamma rays, and X-rays.*® These data
in many cases were based on epidemiological studies following high dose, mul-
tiple type, whole body, radiation {(e.g., atomic bomb survivors at Hircshima
and Magasski). Land (1985) recencly revieved the difficultiles ipn extrapolac-
ing cancer risks Erom such large-scale radiacion exposure.

The Macional Research Council's Commictee on the Bio-
logical Effects of Ilonizing Radiations hawve considered these effects at length
(the so-called BEIR Commictcee reports: NRC/NAS, 1972, 1977b, 1979, 1980).
The 1972 BEIR report used the linear model to estimate cancer induction at low
doses of radiacion, and this model became the basis of current radiation
proceccion standards. 1In 1980, however, the BEIR Committes meambers could not
reach consensua! most members now believed thac although the lLinear model was
satisfaccory for high-LET radiation, the Llinear-quadratic model was best for
predicting low LET low dose risks. One dissenting opinion (that of the com—
mittee chalrman) favored cthe linear model for all radiation, while anocher
opinion favored a pure quadracic model because the linear model overestimated
risks at low dose LET, but might underestimate neutron hazards.

These deliberacions are imporcant to the present study of
risks from chemical carcinogens. Although chemical carcinogens are very low
énergy fources compared to ionizing radiacion or even toc ultravioler Lighe,
the concepc that the dose-response relationship for chemical carcindgens
should be linear, at least at low doses, became widely accepted for regulatory
purposes. In fact, a "linear incerpolation model” developed by Hoel et al.,
1975 (see below), and briefly adopted by che EPA in 1976 for carcinogen risk
assessment, drew heavily on the linear model endorsement in the 1972 BEIR
report. While mosc models for extrapolations of chemical risks are more
scrongly based on toxicological theory amd experience than these simple alge-
braic models, all che models currencly favored for lov dose carcinogenesis
prediction incorporace near linearity act low dose with no threshold. On the
other hand, the kinetics of metabolic processes other than those directly
involved in carcinogenesis can probably cause deviation from linearity at low
dose. In fact, Doll and Perto (1978) observed that a guadratic dose-response
relationship provided a batter fit for data on lung cancer and smoking than
did a linear model.

{2) Tolerance distribution models: This class of models
is based on the decerministic view thar Eor a toxie substance sach individual

* LET (linear energy tranafaer) refers co the amount of energy an ilonizing
particle gives up per unit lengcth of track in receiving material.

*% Ultraviolat rays are essentially nonionizing in biological media, but can
cleave moleculeas into reactive free radicals chat initiate cancer.
Ultraviolet rays are particularly associated with skin cancers. Cosmic
rays contain a broad mixture of electrons, mesons, protons, and heavier
particlas.
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has a tolerance level which, if exceeded, always causes the effect, and on the
assumption that a discribution of tolerances exists in the test populacion.
Different distributions lead to the probit and logistic models.® Tolerance
distribucion models suggest assumption of a threshold dose for each test sub-
ject, but do not preclude vanishingly small thresholds for specific subjeccs.

Probit model--The basic probit** model assumes a normal
distribution of events. For toxicological dose-response applications, a log-
normal distribution of individual tolerances .is assumed. The model is some=
times called che probic log-dose, log-probit and log-normal models, as well as
the probit model. The equation for probability of response wersus dose is:

a + B=log d
=11 ¥
B(d) = (2m) [ .5 .

-

where P{d) = probability of effect ac dose d

u = log x, where x 13 the variate of the classical bell=-shaped

normal distribution, and

@ ® parameter to be estimated, and

B = parameter co be estimated (called the aslope of the probic
lina), where § > 0.

Originally developed in drug development research te fit
research data for acute exposures, the probit model is very useful im obtain-
ing the LDy by interpolation, since it can be applied wich only one dose
level plus a control group. The model is mot highly flexible in fitring data,
but the log=probit model adequately fit the observed dacta for both liver and
bladder cancers in the EDg; study (Farmer et al., 1%80).

The probit model curve is convex in the L0 co 50 response
range, but cthe response approaches zero rapidly ac low dose. It is inherencly
nonthreshold, but is concave in extrapolation to very low dose on a log-log
scale. It almost always yields lower escimaces of risk at low dose than do
other models.

Mantel and Bryan (1961} adapted the probic model to esci-
mate "safe doses" of carcipogens. In this method, the paramecer @ was not
estimated from the data, but was set arbitrarily to unity (presumed to be a
conservativa procedure). Other parameters are then varied to give an upper
99% confidence level on the risk at a given dose. The safe dose is then
defined as the dose expected ac che 991 confidence level to give no more than

# The Weibull modal is somecimes grouped with chese models, but is better
clasaified wich mechanistic models as will be seen in Section B.2.a.3.

** Probit ism an acronym for che term probability unic. The probit scale is
based on deviacions from che mean of normal distribuction; the scale is
ad jusated to avoid negacive numbers.
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an assigned wvery low response, such as 1078 The U.S5. Food and Orug
Administration adopted the log=-probit model for a time around 1970 in sSupport
of its regulation of carcinogens. This procedure was subsequently improved
(Mantel et al., 1975), and was specified by EPA in 1976 as one of two models
(che other being the one-hit model) in ics interim guidelines for assessing
health risks of suspected carcinogens. It has been oriticized, however, on
the theoretical grounds that it ruled out linearity at low dose (a feature
viewaed as essencial by Petos, 1974), gave a poor fit to data because of its
concave curvature, and eventually underestimated risks when extrapolated to
very low doses (Crump and Msgsterman, 1979). In particular, it was not suf-
ficiently "conservative." In addicion, the wversion of the probict model that
incorporated a background level of cancer implied thar the mechanisms of back-
ground and dose-induced tumors were independent (Crump ec al., 19763 Crump,
1977 and 1979; Hartley and Sielken, 1977; and Saisburg, 1%79). This model 1is
no longer highly regarded for regulacion of carcinogens by the FDA or EPA, but
the Mantel-Bryan concept of extrapolating upper confidence Limits has been
used with other dose-response models.

In additiom, Hatcis (1987) notes chat probit risk assess=-
ment formulas used for chlorine gas releases by differenc groups differed by
over a factor of 10 in the LDys for humandi, which then (because of the highly
nonlinear nature of chis function) led to a billion-fold difference in popula-
tion mortality risk in che region of che more conservative LDgg.

Logistic model--The "logit" model {(developed abour 1944)
uses the log logiscic distribution rather than the log normal distribution of
the log-probic model; otherwise the models are similar, and the logit yields a
sigmoid-shaped curve also. The aquacion is:

it % u*fq + g=log d)

L
where 8 > 0

In Low dose extrapolations, this model can be linear (8 = L), sublinear (8 >
1} or supralinear (B < 1), The logit model usually gives risk escimates at
low dose somewhat higher than those of che probic model. The logict model is
used in machemacicsl models of many growth processes, but has not been applied
as much as some of the other models inm health risk assessment of chemicals.,
In concrast, the multiple logistic model of Truett et al. (1967) has become
the dominanc model for analysis of cardiovascular disease. The equacion is:

1
.1 i !-{Bu + I]:] * o Bklk}

where R 1a tha risk of developing a particular cardiovascular disease over
time, the @a are constants, and the Xs are the rav levels of such risk factors
a3 age, blood pressure, choleacerol level, etec.
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{3) Stochastic mechanistic models: Models in this class
all assume a degree of randomness in ewvents leading to response, but also have
some basis in toxicological theory. These models all assume that a certain
number of reactions, events, or "hits" (s term used in radiation carcino-
genesis theory) are necessary between molecules (or fragments of molecules) of
8 toxic substance and a cell or molecule within & cell of the wictlm Ko pra=
duce the effect. 0Ooe should pote that in the original development of all
these models, response was considered as a function aof time, but most ara now
more familiar in their dichotomous dose-response forms.

One~hit and linedar extcrapolation models=—The one-hit model
of carcinogenesis was proposed by Iverson and Arley in 1952 (NRC, 1977a). It
sssumes that a single biologically effective dose resacting with one receptor
site within a cell is adequate to cause a trsnsition to a cancer cell, which
then multiplies at a rate independent of the iniciating dose until a tumor is
detectable. A "hit" can be considered to be one or more of a variety of pos-
sible fundamental biological evencs, within a specified interval of time,
including, in the extreme the reaction of & single toxicant molecule with the
DMA of a single cell in the organism. If the number of hits in the interval
follows a generalized homogeneous Polsson process, then the equation for che
probability of response for an individual is:

p(d) = L ~a M

vhars Bd = epxpactad number of hirs ac dese 4, (8 > 0)

This is the one-hit model, sometimes called the simple exponential model. AC
very low doses, the relacionship becomes:

Pld) = Bd

Background response levels can be taken into account in this and most other
models by assuming that they are either independent or addictive to the
response to the cest subscance (Hoel, 1980)}. The calculations differ,* but in
general :

pld) = | — g Lo+ 8d)

* If the response Co atimulus is assumed to be independent of che background,
Abbott's correction is used. IE the stimulus is assumed to have a mech-
anism similar rto that causing cthe background, then it is added to an
assumed effective background dose. Extra risk calculated ac low dose by
the two mecthods can differ by several orders of magnitude.
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where a reflects the background. A version of the one-hit model thac in-
carporates a chreshold can also be written (NEC/HAS 1977a):

p(d) = 1-o BLd=d.)

where d: i3 the threshold dose.

Unfortunacely, the ome-hict model ofcen 1s called the
linear model. In Eact, the line ficted to dose-response data with this medal
is slightly concave, although its extrapolation to leow doses becomes nearly
linear. BHBecause the model has only one parameter, it is not Elexibla in Eic-
ting the typical sigmoid-shape of a rich data set. The parameter can, how—
avar, be obtained if only a single positive response dose point is available
by using the origin of the dose-response graph (or background) as a second
point, In practice, if the fit of the curve to the full data set is unsacis-
factory (e.g., by the chi-square stactiatic ctest), high dose data points are
dropped successively umcil a fit resulcs, even if only one positive point
remains. The slope of the curve below the lowest data point and an assumption
of linearity can be used with a nonintercept log-log scale to escimate risks
at very low doses or a "virtually safe dose" (V5D) where the risk was say
< 076 (Crump et al., 1977), i.e., & de minimis risk. Confidence limits of
the line also can be excrapolated. The choice of confidence limits is arbi-
trary but 99%, 95%, or possibly 68Z are common. Because of its desirable fea-
tures, intensive efforts were made during che 1970's to juscify this model and
use it in regulacions of carcinogens.

The U.5. Food and Drug Adminiscracion adopted a version of
chis model in 1971 to make conservative estimactes of riak at low dosei FDA
chose to use linear extrapolation of the uppar 99% confidence limits. Follow=
ing the BEIR committee's 1972 conclusion cthat radiacion-induced cancer was a
linear function (NRC/MAS, 1972) and Paco's insiatence that the dose=-responsa
curve must be linear with positive slope as it approaches zero dose (Peco,
1974), a Macional Research Council Commitcee endorsed linear sxtrapolacien far
carcinogens (NRC/¥AS, 1975). MNumerous publications contanded variously chart
the one-hic model was consiscent with biological assumptions, that any dccept-
able model muac be Llinear ac low dose Eor all directly acting carcinogens,
since they would add to background incidence, and that linear extrapolation
should be made using upper confidence limics (Hoel ec al., 1975; Crump et al.,
1976, 1977). Several papers discussed preferred mechods of using low dose
data points for incerpolacion or linear extrapolation (Hoel et al., 1975%
Caylor and Kodell, 1980); Alcshuler, 1981). The U.5. Interagency HRegulacory
Liaison Croup, following its FDA members, recommended linear extrapolacion
from the lowest posictive data point (IRLG, 1979). The EPA adopted the ane-hic
model or its linear extrapolation variaction for a time (1976-1979) as a basis
for estimating health risks of expected carcinogens (EPA, 1976), in secting
water quality ericeria (EPA, 1979), in regulating pescicides (NRC/NWAS, 1980)
and for generally estimating V3Ds for carcinogens.

The appropriateness of this one-hit model as a basis of
regulation was increasingly disputed, however. Quesctioned wera its biological
basis (particularly sfrer the BEIR commitcee substituted a linear-quadracic
for the linear model for prediering cancer from ionizing radiacion, NRC/HAS,
1979, 1980b), the coxicological inscabilicy of low—dose data points thact leads
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to statistical instability of the low dose extrapolation,* and the conflict
between some predicted response levels and those determined in epidemiclogical
studies. While some authors suggested that the model might, with some daca
sets, actually underestimate law dose risks, others insisted that the high
risks usually estimated produced unnecessarily adverse societal impacts when
trangslated into regulations (see for example Cohen, 1981).*¥* Mostc troubling,
perhaps, was the problem of justifying use of only the lowest data point, and
disregarding more reproducible midrange poincs when the model provided an
unsacisfactory fit cto che daca sec, as frequencly occurs (Van Ryzin, 1980).
When the one-hit model was applied to the resulcs of che EDgy, study (see
Figure VIII-2), a satisfactory fit could be obtained for only the lowest three
data points for the liver tumors, and the fit to the bladder tumor daca was
nat as good as that obtained with the Weibull model (Carlborg, 198lc; OTA,
1981). Becsuse of the substantial credibility and practical problems wich che
one-hit model, the EPA's Carcinogen Assessment Group replaced it with cthe
mulci-stage model inm ics water qualicy criteria developmenc (EPA, 1980a,
1980b, 1980c) and in other risk assessments.

The one=hit model can be regarded as a special case of the
muleti-hit, multiscage, and Weibull models (see below) that results when appro-
priate parameter values are used in esach (e.g., unity for k in the mulriscage
or for m in the Weibull). Therefora, those models are more flexible in fir=-
ting data than the one-hit and better suited for regulacory use.

Rai and Van Hyzin (1985) have applied the one-hic model te
teratological data, alcthough this response is often considersd Co exhiblt a
threshold effect.

Multi<hit model--This model (Eirat proposed by Cornfield
in 1954) assumes that several events or "hits" must occur to cause response
and that they follow a gamma discribution funccion. The egquation is:

d-ﬂu

dii

By R
Pld) * ey ]  (Be)™-
a

vhere

E- 1
r{k} = the gamma function, [ L
o

u = yvariable of gamma function,

k = number of hits {but not necessarily an inceger).

* The upper 99% or 95% confidence limit is more stable for a given data sat
for such models, even if che model's basis is dispuced.

#% Bacause of the poor fit that the one-hit model provides to good data sats,
it is not surprising that it can underescimace as well as overescimace
risks.
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This model, frequencly called che Camma Mulci-hir model,
can also be considered a tolerance disteibution model, but was derived from
considerationa very similar to those of the mulcistage model. It can be
derived as a special case of the multiscage model (Crump, 1985a) and conctains
the one-hic mpdel as & special casze. Rai and Van Ryzin have developed ics use
(Van Byzin, 1980). The multi-hic model is much more flexible in ficting daca
sats than the one-hit model, but reguires much more data to define che param-
eters. In fitcing data, the multi-hit resembles a blend of the probic model
at high dose and the logit model at low dose. A computer program, Mulci 80,
was developed by Rai and Van Ryzin (19B0) for model fitting. Ral and Van
Ryzin (198l) discussed applicability of a generalized multi-hit model for low
dose extrapolacions.

In 1978 the Food Safety Council (1978) and Ral and Van
Ryzin (1981) suggested use of the muloi-hit model for low dose extrapolacion
of cancer risks. Crump and Masterman (L1979} contended that muleti=-hit models
that are linear at low dose are necessarily curved downward at high doses,
that confidence limits based on it can be either supralinear (k < 1) or sub-
linear (k > 1)}, and that lower confidence limics on VSDs from the model with
k= | can differ substantially from V5Da calculated by other sacisFacrorily
ficted curves on several data sets. Because the original version of che model
assumes complete independence of background incidence, irc yields wich some
dacta sets confounded estimates of background, and even of response at moder-
ately low doze.* Haseman et al (1981} have reviewed the practical problems in
using the multi-hit model. In general, the multi-hit model does not appear to
be viewed favorably as the primary basis of cancer risk extrapolation.

Mulcistage model-—The multisctage model, firsc proposed in
1953 and described by Armitage and Doll (1961), after wvhom it is often named,
is based on consideracions similar to those of the multi-hic model. This
model assumes that cancer begins in a single cell (or cell line), but anly
afrer it has undergone a number of random biological events or stages. (Hote:
in che mulci-hit the evencs must occur in some nonrandom sequence.) The
stages are independent; the time spent in each stage is exponentially distrib-
uted; the sffects at some scages are additive with background effects; and the
age-specific rate of occurrence of each event is linearly related to dose.
The multistage was not derived on the basis of stages of initiation, promo-
tion, etc., as now idenctified, did not consider the possibility of repair
méchanism or Ctumor regression and did not distinguish between benign and
malignant tumors.

The generalized mulcistage model, as developed by Crump et
al, (1976, 1977), Guess and Crump (1976, 1978), and Guess et al. (1977),
assumes that background csrcinogenssis is present, and that exposure to & new
carcinogen acts addicively. The probability of response, P{d) from continuous
lifecime exposure at dose, d, is given by the equacion:

* A version in vhich background is additive is essencially equivalent to the
multistage modal.
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=
Bld) = 1 - o ¢Bn * Byd + 8,42 + ... Bd7)

where k = an integer, nominally the number of stages in the process, and

B, = nonnegative paramecers to be estimaced from che data sec.

The equation is obtained in essence® by replacing the single parametar of the
one-hit model by a polynomial; the one-hit is a special case obtained by sec-
ting k = 1. If the background incidence is zero, then By = 0 and the equation
at low dose is:

k
p(d) = 1< VB4 ©hdR ties AT

A threshold version of the multiscage can also be obtained by replacing d witch
d-dt. whare dt is che chreshold dose.

.
Pld) = | - E"[Eu * !lf'd"—d't} * El{.d"'d-tal * oaeia Ek.{d-dt:l |

Mumerous publications in the lace 1970%s supported the
mulciscage models' biological and statistical bases, demonstrated how maximum
likelihood escimates of risk could be calculated and described methods of
using confidence limics to escimats virtually safe doses (VSDs). See: Crump
et al., 1976, 1977; Guess and Crump, 1976, 1978B; Guess et al., 1977 Harcley
and Sielken, 1977; NRC/MAS, 1977a; Brown, 1978; Cuess and Crump, L9787 Peco,
1978} Crump and Masterman, 1979; and Crump, 1979. Of particular incerestc vere
arguments basing a demand for low dose linearity on the assumed addicivity of
respanse from the administered dose and & postulared effective background
dose. A furthar development was the use of upper 951 confidence limits to
give more stable estimates of risk above background than were obtained for
MLEs. Tha low—-dosa linearity hypothesis®™* was justified both on the basis of
background addicivicy and by reference to the cthen-held BEIR committes view on
radiation and cancer (MRC/NAS, 1972).

The multistage model is very flexible in fitcting data secs
because of the polynomial function of dose. In fact, the general model is so
flexible thact it does not yield just a single soluction when fitted to a data
set; several solutions can be obtained, the number depending on the number of
terms used in the polynominal. Different solutions, however, can give sub-
stantially different estimaces of risk at wvery low doses, and thus a high
degree of uncertainty in extrapolated risks (Carlborg, 198lb). In ordér Lo

* The multistage model slso can be derived Erom the probit medel (Altshuler,
1981).

** The "hypothesis" has been termed a dogma by some (Hartley and Sielken,
1977).
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avoid this problem, the number of terms permitcted is arbitrarily limitced® co
the numher of nonzero dose levels in che dara set. This convention slightly
wveakens the biological basis of the modelj the number of scages of cancer for
4 given carcinogen is nominally dicraced by the experimencal design. (For
some daca secs, only two or chree paramatErs are needed co achieve a satisfac-
tory fit}. In addition, the linear hypochesis is sacisfied only if 8, > 0.
Therefore, an arbitrary decision is uscally made that a positive f; parameter
mast be included in the regression analysis, although satisfactory fits can be
obtained at times without it (Guess and Crump, 1978). Because of these con—
ventions, however, a possibility usually remains that a becter—fitting solu-
tion was unidentified--one that would have given a diffarent estimate of Llow-
dose risk for regulatory considerations.

Carlbarg has evaluated the mulcistage model on cthe basis
of theory and experimental results, and discussed several "defects" in the
application as a model for carcinogenesis (Carlborg, 198lb). Sielken (1985c)
found char for formaldehyde carcinoma data, a five-stage multistage model gave
a much better £it to the daca than did a three-stage version with the conven—
tional rescriccions (see above), and also gave substancially lower estimaces
of risk ac low doses (being similar co chose of che Weibull model}. I[In con=-
trast, the 93% upper confidence limit of the five-scage model at low dose was
substantially higher than that limit for che Weibull because of differences in
the model Eamilies and their upper confidence limit procedures. Interestingly
enough, the 951 lower confidence limit curve for the five-stage model fell so
far below the maximum likelihood escimate that it indicacted the possibility of
quite negative risks at low doses. This effect was minimal with che Weibull.

Crump et al., describe a regression procedure for comput-
ing the maximum likelihood polynomial Eumction from a data set. Heferred co
as a "global maximization" procedure, it can be performed efficiently with the
computer program GLOBAL (Crump et al., 1977; Crump and Watson, L9803 Crump,
1981b), accessible through che Mactional Institutes of Health, EBethesda, MD.
Whenever che multistage model does not fir the data sufficiently well, data ac
the highesct dose are deleced, and che model is reficced to the resc of the
data. This is concinued uncil apn acceprable £it to the data is obrained
(i.e., the chi-square statistic). GLOBAL also readily computes the axtra risk
over background, confidence limits on the risk, and the wvirtually safe doses
at specified low risks.

Despice its flexibilicy, the conventional mulcistage model
doas not give a satisfactory fit to data sets in which the dose-response func-
tion rises sceesply, then plateaus (i.e., strongly concave).¥ In addition, a
faw data sets are lnmown for which the fictted mulcistage curve is concave at
moderate to low doses.™* In gxtrapolation to very low dose, the mulcistage

* The B4 are also constrained to nonnegacive wvalues so that only monotonic
relactionships resulc.

** Chemicals giving such data sets include DDT, DES, echylene dibromide, and
vinyl chloride (Carlborg, L981lb).

***Exlﬂpl§1 include 2-AAF, NTA, and hexachlorobenzene (Krewski and Van Ryzin,
1981).
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model and ics upper confidence limic become essentially linear. Wich most
adequate monotonic data sets it gives estimated risks higher than those of the
probit, logit, mulci-hit, and Weibulbl models, and ofcen nearly as high as
those of the one-hit model.

Gibb and Chen (1986) recenctly proposed a wvariation of the
multistage model that could address multiplicative carcinogenic effects as
vell as the conventionally assumed additive effects.

Linearized multistage model--In the "linearized" mulri-
stage model (Crump, 198la, 198lb), the linear tarm (n.} in the péalynomial
funccion is replaced by its upper 951 confidence limir, g%, and the nonlinear
terms d?,d? ecc., are dropped entirely (because at low dose they approach zero

faster than d does). The best escimaces of 8,, B;, 83 etc., are never used in
the linearized version.

Crump and Watson (1980) calculaced the upper 95% confi-
dence limics of risk by both che linearized multiscage model and the one-hit
model for 90 sers of data, and compared then for purposes of developing wacer
quality cricteria. The models coincided for the L6 secs having only two dose
groups, gave identical Eifs and extrapolated risks for 28 sets, gave neglig=
ible differences for 28 other sets. The multiscage gave risks 1/2 as large in
17 secs, and gave risks lesa than one-fifch as large in one case. That the
mulriscage model gave upper confidence Llimic risk estimates ia such good
agreement with those by EPA's then—approved one-hic model was persuasive,
That it also had a better biological basis in many opinions, gave a betcer fit
to experimental data, and avoided some of the excessive conservacism of che
oft-criticized one-hit model, was irvesiscible. EPA substitucred the linear-
ized multistage model for the one-hit model in its water quality criteria
(EPA, 1980a), and subsequently described this mechod as che basis of its can-
cer risk assessmencs (Anderson et al., LOB]; EPA, 1986a).

In the linearized multiscage model, che "extra" risk* R{d)}
above background incidence F{dai at dose d 1is defined (as in Subsec=-
tion B.2.a.l) ast

Bld} - P{dn}

A(d) =
S F(dn}

Computation for the linearized mulciscage model are made
using cthe CLOBAL program of Crump and Wacson (1979) as updated. The mulci-
stage model is firsc fitted to the dara, using a number of terms L the poly-
nomial equal to the number of dosed groups in the scudy beside the concrol
group. The fit of the modal to the data can be tesced if desired by the chi-
square staciscic.

* The symbol used for this extra risk varies among EPA documents and also
among literature publications, with A(d), P _(d) and others in use.
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wheEre HI is tha number of animals In the ith dose group, %: is cthe numbar of
animals in the i®" dose group with a tumor response, Piis the probability of a
response in the i%0 dose group estimaced by ficting the multistage model Co
the data, and h is che number of remaining groups. The fit is determined co
be unacceptable whenever x? is larger than the cumulative 99X point of the
chi=-square distribution with f degrees of freedom, where f equals the number
of dose groups minus the number of nonzero multistage coefficients. If the
fit is unacceprable, data ac the highesc dose are deleted and the model is
refitced to the resc of the daca. This is continued until an acceptable fit
to the data is obtained. A fit will always be obtained for the lowesc dosed
group, even if the response appears anomalously high compared to higher dosed
EToups.

The upper 951 confidence limit of che best escimate, g,
value is calculated by remaximizing the log-likelihood funcrion (L) for q,.
The value of g, is increased to & value g; such that the maximum value of the
log likelihood function L, satisfies the equation;

2(L, = L,) = 2.70554

where 2.70554 ias the cumulative 90X poinc of che chi-square distribution with
one degree of freedom, which corresponds to a one-sided 951 upper Limit.

At very lov doses the upper confidence limit on the extra
risk is always linear with the linearized model, and q, will always be_ pos-
irive. The extra risk is cthen essencially equal to cthe product of g, and
dose: R(d} - gqyd. The lower 951 confidence limit on the dose producing &
given risk can be calculaced from the upper 95% value for g;. A "wirtually
safe dose" can be defined as the dose for which the extra risk is not more
chan some predecermined small number.

B{d) = 1075 or 1076

The q: values obtained from animal scudies must be con-
verted to human equivalent values, which EPA's Carcinogen Assessment Group
gave the symbol B, {Anderson et al., 1983). The interspecies conversion is
made on the basis of surface area ratios (as discussed in Section A) using the
approximate formuls

where W_ is the waight of the test animal in kilograms. CAG has varioualy
called the "upper bound slope,” "upper bound potency," the "potency" and
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"sorency factor" of the carcinogen. The converied qT are written as q* in
some EPA publications but not in others, and g, is sometimes used for the
converted wvalues alse. CAG has published walues for and ¥5Ds for over 50
carcinogens {Anderson =t al., 1983; EPA, 1984d). In addicion, CAGC has devel-
oped a “potency index" Ffor these carcinogens by mulciplying the molecular
weight of each by ics B, and also an "order of magnitude index" by taking the
logarichm (base l0) of the potency imdex and rounding to the nearest whole
number (EPA, 19B84d).

Moce that the confidencea limits in the linearized multi-
scage are statistically correct only if the model used to compute che limits
is an accurate representation of the underlying dose-response function; they
do not provide any measure of che extent to which che model is correct or
incorrect. In Eacc, the use of the upper confidence limit in the multistage
model can resulf in a nonzero estimate of risk Eor data sers chat do not show
carcinogenicity (Whitcemore, 1980).* The Chairman of EPA's Carcinogen Assess-
ment Group recently noted that, averall, a Eeeling exists that the biological
foundation is flimsy for EPA's current mechod of low level risk escimation
based on the linearized mulctiscage model (Alberc, 1986).

Waibull model: The Weibull model has been widely used in
ics time to tumor form (see below), but because of uncertainty over its physi-
ological basis, it was not seriously considered until recencly for extrapola-
tion of risks to low dose. It was first proposed in 1951 by Fisher and
Holloman (Browm, 1985) on the basis of a mechaniscic mulclcellular cheory of
cancer: 4 tumor arises Erom a clone of cells, sach of vhich has undergone a
single cellular change. In 1966, Pike suggested che Weibull discribution for
analysis of carcinogenesis experiments involving continuous exposures, and in
1971 Doll considered its implications as a model for carcinogenesis. The
model adequately described the observed age distribuction of many mice and
human cancers, according to Peto and Lee (1973}, vho improved procedures for
ascimacting cthe paramecers of the model.

A familiar time-independent form of the Weibull model®* is
expressed by the equation

Ffﬁ} = 1 — t-{ﬂ * ﬂdm}

* A useful measure of the uncertainty of low dose estimates might be obtained
by calculating best estimaces and upper and lower confidence limits with
two or morea reasonable models.

#& A peneral form of the Weibull distribution is:

P> i - Y=l
T N {a + 8d™)(x - w)

where ¢ is the cime after dosing starts, w is tumor growth cime, and k is
a number of discrete changes leading to tumors.
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whera P(d) is the probabilicy of response atc dose d and a, 8, m are parameters
to be astimated (B,m > 0). Alpha (a) is decermined by che background tumor
incidence: B, a scale paramecer, depends on the units of dose; m, a shape
parameter, is wusually in the range | ©ma 5 {mot necessarily an inceger),
although a faw data sets are known with m of 0.3 or less. Alternatively,

p(d) = 1 = ¢ ™

if the background incidence is negligible (@ = 0) or if one wishes to express
the extra probability over background. The relacionship ac the low end of the
dose range is linear if m = 1, convex (sublinear) if m > 1, and concave
{supralinear) if m < 1, as in a few cases vhere the curve rises rapidly and
then placeaus.? At wvery Llow doses, cthe extra risk over background is
A{d) = gd™. The wirtually safe dose (VSD) corresponding to 4 one in a million
risk over background is given by:

- 1/m
g 4 5 e
VD (T )

When m = 1, the V5D would be the same as that calculated by che one-hit
madeal .

The Weibull thus contains the low dose form of che one-hit
model as s special case, and is sometimes described as a generalizacion of it
(Van Ryzin, L980). The Weibull can also be derived as a wvariacion of boch the
multiscage and mulctihic models (Crump, 1985a). Christensen and Chen (1983)
have suggested a mechanistcic-probabiliatic basis for thea Weibull model.
Hence, it is better classified with the mechanistic models (Brown, 1983) chan
with the tolerance distribucion models, as it sometimes is (Munro and Krewshki,
19817 HKrewski and Van Ryzin, [98l; Park and Snee, 1984; HMorriss ec al.,
1984 ) .=

The Weibull model is wvery [lexible and easily fitcted te
most data sets. A linear weighted least squares regression program can be
used with just a small calculator in a trial and error method to determine the
three parameters in the Weibull model. One such program which handles up to

* Supralinear behavior appears to be observed most often when the chemical
has low acute toxicity or a subscancial difference exists betwesn admin-=-
istered dose and effective dose because of metabolic or behavioral
effecrs. Examples are DDT, crichloroechylene, and wvinyl chloride
(Carlborg, 19Bla; EPA, 1985a).

#% The Weibull is somecimes cermed che Weibull Multihit Hodel ({(Van Ryzin,
1980) and also che Excreme Value Model (Krewski and Van Ryzin, 19813 Rowe
et al., 1983) because of similaricies to the extreme value distribution,

x

iiley Flx) =1 = ™%,
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nine daca poincs was made available by the Food Safery Council im [980. WHon-
linear weighted least squares regression compuCer programs were also in use at
that cime co escimace che paramecers directly, and a nonlinear maximum likeli-
hpod method program was available from Krewski atc che Directorate of Healch
and Welfare, Canada (Food Safety Council, 1980). Similar programs have been
developed by Crump and Howe and perhaps by others (Crump and Howe, 1385).

Because the ezxponent of the dose (m) 15 allowed to take
fractional values (rather than being constrained to integers as in the mulei-
state), an excellent fit can usually be abtained if the observed dacta exhibic
a conventional spread and shape. The standard form of the Weibull generally
can give a good f£it to data that exhibit threshold-like appearance (e.g., the
EDg; bladder data), or it can be modified to accommodate a threshold dose.
Overgll, in curve [Eitting the Weibull combines che becter features of mech—
anistic modals such as the mulriscage and multihic wich those of che tolerance
distribucion models such as the probit and logit.

Carlborg (1981la) applied the Weibull model to 31 cancer
data secs for 15 chemicals (plus a study in which proctein and caleric intakes
were varied).* He reported generally satisfactory fits for the Weibull to
these daca (27 sets), and noted that none yialded a best fit corresponding to
the one-hit special case (i.e., m = L.0). The Food Safety Council (15980} and
Krewski and Van Ryzin (198l) compared the fit and low doss extrapolation prop-
erties of several models (including the Weibull) to data sers for 14 sub-
stances, the response being cancer in nine cases and other than cancer in five
cases. The multihit, mulcistage, and Weibull models all gave fics consis-
tently superior to that of the one=~hit model, which frequently gave quite
inadequate fits. The multistage model, as usually constrained, did noc give
quite a3 good a fit in general as the mulcihic or Weibull, the Weibull being
the choice of displaying the daca graphically. Carlborg (L%8lc) tesced three
versions of the Weibull model (varyimg dose, time co cumor, and duration of
exposura) against daca from the ED,, study and found good fits in all cases
for both liver and bladder tumors. Christensen (1984) found che Weibull to
have considerable promise in analysis of aquatic toxicology, and Christensen
and Chen (1985) have found it promisimg in predicting the combined toxicity of
two or more chemicals.

The low-dose extrapolation characteristics of the Weibull
are generally similar to those of the mulcihit model. The extrapolacion is
nearly linear, and the risks calculated at very low dose are usually lower
than those of the multistage model and near the middle of those Eor all the
common models (Krewski and Van Ryzin, 198l). For a few dara sets, however,
the Weibull gave higher estimates of risk than the multistage model, although
not as high as the one-hit model (EPA, 1985a). Extrapolated risks with the
Weibull appear to be more sensitive ro low dose data points than those ex-
trapolaced by the mulcistage (EPA, 1985a; Brown, 19853).

Van Ryzin and Rai (1987) introduced a variation of the
Weibull model which Incorporates the concept of the effective dose. The

* Carlborg (198la) used tche computar program BMDPIR for curve-fitting.
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adminiscered dose ls transfarmed by Michaelis-Mentor nonlinear kinetics to
give an equation with four parameters,

8
d )1]
-H_ -u e
P{dig) = 1 - e [' :(L'E*‘i]

where d is the adminiscered dose, and 8,, 9;, and B3 are all > 0. @; and B8,
are the same, respeccively, as che o and m in che Weibull® and 8, i3 a producc
of the Weibull 8 and a constant raised to the m power. Substituting these

gives the form
m d m
o ]
Ptdl-l-a[ L ¥l

where a) and a; are constants related to the maximum rate of change and the
Michael is-Mentor constant, with ag > =1/H, where M is the maximum dose
administered in a study. A one=hit version of the model results if 83 = 1 and
B, » 0, and variants of cthe muoltihit and multistage models resulc i1f 85 is a
positive integer > l. The authors applied the one-hit version of their non-
linear kinecics model to dacta sets for winyl chloride, DDT, and saccharin
which showed concave, linear, and convex dose-response curvaes, respectively.
The fit was better than for the conventiomal one-hit, and che model was judged
to be "ressonably adequate" for these three carcinogens. The model gave a
wirtually safe dose for saccharin intermediate between those calculaced by the
conventional one-hit and Weibull models. These authors did not apply the
kinetics-adjusted Weibull to these data sets.

As noted in the opening paragraph, reservations abour che
biological basis of the Weibull model for cancer (i.e., the mulcicellular
hypochesis) has limited ics application in low dose extrapolation of risks.
Because of irs other desirable features, strong lncerest has developed re-
cently in reevaluating its foundations. Carlborg (198la, 1981b) has noted in
ficting che Weibull to 27 daca secs that the shape paramecer, m, tends Co have
values that can be expressed as & fraction, I[/2, where [ i3 an odd positive
integer, i.a., m cypically has such values as 1/2, 3/2, 7/2, etc. The physio-
iogical implicacions of cthis observatioms are uncercsin, but toxicokinetic
factors may be involwved. In addition, Carlborg (198la, l98lb) noces that the
extended (cime=to-cumor) Weibull model can be used directly to derive a 1967
empirical observation by Druckrey that the dose multiplied by the median cime-
to-tumor raised Lo & power 1s a conscantc,™  i.a.,

o

dxz " = constanc

¥ 8, governs the shape of the curve in the low dose range in the same way as
m in the Weibull.

** Recent results indicate that Druckrey's rule holds £for genotoxic
carcinogens, such a3 HN-nitrosamines, but not for the nongenoctoxic
carcinogens, Dieldrin, a chlorinated pesticide (Persira, 1985).
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Carlborg also noted that cthe extended multiscage model could not be used in
the general case to derive Druckrey's rule.

Christensen and Chen (1985) recencly found that carcain
mechanistic assumptions about the reaccion of toxicant molecules wich key
recaptors of the organism and probabiliscic assumptions regarding the concen-
tration of blocked receptors at any time led directly to the Weibull model.
The shape paramecer, m, can be incerpreced as cthe average number of toxicanc
molecules per receptor. These authors suggested ctheir conceptual model
particularly for cases where response occurred mainly in a single organ site
in the organism (i.e., sites with wvulnerable key receptors), and concluded
that the paramecers of cthe Weibull model are not simple results of fitecing a
curve Lo daca, but have chemical=-toxicological significance.

Alternacive biological racionales occur to the present
author thact may provide an improved theorscical basis for applying this model
to low dose cancer extrapolation. For example, in place of che mulcicellular
hypothesis, the Weibull may be applicable to mulciple evencs wichinm a cell,
such as attacks by che carcinogen molecules on multiple chromosomes, on multi-
ple genes, on multiple nucleccides along a4 DNA strand, or on mulciple parts of
a cell (including membranes). The Weibull distribution may be applicable tao
situations where multiple agents interact in the same (or nearby) cells to
cause cancer=-the agents possibly including carcinogens naturally occurring in
foods, Crace environmencal contaminants, natural radiation products, and
viruses, in addition to the test carcinogen. Hany carcinogens are kriown Lo
form adducts with DWA, the strength of the adduct reflecting the poctency.
Binding occurs at four sites primarily (guanine, cytosine, adenine, and
thymine)}, but different carcinogens prefer different sites. Such considera-
tions may fit comfortably into a Weibull model, togecher with ocher inter=
actions such as mulciple enzyme effects and cell killing.

Time-co-effect models: Because of the latency periocds
observed for cancer, the Cime-co=-appearance of tumors may be an imporCant
consideracion in devaloping regulactions for carcinogens. The original ver=-
sions of several of tha common dose-extrapolation models incorporated time-co-
effect as well as dose. These include variacions of the probit (log-normal
and log-time), log-logistic, gamma mulcihic, mulcistage, and Weibull, and also
others such as the general product, Hartley-Sielken and Daffer-Crump-Masterman
models (Daffer ar al., 1980; Krewski ec al, 1983: Crump and Howe, 1984 Crump,
1985b; Bickis and Krewski, 1985; and Sielken, 1985). One example of an equa-
tion for such a model is shown below for one form of the Weibull model:

m_k
PldCE) W Y - T

whers t = cima {e.g., age),
k = parameter to be estimated, and

B, m = paramecers Co be estimacted as in the time-independent Weibull
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This model was found to fir very well the daca from the EDg, study (Kodell et
al., L980), as did a variacion that included a faccor for duration of exposure
(Cariborg, 198lec). Van Byzin (198l) found that che two-paramecter form of the
Weibull with cime-co-tumor did not fit che EDy, data as well as did the
Hartley=-Sielken model {mor did the one~hir or extreme value models). Salzburg
(1981) reported good fit of the three-parameter Weibull to the EDy; bladder
data and for a modified Weibull to the liwer data.

The Hoolgavkar-Venzon-Knudson (MVK) cwo-stcage mathematical
model (Moolgavkar and Venzon, 1979; Moolgavkar and Knudson, 1981) is well
regarded for cancer risk assessment. Ic has a biological basis in cellular
dynamics and transformations and incorporation of Cime-to-tumor. The squation
has che form

I{g) = U, Mg I:K{E}E[(E;r'ﬂgn':'l] |ds

where I{r) iz the cancer incidence at time t, X{a) is the number of suscepti-
ble cells at any time (asssumed to be decerministic and known), u; and up are
rates of cell change in reaching the Eirst avent and full malignancy, respec-
tively, and a and 8 are cell Eormation and death rates, respectively.

Thorsiund et al. (1987) and Chen et al. (1988) have pro-
posed dose- and cime-dependent and age-specific cancer risk funccions based on
the MVK model. Moolgavkar and Dewanji (1988) caution that the derivation of
Thorslund et al. contains an approximaction chat may be adequate for human
cancer incidence rates, but is unlikely to be valid for animal experiments
with vary high tumor races.

Sielken (1987) has described an Individualized Hesponse
Modal (IRM) thac incorporaces much of the available physiclogical and pharma-
cological information on cancer and is am extension of the MVK two-stage
model, Sielken, Ine,, of Bryan, Texas, offers a computer program, GEN.T

{operable on IBM-compatible personal computers with math coprocessors) for
using the IRM.

While some authorities believe that time-to-effect models
should receive high priority in regulatory deliberacions, ochers have doubted
that they will be of significant value in the near term because 3o few studies
described in the literaturs to date have obtained these data.

(5} Evaluacion of dose-response extrapolation models:
The merics of tha various modals for low dose extrapolacions of gquantal dacta
have been extensively discussed. Questions remain about which if any should
be used as a basis for regulatory decisions, particularly for carcinogens
(Krewvski and Van Ryzin, 198l1; Clayson ec al., 1983; Crump, 1985a, 1985b; and
OSTP, 1983). The Environmencal Protection Agency and its Carcinogen Assess-
ment GCroup have staced cthat no single mathematical model is recognized as the
most appropriate for low-dose extrapolation (EPA, 1986a; Anderson et al.,
1983), as also has the Office of Science and Technology Policy (OSTP, 19835).
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A major problem is thar the uncertainty increases as ane
moves away from cthe experimencal dosage range to lower and lower dosses in the
extrapolations. The problem is suggested schematically in Figure VIII-4. The
divergence arises frem uncertainty over whether the model is applicable at
very low doses, and also from scaciscical uncertainty in applying a model to a
particular daca set, The most likely estimate at very low doses becomes
increasingly unstable with a small change in the response ar experimental
doses. The usze of che upper confidence limics for cthe sultistage or Linear-
ized multiscage reduces che insctabilicy problem in escimacing maximum cisks
and wvirtually safe doses. One must keep in mind, however, thac this iz a
modal-based confidence limit. The upper and lower confidence limits of risk
dre those bounded by a straight line extrapolation from the lowest daca point
(or ics toxicology-based statistical upper limit) to che background lavel and
by a threshold dose.

A second problem, as already indicated, is that the sev—
eral models (none of which are based on biochemical mechanisms of coxicicy)
egtimated subscancially differenc risks ac low doses. Figure VIII-3 (adapred
from Munro and Krewski, 198la, 1981b) illustrates the range one usually gets
when che common models are uded to extrapolace data for carcinogens. Sugges-
tions have be made (see, for example, Food Safery Council, 1980) that excrapo-
lations be made with more than one of che flexible models, and that che
resulcing escimates of virtually safe doses be considered in decision making.

A third problem is that while computer programs have been
developed to fit most of the various models to data sets and to make axtrapo-
lations, scatcer in the original daca can prevent attaining a sacisfaccory Eit
{e.g., chi square scaciscie cestc). Im rthis case, the scandard procedure is to
drop the data point at highest dose and reactempc the fic., If Eic i3 scill
unsatisfactory, che next highest dose poinc is dropped and so on untcil a fic
i3 achieved. For data wich much low end scatter, this procedure can result in
discarding midrange daca points that should be the most reliable, and in the
warat case, one could end up with only the lowesc, usually leasc reliable
poinC.¥

A fourth problem is that many of the dacta in the litera-
ture for toxzic substances (inecluding a great many of chose Erequently found in
hazardous wastes) vere developed at a ctime when toxicological standards were
less demanding. WNot uncommonly, only two dose groups plus a control group
were studied in animal ctests. For carbon tetrachloride, a major indusceial
chemical for many decades, the best available dose-response data for carcino=
genicity shows two dose groupsi the highestc dose gave 96.31 response, the low
dose 100Z, and che controls (7.7%X) (MCI, 1977}.** The flexible multistage

* Interestingly enough, Browm (1985) found that for the good data sets for
bladder and liver cancer in the EDg; scudy, dropping che lowest data
points had negligible effect om the axtrapolaced VSDa (10 & risk) by
either the mulcistage or probit models. The effect on the best estimates
was not reported.

¥* This example is atypical of NCI test results. In fact, 100X cancar
rasponse a4t toleracted doses is unusual.
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model can be easily f£it co the data, but che systematic uncertainty at low
dose extrapolaction is inherently very high.

In summary, mathematical models have been used extensively
for estimacing cancer risks at low doses; they have bean used (either in the
form of maximem likelihood estimates, upper 951 confidence limits, ar V5D
estimaces) for regulacory purposes. MHathemacical models have sufficiencly
serious problems, however, that several alternatives to the use of a single
model have been suggested. Some auchorities suggesced extrapolation along a
fitted model to, say, a lI risk, and chen linear extrapolation at lower doses.
Others suggested 1072 ro 10°% risk as the switch poinc (Van Ryzia, 1980),.
Ocher authorities have endorsed reporting some combination of best judgment
point estimaces and maximum plausible risk estimate or best estcimates with
both upper and lower confidence limics (Park and Snee, 1984), and still others
have suggested taking into account the best estimates calculated by three or
four models {Food Safecy Council, 1930).

If mathematical extrapolation 1is wused, the model(s)
selected should meat at least three criteria: (1) it should be capable of
ficting observed dose-response data for a ‘wide range of chemicals if it is
expected to have much credibility in extrapolations below the observed dose
range; (2) it should be in agreement with (or at least not in disagreement
with) our understanding of the mechanisms of carcinogenesisi and (1) it should
be useful with the kind of dacta seca likely to be available for chemicals
typically found in hazardous wastes. These criteria appear Co rule out use of
the Hantel-Bryan and one-hit models. The models of choice seem clearly to be
the muitistage and che Weibull., Both have good flexibility in being fit to
diverse data sets, and usually become essencially linear in low dose extrapo-
lacian. The multiscage has been well regarded because of 1its rationale,
ucilicy, and "“conservativeness.” I[ts limearized version gives linear upper
confidence limits on risk in extrapolacion. On che ocher hand, opinions have
been expressed thact che mulcistage models escimace cisks chat are too high at
low dose to serve as che primary basis of regulation {(particularly when sub-
stantiacing observations on humans are lacking). The fact that the linearized
multistage model gives nearly the same escimstes of low dose risk as the dis-
carded one=hit model is a cause of substantial concern. The Weibull model has
become increasingly well-regarded of late both on chearetical and practical
groundd. It usually gives escimates of risk near the middle of chose for all
of the common modela (i.e., usually lower than that of the multistage). On
this basis, the Weibull could be considered useful in making best escimaces of
low dose risk to complement confidence limit estimates by the linearized
mulciscage and a chreshold model.

Ea Toxicokineatic (pharmacokinetic) models: From a biological
viewpoine, toxicokinetic* modeals are cthe best models, although their uwse has

* Pharmacokinerics, a term introduced in the pharmaceutical literature, is
often used also in chemical risk assessment, but roxicokinecics is the
broader cterm. In disciplinary classificacions, toxicology is placed in

the biological sciences and pharmacology in the medical and healcth
services field.
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substancial limicacions, This class of models embodies more basic and compre-

hensive concepcs than the fixed macthematical models discussed in the preceding
subsections.

Cornfield (1977) noted cthat che probic and logitc modela gen-
erally gave similar resulcs to towicokinetic models in the 5 to 95% response
range, and developed a4 method of estimacing paramecers, particularly the doses
saturating metabolic mechanisms. Ramsey and Gehring (1981) described methods
for applying pharmacokinetic principles to improve risk assessments and noted
particularly the reed to estimate the retained dose in animal subjects and
exposed humans. Withey (1985) recently reviewed the pharmacokinetic differ=
ences between species, and Hoel (1985) reviewed the incorporacion of pharmaco-
kinetics into low-dose extrapolations. Papers in Woodhead et al. (1985) dis-
cuss many biological mechanisms and extrapolations. Chandler {1985) has
compared biochemical mechanistic models with other models proposad for quanti-
Cactive risk assessment, and urged greater use of the former.

Toxicokinecic models require a good deal of information about
the absorption, distribution, storage, metabolism, and excretion of & chemical
in the organism, including the concentration of the chemical or its Coxic
metabolites as a function of time in the various body compartments relevant Lo
the effect produced (2.g., concentraction in the bioed, liver, bile, adipose
tissues, urine, and the target organ). This informartion 15 analyzed mathe-
matically in a series of kinectic equations (first order kinetics usually can
be assumed)}, and then an sppropriate machematical expression 1s developed for
the dose-response fupction in the cest species.

Accurate exfrapolafions across eéxposure rouléed wfedlly zan be
made with these models, and they can be combined with ocher models for low-
dose extrapolaticns., Accurate extrapolations across species can be made with
toxicokinetic models if sufficient daca are available for any critical differ=-
ences (e.g., mecabolism, pathways and rates) for the second species. Unfor-
tunacely, the uwse of coxicokinetic modela is severely limited by the lack of
data. In parcticular, most daca on humans have been collected on chemicals of
pharmaceutical interest racher chan on environmentsl contaminants.

d. Other predictive methods: Several other approaches are
available to help predict the kind and degree of adverse healch effects of a
chemical. In general, these methods would be most useful when che available
coxicity data base is ipadequate to permit use of & Coxiecokinecric model or one
of the better low dose extrapolation methods described above. Thesa
approaches vary substancially in qualicacive and quantitacive characteristics,
and in the uncertainty of the resulcs they yield. They could be useful in
some cases {(possibly in combination with each other and with low-dose extrapo-
lation mechods) in assessing risks of hazardous waste disposal, and are
therefore summarized below. Approaches included are: Potency indices;
extrapolation from nonchronic data; comparison with cognate chemicalaj use of
short=term microbiological and biochemical ctests; use of ADIs and TLVaj and
nonparametric methoda.
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(1} Pocency indices: Several authorities have suggested
that an index of cancer potency, based an dose-response results ip the exper-
imental range, should be used as a basis of regulation in place of any of the
proposed mathematical models for extrapolating rcisks to wvery low doses.
Several approaches to developing such indices have been proposed, some of
which Lpcorporate machemacical treatments. See for example: Meselson and
Russel (1977); Crouch and Wilson (1979, 1982); NRC (1980d): Squire (1981); OTA
(1981): Clayson et al. (i983); and Park and Snee (1984),

An approach by Peto et al. (1984) is of particular inter-
est because of its simplicity, and because a data base of potencies developed
with it for 770 compounds tested in 2,964 chronic animal biocassays was pub-
lished concurrently and subsequently by Gold et al. (1984; 1986). Their
index, che tumorigenic dose rate or TDgy is analogous co the LDgy for acuce
toxic effects. The TDg, (in mg/kg/day) is the adminiscered dose giving 50%
increase in tumors in the test subjeccs ower a standard lLifetime of EXDOSUFE.
Gaylor and Chen (1986) used this data base to compare relacive carcinogenic
potencies in che most commonly used test animals. Mean rarios of mean minimum
TD5q9 for ratsimice were 1:1.22 and 1:1.13 by diet and gavage, respeccively,
and 1:1.48 for Lliver tumors by diet. Minimum TDygs were genecrally scill
higher for hamsters than for mice, but generally within a factor of 100 for
all three rodencs.

Inhalation data gave the poorest agreement between rats
and mice. Ames et al. (1986) used TDggs to campare and rank the possible
hazards of 36 naturally occurring and man-made carcinogens to which humans are
exposed almosc daily. The ranking suggested that the natural substances could
be of greater carcinogenic hazard than such environmental contaminants as
pesticide residues or water pollutants. Portier and Hoel (1987) discussed
several potencial sources of error in estimacing TDgas5, and suggest that use

of tumor incidence rate instead of tumor death rate would impact this potency
index.

EPA's Carcinogen Assessment Group developed a quite dif-
ferent approach to potency indices, as reported in recent issues of the sarias
of health assessment documents on specific chemicals, published by the Office
of Health and Environmental Assessment (e.g., EPA, 1984c). CAC's potency is
based on a mathematical extrapolation rather than directly on the observed
data. The slope of the upper confidence limit is first caleulaced by applying
the linearized mulcistage model to the data, as described by Anderson ec al.
(1983). The slope is then multiplied by the molecular weight of the chamical
Lo compuCe the potency index, which can be reported either directly or as an
order of magnicude index. For many applications, the slope value may be of
greater use directly chan the index.

CAG has also published upper bound "unit ecisk” estimacas
for a number of air pollutants of cencern to EPA, where the unit risk is de-
fined as excess lifecima risk for a 70 kg person from breathing 1 ug/m3 of the
chemical over a 70 year lifetime (Anderson er al., 19831). The model used to
obtain these indices of carcinogenic potency was not stated in the publicacion
but was either the one-hit or linearized multistage.
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While potency indices in general can be wvaluable in com-
paring the relative carcinogenicities af a large number of chemicals, they
have not been shown to date to be helpful in predicting response at very low
environmental exposures for a given chemical. They do not appear to be suf-
ficiently developed atr present to be useful as dose-response functcions in
predicting che number of cases of adverse aeffects in a given population at a
predicted environmental exposure. They could be useful, however, in some com—
paractive risk assessmencs wherein the alcternative waste disposal cechnologies
produced differenc carcinogens. Potency indices have noct been used to dace
for regulacory purposes, and it appears unlikely chey will be until a defini-

tion has been accepted for a "safe" index for some standard reference
Ccarclnogen.,

(2) Extrapolatioms from nonchronic or other dacta: The
response of an organism t£0 a chemical at one level of exposure somecimes can
be infarred from epidemiological or amimal data at anocher level of exposure.
The uncertainty will vary with the nacure of the chemical and che response,

In some cases the nature of che responses may be similar,
and informacion on merabolism, accumalation, ecec., can be considered in ax-
trapolacing effects between differenc intensicies and durations of exposure.
Extrapolation of subchronic exposure data to chronic response will most often
be of use in hazardous waste disposal assessment. Dourson and Stara (1983}
proposed that chronic NOELS, NOAELS, or LOAELS could be estimated from their
subchronic councerparts by dividing by a E£actor. Related extrapelacieon
mechods have been used to estimate upper risk limics of some end poincs.
Alarie (1981) measured the immediace decrease in respiracory race (a measure
of irritation) as a function of dose of inhaled gases and vapors, and calcu-
lated the RDy, (dose which halved the respiratory ratel). Although the RDg4s
varied by over five orders of magnicude, 3X of the BDgq, was a good estimaror
of the TLV for permissible occupational exposure for humans. Similarly,
Kenagas (1982) calculated the ratio of acute to chronic toxicity of toxicants
for various aguatic species. Acute LCg, (median lethal concentration) divided
by the maximum ascceptable concentration (a chronic NOEL) gave a range of over
five orders of magnitude, but moar ratios were less than 100 (i.e., exposures
of about 1% of the LCgy posed a relatively lov risk).

In other casas the nature of the response may be different
under exposure conditions substancially different Erom those used in available
studies. Predicrion of carcipogenic response is particularly difficulc, but
might be possible. Zeise et al. (1984) found an empirical relationship
becween the acute toxicities (LDggs) of many chemicals and their carcinmo-
genicicies following chronic exposures. Although a biological rationale was
not suggested for such a relacionship, they proposed that it could be used teo
make preliminary estimates of the carcinogenic potency of an unscudied chemi-
cal, and to give an idea of the uncertainty of the escimace. Such a rela-
tionship seems quite reasonable if the chemical kills cells in rough propor-
tion to dose, and if the primary target cells are capable of rapid renewal
{(i.e., rapid cell proliferation is associated with cancer). In the future,

VIII-55



theorecical advances and experimencal data bases may permit other correlations
of biological effeccs.¥

(3} Comparison with cognate chemicals: The results of
chronic tests on cognate (similar) chemicals can somecimes be used L& estimate
the slope of the dose-response curve, and then comparable subchronic axposure
daca from the subject and cogmate compounds can be used to locate & point on
the curve, Standard methods are not yec available, but two approaches hava
besn described!: the gquantitative structure-activicy relationship (QSAR)
approach, and the prototype relative potency approach. The literature is
still inadequately developed and integrated, but a recent review provides a
good bibliography (NRC, 1982).

QSAR approach! If sufficient cognates can be found, QSAR
can be used. The basic concept i3 to calculate regression equacions for equi-
effeccive doses of various chemicals as a function of paramecers of chemical
structure. One then estimates the corresponding dose for the compound of
interest. For caleulating risks, it is assumed chat che dose- response curves
of che subject chemical and a well-studied cognate are pavallel; the doses of
the cognate are adjusced by the ratio of the equi- wffective doses (i.e., by
relative potency), and effects are calculated. There are ctwo cypes of QSAR,
differing in the kind of structural parameters used for the regression.

The Hansch method, an older and more commonly used
approach, is based on physical organic chemiscry (Lyman ec al., 1982). The
parameters may be the usual free energy-celated cerms {Hammect's ¢ constant,
Taft's steric constant, etc.), newly derived free energy-related terms (such
as Hansch's = for lipophilicity), or other parameters that have heen suggested
{e.g., certain chromacographic HE': which are proportional to w, some gquantum
mechanical parameters, or infrared strecching frequencies). WVarious combina-
tions of the parameters to the first or second power are correlated uncil one
finds the simplest regression equation with a good correlation coefficienc.
This mechod requires a close chemical relacionship among the toxicants being
considered: for insctance, Hansch's original study considered the sffects of
various substitutions on the rings of a series of phenoxyacetic acids on ctheir
efficacies as plant growth stimulants.

The Free-Wilson method, a recent development, may be use-
ful in cases where the structural diversity i3 too great for the Hansch meth-
od. In it the regression terms are a series of arbitrary parameters, one per
structurzl feature, having the walue ooe i1f the feature 13 present, and zero
if it is absanc. This mechod requires {(as well as allows) more cognace com—

pounds for equally good suicabilicy of fic. This mechod has been generalized
recently (NRC, 1982}.

Prototype rvelative pocency approacht If a sufficient
number of cognate compounds with similar blological data are not available in

* No references wers found that suggested that toxicity could be related to
odors of chemicals (Van Cemert and Lettenbrei jer, 1972; Wrighc, 1982).
Some correlacions likely exist, but the subjesct is complex.
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order to prepare a reasonable Q5AR, the alternative is to use a method requir-
ing Eewer cognates or prototypes, such as the relative potency approach.
Using this mechod, one determines a chemical class or a series of classes sach
containing the inadequately studied subject chemical and one or more rela-
tively well-studied proctocype themicals for which chronie test daca are avail-
able. TIf comparable acute test data are available, one can use the relative

potencies of the subject and prototypels) to estimate the chronic toxicity of
the subject chemical.

The inherent problems of this approach are chat che
assumptions are even greater than with QSAR (hence, the uncertainties are
greater), and that often the most studied compounds are cthe most pocent) the
risk estimates are likely, but not certain, to be too high. The application
of this mechod to risk assessment is wvery recent and tll defined. ©One of the
few studies of this type has been of synfuels emission products by Health
Scientists at Oak Ridge MNacional Laboratory ({Oudney et al., 19823 cCalle
et al., undaced).

(4) Short-term microbiocassay Tests: A wide wvariety of
microbicassay and biochemical tests has been developed and are being used to
study certain biological effects. Their common denominators are che use of
cultures of mammalian cells, unicellular organisms (bacceria, yeast, ecec.), or
viruses, usually wich in wvitro techniques. They often use a mucagenic end
point, i.e., induction of an inheritable change in the germ plasm of the test
specimens. Hollatein et al. (1979) have reviewed the subject. Some of the
MOTE COMmMON CedCs ace noteéd below.

The Ames test uses in vitro cultures of several mutated
strains of Salmonella cyphimurium, all of which require histidine for growth
(Ames at al., 1962, 19735 Maron and Ames, 1983). Aliquets of a bacterial sus-
pension are incubaced, in a4 hiscidine-daficient medium, with the rtesc chemi-
cal; soma plactes also contain a portion of homogenized rat liver which will
metabolize some chemicals in a manner resembling that in the whole animal, so
that the mucagenicity of mecabolices of the test substance can be studied.
The number of observable colonies will be equal co cthe number of bacceria
which revert (mutace back) to the original form, which does not require
external histcidine.

Hany variants of che Ames tesc are svailable, particularly
the use of different cest species. A common variant is the "host-mediaced
assay" in which & suitable bacterial suspension is incubated in the peériconeal
cavity of a mouse or rat, with the tozicant given to the whole animal. Thus,
the bscteria are exposed to the toxicant and whatever metabolites are circu-
lacing in cthe blood of the host rodemt. Mammalian cells also may be grown in
culture, exposed to a toxicant, and examined for mutagenic effecrs; although
determination of an end point may be difficule.

A related procedure is cytogenetics tescing, which is
usuglly done on animals already being tested in an ordinary toxicicty study.
Tissua ssmples are taken (blood for white cells during the cesc} bone marrow
and kidney at cerminacion) and grown in cell culture. When the cultures are
rapidly dividing, the cells are killed and the chromosomes in the nuclei of
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activaly dividing ceils are examined microscopically for abnormalities such as
breaks, gaps, trisomies {tripled racher than paired), malformacions, etc.

Substantial upcertiinty 1s inherent in using shorc-cecm
microbicassay results to assess human risks to exposure to a chemical. The
dose-response relationship may be much different--some linear relationships
Eor mutdagenicity in vitro are not in vivo because of the body's defenses——or a
mamms! may not respand in the same way. In addition, mucagens are not neces—
sarily carcinogens.

{(5) Use of ADIs, TLVs, and RMCLs:  Acceptable exposure
levals have been sec for many chemicals on the basis of toxicological results
and human experienca. The U.5. Food and Drug Administration has long estab=-
lished Acceptable Daily Incakes (ADIs) of cercain contaminants in £oods,
drugs, and cosmecics. The American Conference of Governmental Industrial
Hygienistcs and the Occupacional Safecy and Health Administration have adopCed
Threshold Limic Yalues (TLVa) for a large number of chemicals for controlling
inhalation exposure in the workplace. The EPA has published Recommended Maxi-
mum Concentration Limits (BEMCLs) for many chemical contaminancs in wacer.

The classical mechod of escimacing an ADI involwves identi-
fying From dose-response data a "No Observed (Adverse) Effect Level" (NOEL or
MOAEL), i.e., a dose lavel ar which no (adversa) affects have been observed in
appropriate studies. That dose is then divided by a safecy factor such as 1O,
100, or 1,000 (depending on cthe nature amd qualicy of the data available) to
produce an ADI.* Risks of adverse effects are assumed co be negligible for
daily exposures at or below the ADI, even for suscepcible persons. One should
note, however, thact NOELs and NOAELs can wvary with the species teated, number
of test animals, and cest condicions, including dose levels, duracion, and
effeccs looked for. Canerally, ADIs have been westablished for chemicals
believed co be syscemic toxicancs, buc noc for carcinogens.

TLVs are based on a similar rationale except that chey are
estimated to be negligible-effect doses for nealthy workers exposed 40 hr/week
to the substance during the L&68 hr week. TLVs have been established both for
systémic Coxicants and carcinogens by the ACGIH. As a first approximation, a
published TLY could be mulciplied by 40/168 (0.24) ro calculate an approximate
(cime-weighted average) safe concinuous exposure. The derived number is pos-
sibly less accurate in establishing an upper risk limirt than is the ADI
because of the uncertainty of converting from intermittent to continuous expo-
sure, In addition, workers are generally healthier, and therefore probably
less susceptible to many adverse effects than is the general populacion. ADIs
are somecimes calculated from a TLY (with appropriate assumprtions and conver-
sion of units), but would then have similar uncertainties. RAMCLs are based on
a ractionale similar co cthose for ADI and TLVs (EPA, 1985b). ODourson and Stara

* The safecy factor is unfortunacely sometimes also referred co as an un-
certainty factor. HNocte that an established ADI might be subseguencly
incressed as more reliable data become available that permic a decreass
in the safety factor used. Conversely, an ADI might be decreased if data
on a new response become available.
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(1983} and Dourson (1983) have reviewed the ADI apprdach, and Moreau and
Anderson (1980) and MRC (1980) have discussed its use in risk manasgement. The
need for better methods of escablishing reliable and defensible ADIs has been
discussed recently by Crump (1984b) and Dourson et al. (1985), and alternacive
methods have been suggested to improve the process.

ADLs and TLVz are of guite limited use inm guantitcagcive
risk assessments. They scace only that an effect is unlikely to occcur at or
below a stared exposure level. If am ADI or TLV has not been established for
a chemical, but results of a good quality chromic study are available thac
show a clear NOAEL, then the concept might be extanded. Considerable care
must be taken, however, since the threshold assumption is generally mnot
dllowed for carcinogenesis. The ADI says nothing about the degree of response
at higher doses. Responses aC exposures in the observed range can be esci-
mated directly from the daca, but those becween the LOAEL or MOAEL and the ADI
cannot be easily estimated. The risk may acrually scill be negligible at
exposures much greacter than the ADI. The major limicacion inm the use of
either of these procedures is thac exposures may be greacer chan che estimaced
ADI or TLV so that actual responses (or risks) cannot be directly predicced.

Dourson (1983) has proposed a modified approach to the
identification of an ADI chat may be wseful in extrapolating the dose-respaonse
data for chemicals believed to have a threshold. First, using dose-response
data (converted if necessary to human equivalents) and an appropriate regres-
sion procedure, calculate a dose-response funccion. MNext, calculate the dose
estimated to produce a 10Z response (d,,) and its lower confidence limit. The
choice of dose extrapolation model is relatively unimportant, since the common
models produce essencially the same curve in the 10 co 90T response region.
Then, calculate a modified ADI as the lower confidence limit (of d,4) divided
by the appropriace safecy factor. |Mext, to escimate effects from a given
exposure, use one of chree differenc funccions, depending on what the dose
id. If the dose is the modified ADI or less, che escimated response is
zero. [f the dose i3 d,g or greater, the dose is that estimated by the dose-
response function. Between these two points (modified ADI of O and d,, of
0.10), che escimace is the point on the straight line of the log dose-response
plot connecting the two points. One limictation on the use of the method in
the present applicaction is thar if actual exposures are marginally above the
modified ADI, the uncertainty in the risk is wery high. If cthe actual axpo-
sures are below the threshald, all effects are zero, and comparisons becwaan
vaste management technologies are reduced o a nonhealch basis such as costc.

(6) MNonparamerric methods: If data are too limited to
parmit parametric methods of assessing healcth effects, rank-order (nonpara-
mecric) methods may scill be possible. Some grosa variancs have been used by
the Office of Technology Assessment Eor classifying waste into hazard cace-
gories (OTA, 1983). A review of more refined methods is appended in Calle et
al. (undaced). One of the options {number &) considered by OTA (1983}, con-
sists of the developmanc and use of am overall hazard classificaction system as
a tool for guiding the regulatory process on hazardous wvastes.

An approach used in the Toxic Integration Program (EPA
1981), was applied to exposures specific to 4l chemicals associated with
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certain industcies. The mechod was also applied To another arrvay of chemicals
for the iron and steel industry (Clement Associates, [982). A different
approach, more genaral in scope and coarser in classificaction, i3 being used
in the WET risk/cost model, developed by ICF, Inc., Eor the EPA Office of
Solid Wasce (EPA, 1983, 1984b).

A relaced approach is being developed for the HNational
Toxicology Program (NRC, 1982). The system examines available informacion an
the subject chemicals (e.g., production, exposures, chemical properties, and
biological effects), analyzes cheir guantity and qualicy., and identifies what
tasts should be done on which chemicals, basad on hazard potencial and lack of
acceptable data. This scheme is expected to be useful in setcing priorities
for coxicicy rcesting. [t may also be adapted as a mechod for ranking risk,
using data that ara inadequate for quancificacion.

The basic drawback of the nonparametric systems i3z thar
quanticative conclusions cannmot be drawnmj only comparisons can be made. If
the assessment is ro compare courses of actrion to alleviace a particular
problem, then these methods may be useful .
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IX. ESTIMATION AND SUMMATION OF ADVERSE [MPACTS
ON EXPOSED POPULATIONS

The objectives of some risk assessments may De meC by decermining a
given health risk co the mosc exposed individual (@.g., lifetime cancer risk).
For many other assessments, nowever, and particularly for comparison of
alternative technologies, an estimaciom of the total adverse impacts can ba
essential. After the populationis) likely to be exposed have bDeen identified
and the environmencal dose(s) have been escimaced (as described in Chap-
tar VI1), then dose-response relationships developed from the literature base
{as described in Chapter VIII) are used to predict the adverse impacts in the
exposed population{s). Here "axposed populations” usually refers primarily to
humans, but can also include other organisms or nonliving values that could be
affected by the environmental contamination. Estimation of humaa health
effects is discussed separately below since they were of primary concern in
this study, and more quantitative methods have been developed for them, thanm
for many socioceconomic and ecological impacts.

f. Human Health [mpaccs

The exposed human population could inelude members of the general
public and individuals exposed sccupatiomally in activities directly related
ro hazardous waste disposal., Conceptually, the mechods of prediccing adverse
health effects are much the same for borth groups or for subgroups within
sither. The following discussion focuses primarily on public health effeces
resulting from involontary, often unidentified, expadures, and noces healch
effects from occupational exposures only briefly.* In a comprehensive assess=-
ment health risks would be integrated over all subgroups. A decision maker
would likely be concerned with risks from average exposures for a group and
also with risks for the most exposed individeals within a group.

1. Public health effacts: The health impact analysis musc con<
gider effeccs in the exposed genaral population and in any especially sensi=-
tive exposed subpopulacions.

a. Ceneral populacion: The population ac risk can contain
exposure subgroups that differ in nature or degree of exposure, @.g., because
they live at differenc locations relacive fo the pollucion source or utilize
differenc water supplies. In additiom, the population can also contain sub-
populations thact are particularly sensitive because of age, sex, genaral
health, genetic deficiency, etc., i.e., cthey have high teoxicological response
at a given exposure co the pollutants.

ALl significant exposure subgroups are Ffirst idencified and
quantified. ALl significanc especially sensitive subgroups also are identi-
fied and if possible quancified. If the distribucions of the twa subgroups
are substancially different, and if data are available, it may be desirable to

* QOecupational exposures are generally better monitored.
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divide the toral population ihto discrete exposure/sensitivicy subpopulacions
beforea praoceeding with the analysis. Probably more frequently, the inicial
analysis must be made primarily cn the basis of the largest exposurs groups,
and the fensitive subgroups are then considered less gquancitactively, as de-
sgribed in the next subseaccion.

In making the health effects estimation, an average environ=
mental dosa for the individuals in each exposure group is identified for each
chemical of concern. & risk Factor (R) (probability of adverse effecc) at
this dose (d) is then extracted Erom the dose-response relationship for che
chemical, using either a graphical or mathemacical presentation of che rela-
tipnship as appropriate. This is the average risk factor for individuals
sxposed at chat level. The risk facror is then mulciplied by the number of
individuals (N) in the exposure groups to calculate the number of cases of the
effect for that group.®* [E there are multiple exposure groups, them a risk
factor is identified at the dose level for each group.™ The risk factor-
subpopulacion products are chen summed across all exposure groups tO gjtimate
rhe toral number of cases for that particular effect:

Predicted number of cases = R N, = R H, + ... = R M

| 2 ey
i ]
or Predicted corcal cases = L RE-Hi
1
where: R, are the risk factors at ich dose Ediin and

Hi are numbers of people exposed aC di'

4 slightly different version of this calculation has been used
by the EPA Carcinogen Assessment CGroup {CAG) based om a wvwariation of che
msltiscage model For cancer (ar other appropriate health effects). The
extrapolated probabilicy-dose line isd assumed to approach linearity 4t wary
low doses (i.e., in the probabilicy (p) range around 107 8), so thac the slope
is nearly a constant (k).** Assuming linearicy,§

* A reviewer commented that the product R¥; is cthe expected value of risk
and is often treated in the literacure as a definition of risk rather
than using probability as risk or a risk factor.

** A peviewer has noted chat simple application of risk Facrors to a given
populations obscures the significanc difference in impact om personal/
social wvalues becween fatalities chat are prompt (e.g., vehicular acci-
dents) and those that are delayed (i.e., latent effects).

***CAC actuslly uses cthe slope (K} of the "linearized" upper 951 confidence
limit rather than the best estimate of risk. The latter is used herein
for reasons described in Chapter I.

t A reviewer has noted that many researchers believe the assumption of
linearity is overly "conservactive" in view of growing evidence of greater
affecciveness of biological repair mechanisms at very low doses, i.e.,
the slope may approach zero.



£
p = k.d or k= q

The numbar of cases of cancer in an exposure group is then calculated by
multiplying the individual dose factor, %, by the dose, usually as a con=
centration {C) and by the number of individuals in the group. The total
number of caricer cases can then be estimated somewhat moce easily than above,
sipce the summation rearranges Lol

n
Predicted total cases = k L C.N.
L -

If the dose-response relacionship was in terms of extra casas above background
the predicted number will also be for extra cases.

The simplest case for amalysis is chac of a population uni-
formly exposed to a fixed level of a single chemical that produces one health
effect, For example, a hazardous waste disposal site may contaminate the
drinking water supply for a small city with a chemical which can cause nervous
system effects upon prolonged exposure. The case becomes mors complex as
multiple exposure condicions, multiplé chemicals, or multiple heaith effects
and multiple subpopulacions must be considered.

[f the chemical of concern under a givén exposure condition
produces multiple effects, these must all be considered; calculace each effect
with the appropriate risk Ffactors and subpopulations. Nota, hovever, that one
or two effects may predominata s& thar the othars can be negleeted in the
analysis without affecting its validity significantly. The decision criteria
cannot be simply stated: decisions will require professional judgment and
consideration of available resources and ctime. TIf the chemical under dif-
Ferent routes of exposure produces the same effect but differeac response
rates, simply sum che estcimaced effects of each exposure for each
subpopulacion.

If the chemical under differenc levels of exposure has multiple
gffects, then esch of these combipations should be considered separately for
each subpopulation. [f multiple chemicals that cause different effects (as
with mixed hazardous wastes) are present, the effect of =ach on each subpopu-
lation may be required. The effects of similar chemicals may be substancially
similar, however, which simplifies the analysis. Similarly, one effect may be
of greatest concern because of its nature or because of the level of exposure
to the chemical causing it, and the analysis is simplified.

The balancing of disparate effects from alternacive cechnol-
ogies is ulrimately a part of the risk management process, but the risk
assessment can be extended ar cimes to help put this proverbial "apples and
oranges" problem in useful concext. For example, the number of cases of esach
type of effect resulting from each option can be tabulated for comparison;i the
total number of projected fatalities of each can be compared; and the total
nusher of individuals affected nonfatally can be compared. [n some cases the
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dscigsion makers might request that all projected gffeccs be monecized and
dgpregaced for each opticn for still another basis of comparison.

b. Sensicive subpopulations: LE the exposed population con=
rains subgroups that differ greatly in characteristics, then these must also
he considered, particularly if cthey may have a higher response rate (i.e.,
thay may be more susceptible). Generally, the geegraphical locarion of fixed
structures Le.g., hospicals, schools, nursing homes, racreacional areas, and
privace wells) within che area is sufficient to identify many specific loca-
rions where rche general population densities can be modified Eor Cthe
subpopulacion.

If teratogenic effects are possibla from the exposures, chen
pregnant females are always a subpopulation of concern. In thiz case a sLam—
dard birch rate (currencly 15.9 live births per 1,000 population in the USA)
can be applied toe che exposed general populacion Lo gatimace the number of
cases.

4 sample worksheer for surveying Che potential healch effects
on a oumber of subpopularions is given in Flgure IX=1. The workshest
asddresses health effects from four exposur= rToutes {inhalation, drinking
water, dermsl, and food) and allows ranking of effacts at low, medium, and
high, where "low" would be above a de minimis Llevel and "high" might be
agsigned as a fatal effect by che analysc. Determination of the exposure of
the special subpopulations may be considecrably more imprecise than that of the
generally exposed population; this imprecision would result in a correspond=
ingly greater level of uncertainty in the escimacted healch effects.

2 Occupacional health effects: The method of escimation of
actual healch effects in exposed workers is conceptually the same as for
estimacing public health effectcs, except that the places and cenditions of
exposure are differsnc and the number of workers to be considered will usually
be relatively small. Similarly, subpopulations of exposed workars cpuld be
analyzed separately as above if desirad in 4 rigorous Creacment.

Assessment of occupational healch risks in a guanctitative manner can
require substantial effort to develop sire- and work-station-specific
scenarios Co estimace Che exposures incurred by many differenc kinds of
workers engaged in the various activicies involved in treatment, 3COrage,
disposal, or transportation of the hazardous wastes and in corrective actiona
or cleanup operations in case of accidents, spills, fires, or leakage CO
natural waters. A rigorous comparison of gecupational risks across alterna-
tive disposal technologies should also include workers invelved in construc-
tion or maintenance activities unigque to any of che alternatives. Specific
assumprions might be required regarding the kinds and gfficiencies of protec—
tive clothing and equipment utilized by the various workers and other worker
practices. The effort expended could be high for sach hazardous waste.

More qualitacive but less costly estimaces of occupational risks may
be satisfactory for decisions where environmental contamination is the major
concern. For example, the treatment, storage, disposal, transportation, and
corrective action scenarios for each waste stream can be avaluated to estimate
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the average number of workers exposed. The likely rouces and relative levels
of exposure can be considered for each, and the relative total occupation
risks of alternative disposal cechnologies then can be estimated. These
results are considered along with the relacive public bhealth risks and any
ocher factors used in reaching the decision.

B. Ecological and Other Envicronmental [mpaccs

Ecological, other environmental and socioeconomic values might inocur
adverse effects under some technological alternatives, possibly greater than
potential healch effects. Only brief note can be made here for addressing
ecological and sociceconomic effects. A further brief review is given in
Appendix C, bur & further discussion of environmental and ocher impacts is
beyond the scope of this repor:.

Conceptually, the approach outlined for gquanticatively estimacing
health impacts on humans could be applied to other aspecies. Practically,
however, comprehensive guantification of such impacts will be infeasible in
most cases. The variecy of domestic animals and crops, wildlife and eco-
systems are often simply too great and the daca base is usually incomplece.
In a fev cases, considerable daca may be available for quancitative estimation
of well-documented effects at given exposures, ®#.%., crop damage from certain
air pollutants; sensitivicy of an endangered bird to persistent organics.

Qualitative comparisons of predicted environmental impacts can ofren
be made more essily, sod can be a cosc-effecrive aid to the compilacion of
quancictacive information or directly to decision making. Qualitative consid-
eration of the impacts on selacted fauna or flora in various ecological niches
could be of value in comparing specific hazardous waste disposal alternacives.
For example, the potential effects on fish dosmstream from a hazardous waste
disposal landfill could be compared with potential effects on shrimp beds near
facilities for transporcing wasces to an off-shore incinerator. Particular
attention must be given to whether any c¢rictical habitacs for endangered
species are included in the regions whare che hazardous wasce would bae
treated, transported, or disposed under any of the technological alternatives.

Socioeconomic effects of alternative cholces are monecized for
aggregation and comparison far more tham are human health and ecological
effects. The procedures used have generic acceptance, alchough analysts may
differ on some techniques and assumpcions. Substancial differences can occcur
becwesn parties-at-inCerest in assigning monecary values to some affects, so
that qualitacive comparisons may be of help also to the decision makers, who
ultimately must balance disparities between eaffeccs of different kinds and in
reconciling the fact that the costs/risks and the benefits usually have dif-
ferent recipiencs. Consistency in mecthod and in presencaction of results
(including uncertainties) Ffor all of the cechnological options is essential
for informed decision makings.
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X. ANALYSIS OF UNCERTAINTIES IN RISK ASSESSMENT OF
HAZARDOUS WASTE MANAGEMENT

Deciding between alternative choices of actien requires considera-
tion, not only of the anticipated benefits and costs of each altermative, but
also of how confident one is in the besc estimaces of these benefits and
costa. In che regulation of technology, a decision maker is5 particularly con-
cerned that actual health, environmental, oc monetary costs may prove Co be
unexpectadly high (i.e., risks are underestimated) or cthat the benefics
(parcicularly reductions in risk) may be much lower than anticipated. An
analysis of the uncertainties in such estimates is therefore highly desir-
able. & statement of the degree of confidence the analysts have in escimates
of the potential health and environmental effects and the costs of alternacive
hazardous wasce management practices should be an important input inco che
decision making process.

Concern over uncertainty enters into the decision making process in
at least two ways! (a) sssuming that the anticipated benefits of an action
are achieved, what are the chances that chey will be more than offsat by un-
expected internalized and excternalized coscs? i.e., what are the risks?{ and
{b) assuming that one has assessed chese risks, how reliable are che mecthods
and data used? That is, how applicable, reproducible, and defensible is the
uncertainty analysis of the risk escimaces? This chapter presents an overview
of uncertainty analysis, discusses sources of uncertaincty in analyzing risks
from hazardous wasces, and describes the approaches to aggregating and compar-
ing uncertainties. The presentacion Eocuses on the uncertainties in healch
risks. The resources available for this study did nor permit investigation of
methods for the analysis of uncertainties in escimates of environmental
effects, costs and benefits or of risk-cost-benefic analysis of mitigationm
actions. Such analyses could be required in many actual decisions. Uncer=—
cainties in estimaces of cost® are seen more commonly than those of benefits.

A. Overview of Uncertainty Analysis

1. Terminology: The terms "uncertain" and "uncertainty” have sub-
stancially different connotacions in different popular and professional
uyses. The root word "certain” indicates a subject is of fixed specific char-
acter; an event's occurrence is assured in mind or actioni or an issue is
indisputably decided. “Uncertain”™ allows a few additional shades of mean-
ing? a subject is nor clearly identified and defined; an event's occurrence
is doubcful, indererminate, or variable in time; or an issue is still co be
proved, argued, or decided. "Certainty”™ indicates a qualicy or state of being
certain, especially on che basis of objective evidence. '“Uncertainty" net

* The initial engineering cost estimates in hazardous waste managemenc are
typically stated to be £30% cto 1307, compared to the uncertainties in
health risk estimates typically of at least a few orders of magnitude.
Final costs might be sn order or magnitude higher than initial estimaces
in cases of uoususl public or regulacory concerm.
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only indicates a guality or stace of being uncertain, but can also imply a
statement concerning the quality or gquantity of supporting objective evidence.

It is in this last area cthat usage differs most greatly in the
scacistical, biological, social, physical, and engineering sclences} in busi-
ness economicsi in pelicy, legislacive, and regulatory actions; and Ln
iudicial proceedings. Usage may differ among those describing experimental or
historical factual data, chose describing most likely future evencs, and those
describing the fucture as a spectrum of scenarios or probabilicy distributions
of possible future ouCcomes. Some aguthors describe uncercainty in quite
qualicacive cerms, many describe ic in statistical terms, and some use uncer=—
taincy synonomously for "risk."* In this study the following definitions are
used.

- "Uncerzainty' 1is a statement of the degree to which a system,
process, or messurement, or the componencs thereof are clearly
idencified or defined, or the likelihood that an event will
actually ocour,.¥*

. "Wncercaincy analysis™ is a procedure for attempting Co
quantify this stacement of uncertainty. In parficular, we wantc
to guantify cthe uncertainty associated with estimates of the
number of cases of specified adverse human health effecta for
the alternative waste management scenarios.

2 Approsches o uncertainty analysis: The risk assessmenc pro-
cess contains several elemencs and varies from applicacion to applicaction.
Anglysis of tha overall risk genarally reguires the analysis of each of sev=
eral subsets of a sequence of events. The uncercainty is thus compounded by a
cascading and propagation of che uncertainties at the subanalysis level. Some
of the uncertainties may be of several orders of magnitudes; some uncerctain-
ties may deem to dominate the decision; and little hope may exist for reducing
key uncertainties by improved data. The problem can thus become far more dif-
ficult than ctexcbook examples of decision making under uncertaincy where
choices are more symmectrical. The analysis of uncertainty may require even
greacter detail at each element in che risk assessment process than does making
point estimates of che risk itself.

Cox and Baybuct (1981) surveyed and compared methods of uncertaincy
anslyses for use in probabilistic risk assessment, and identified Eive
mathematical mechods: analytical rtechniques; Honte Carlo simulations;
response surface approaches; differential sensitivity approaches; and evalu-
ation of confidence intarvals. Each method has its advantages and dis-
advantages, according to those authors. Vesely and Rasmuson (1984) scacre that
in nuclear probabiliscic risk assessments one needs to differentiate between
uncertainties of two major cypes: (1) physical variability; and (2} lack of

# The term "uncertainty factor" has alsoc been used synonomously for "safery
factor" (ses for example Dourson and Scara, 1983).

#* A comparison of subjective probabilicy theory wvs. stacistical frequency
theory is beyond the present discussion.
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A+ ANALYSIS OF UNCERTAINTIES IN RISK ASSESSMENT OF
HAZARDOUS WASTE MANAGEMENT

Deciding between alternative choices of action requires considera-
tion, not only of the anticipated benefits and costs of each aslternacive, but
also of how confident one is in the best estimates of these benefits and
costs. In che regulacion of technology, a decision maker is parcicularly con-
cerned that actual health, enviroomental, or monetary costs may prove to be
unexpectedly high {i.e., risks are underescimated) or that the benefics
(particularly reductions in risk) may be much lower than anticipated. An
analysis of the uncertaincies in such estimates is therefore highly desic-
able. A statement of cthe degree of confidence the analysts have in estimatas
of the potential health and environmental effects and the coscs of alternative
hazardous waste management practices should be an imporcanc input inte the
decision making process.

Concern over uncertainty enters into the decision making process in
at least two ways: (a) assuming that the anticipated benefits of an action
are achieved, what are the chances thar they will be more than offset by un-
éxpected internalized and excernalized coscs? i{.e., whart are the risks?; and
(b) assuming cthat one has assessed these risks, how reliable are the methods
and data used? That is, how applicable, reproducible, and defansible is the
uncertainty analysis of the risk estimares? This chapter presents an overview
of uncertainty analysis, discusses sources of uncertainty in analyzing risks
from hazardous wastes, and describes the approaches to aggregating and compar-
ing uncertaincies. The presentacion focuses on the uncertaincies in health
risks, The resources available for this scudy did not peemit invescigation of
methods for the analysis of uncercainties in estimactes of enviconmentcal
effects, costs and benefits or of risk-cosc-benefit analysis of mitigation
actions. Such analyses could be required in many actual decisions. Uncer=
tainties in escimates of cost®™ are seen more commonly chan chose of benefits.

A. Overview of Uncercainty Analysis

l. Terminology: The terms "uncertain” and "uncercaincy™ have sub~-
stantially different connotations in different popular and professional
uses. The root word "certain" indicates a subject is of Fixed specific char-
acterj 4n event's occurrence is assured in mind or actioni or an issue is
indisputably decided. "Uncerctain" allows a few addicional shades of mean-
ing! a subject is not clearly identified and defined; an event's occurrence
18 doubtful, indeterminace, or wvariable in time} or an issue is still co be
proved, argued, or decided. "Certaincy™ indicates a quality or scate of being
certain, especially on the basis of objective evidence. "Uncertaincy” not

* The initial engineering cost estimates in hazardous waste management are
typically scated co be %30 to #50%, compared to the uncertainties in
health risk escimaces cypically of at least a few orders of magnicude.
Final coscs might be an order or magnitude higher than initial estimaces
in cases of unusual public or regulatory concern.
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only indicates a quality or state of being uncertain, but can also imply a
statement concerning che quality or quantity of supporting objective evidenca.

It is in this last area that usage differs most greactly in the
scatiscical, biological, social, physical, and engineering sciences; in busi-
ness economics: in policy, legislacive, and ragulatory actions; and in
judicial proceedings. Usage may differ among those describing experimencal or
historical factual daca, those describing most likely future events, and those
describing the future as a spectrum of scenarios or probabilicy distributions
of possible future outcomes. Some asuthors deseriba uncertalncy in quite
qualitative terms, many describe it im statistical terms, and some use uncer-
tainty synonomously for "risk."* In this study the following definitions are
usad.

. "Uncertainty" is a statement of the degree to which a system,
process, or mejsurement, or the components thereof are clearly
identified or defined, or the likelihood that am aevent will
actually oceur.™ =

. "Uncerzainty analysis™ is a procedure for attempting tao
quancify this stacement of wncertainty. In particular, we wanc
to quantify the uncertainty associated with escimates of the
number of cases of specified adverse human health effects For
the alternative waste management scenarios.

2. Approaches to uncertainty analysis: The risk assessment pro-
cess concains several elemencs and varies Etrom application ro applicacion.
Analysis of the owerall risk generally requires the analysis of each of sev-
eral subsecs of a sequence of events. The uncertainty is thus compounded by a
cascading and propagation of the uncertainties at the subanalysis level. Some
of the uncertainties may be of several orders af magnitudes; some uncercain-
ties may seem to dominate the decisiocn; and litcle hope may exist for reducing
key uncertainties by improved data. The problem can thus become far more dif-
ficult cthan textbook examples of decisian making under uncertainty where
choices are mores symmetrical. The analysis of UNCertainty may require even
greater detail at each element in the risk assessment process than does making
point estimactes of che risk itself,

Cox and Baybuct (1981) surveyed and compared methods of uncercainty
analyses for use in probabilistic risk assessment, and identified five
mathemacical mechods: analytical ctechniques; Monce Carle simulations:
response surface approaches; differential sensitivity approaches; and evalu-
action cof confidence intervals. Each mechod has its advantages and dis-
advantages, according to those authors. Vesely and Rasmuson (1984) stare that
in nuclear probabilistic risk assessmencs ons needs to differenciate between
uncercainties of two major types: (1) physical variabilicy; and (2) lack of

* The term "uncert:in:y factor” has also been used synonomously for “safecy
actor" (see for example Dourson and Stara, 1983).

** A& comparison of subjective probability theory wvs. statistical frequency
theory is beyond the present discussion.
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knowledge. In contrast, Fiering et al., 1984, discinguished two major Cypes
of uncercainty as "analogy" and "cascade." In additicn, there 13 uncertainty
ower what has, in the past, been true regarding cause-effect relacionships vs.

what changing relations will occur in the future. Forecasting methods and
#stimation methodology can differ.

Sevaral approaches to the analysis of uncertainty can be identci-
find, These approaches are used to wvarying degrees in different Eields of
analysis, but they are not mutually axclusive and more than one approach can
be used in a given analysis. The cype of approach that is used and the lavel
at which it is applied will be limicted by the completeness in ability ce
identify all of the causal factors imporcant t©o outcomes and by cthe quancitcy
and quality of data. It will also depend on the cime and resources available
Eor compiling and evaluating the information. A partial list of approaches is
shown in Table X-1 in genarally incressing order of data and time regquire=
ments; the list 13 intended to be illuscrative, not necessarily complete
(Lawless, 1984}, These approaches are discussed briefly below, followed by
saveral considerations that may affect the choice of approach in a specific
application.

TABLE ¥-1

SOME APPHOACHES TO UNCERTAINTY ANALYSLS

Approach Informacion Requirements
Qualicative discussion Useful when causal understanding, data,

time to compile information, perform
detailed analyses, or seek experc
judgment is limited.

Expert judgment analysis Requires appropriate cross section of
technical experts; requires cechniques
for eliciting and combining their
opinions based on subjective evalua—
tion of both direct and indirect data
on cause-effect relationshipa.

Sensitivity {(parametric) analysis Mathematical {or experimencal) model
of relactionships; reasonable estimates
of likely variance in key data/
information sources.

Statistical analyais Extensive experimental or historical
(many kinds) data or resulcts;j formal scaciscical
methods .
Propagaction or cascading of Macthematical formulation of problem
errora analysis analysis; measurs or estimace of un-

certainty of each data componentc,



2. Qualictacive discussioni A gualitative approach can be
1pful in evaluating uncertainty, particularly if data of adequace gquality
‘a limiced or if time is unavailabla ro compile informacion, perform rigorous
alyses, or seek expert judgment. Qualitative judgments may also be based on
naiderable amount of data thar are indicative of cause-effect relationships
't quancitatively and scientifically demonstrable in a rigorous sense.

A systematic identificacion and discussion of possible causes
" errors and uncertaincties help to escablish che general framework (Lawlass,
B2). A tabular outline and qualitative discussion of component uncertain-
2s may be of considerable value. Rough estimates of the relative uncertain-
25 of various factors may permit 4 rank ordering of facrtors; idencificacion
" kay factors, or & first approximation of the relacive risk of alternative
cisions. Fiering and Wilsenm (1983) have examined the potencial for escimac-
g risks by analogy. Lawless et al. (l9B8%4a, 1986) have investigaced semi-
;anticacive approaches co comparing risks and their uncertainties.

b Expert judgment analvais: If data are substantially defi-
.ent or the analysis is not amenable to formal machemarical methods, uncer—
1inty may be evaluated by soliciting expert opinion regarding either an
ssolute wvalue or the uncertaincy of stated wvalues. This solicitacion can
-ilize informal contacts, a formal survey insCrument, or anm approach witch
zedback, such as tha Delphi. Several sceps chat could be used in the expertc

idgment approach o uncertainty analysis im risk assessment are summarized
1l owrs

* Assemble panels of experts in key greas of problem analy-
319, These panels should have expertise in several
applicable areas, such as: pollutant sources; environ-
mental transport and fate; exposure-to-dose conversions;
dose-respense analysis; microbioclogy; genecics; enzyme
chemistry; and epidemioclogy. ArC leasc five panelists per
area may be needed to ger a represencacive sampling on
SOME LSsues.

i Obtain experts' besc escimaces and opinions of uncercainty
on issues of concern, such as! available daca; absolute
and/or assumed values; mechods of analysis; calculated ar
derived results.

i Plot distribucions of opinions for each area/panel

* Feedback results to panelists; request second opinion

* Summarize uncertainty analysis

Salection of a suitable cross—-section of unbiased, credible
znelists may be difficulec for some ctopic areas. There are no "inscanc
xperts” and many potential panelists may have already taken opposing,
trongly polarized or even controversial posicions on a subjecc. Alterna-
ively, che experts may have similar backgrounds chat yield narrow perspec-
ives of the uncertainty or they may have low credibility because of previous

i-4



gvents. The analyst must be aware of such possibilicies and, if necessary,
note them appropriately in the assessment report. A sensitivity analysis over
4 wider range of conclusions may be helpful.

Monce Carlo similaciom approaches to using expert-estimaced
costs in environmental areas has been described (Coddard, 1981, 19B3; Klee
(1983). Publications were not found that illustrated the application of che
technique to environmental health risks, whers the uncertainty of variables
may be ocrders of magnitude greater than 1in cost or engineering religbilicy
applications. The general wvalue and Limitarions of using expert judgment in
risk assessment have been discussed by Hammond =r al. (1984) and Margan et al.
(1934).

€. Sensitivity (parametric) amalysis: This method is espe—
cially useful in gaining a better understanding of how imporctanct cthe range of
uncertainty is to the decision regarding different causal scenarios contribuc-
ing to the uncertainty. Sensicivicy analysis can be structured as either an
experimencal or hypotherical syscem of causal relaciona, ofcen using mache-
macical models. The relacive responsiveness of an observed or derived resulc
to changes in various inputs or assumpCions is determined by systematically
varying these inpucts or assumptions in turn and repesting the calculation or
analysis. The wvariacion of inputs preferably 1s scatistically designed, and
the analysis of resulcs preferably includes staciscical technigues such as
analysis of wvariance.

An experimental design should be used to specify how che
various input parameters are to be varied. The design should usually be of a
factorial nature, varying several parameters simultanecusly. [f the number of
input parameters is large, an incomplece design, such as a Latin squace might
be employed. Analysis of variance, macched to the design chosen, would be
used to &ssess the sensitivity of the model to each input paramecer (factor
main effect) or combination (inceraction). [n general, Che compucaclons would
be performed on a computer, with calculacion of che model performed at each
design peint and scored for use in che analysis of wvariance program. Using
even a micro- (or personal) computer would enable the calculations to ba per-
formed in a relactively short time wnless the model is extremely complex. The
ma jor efforc would be in secting up the design and in programming.

In nonexperimental studies scenario construction is sometimes
used to escablish a self-consistent set of related parametric values Eor
analysis. Modeling and simulation analyses (e.g., Monte Carlo) may sometimes
be regarded as forms of parametric analysis for addressing uncertainty, but
these are really substancial and overlapping classes of cechniques used pri-
marily for predictive purposes (chey may also be used for descriptive pur-
poses).

In some situations the experimencal deaign approach is not
feasible., This may result because the number of combinations of factors is so
large that even incomplete designs would be impractical. Alcernatively, it
may be chat many of the combinations called for in an experimental design are
not reslistic or could not occur inm practice because of dependencies among the
input parameters. In these situations an alternative approach may be che use
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of Monte Carlo simulation. The relationships of the parameters are spacified,

together with distributions of these. Handom number generators are used to
selace the combinaticons of parameters to be used 1o the caleulations. Agaimo,
4 computer 15 ubilized. Programming effort will be more extenstive, and

descriprion of the appropriate input parameter relationships and discributions
will require extensive work.

Vesely and Rasmuson (1984) dtate chac uncertaincy analysis goes
beyond sensitivity analysis in that probabilities or confidences are assigned
to different sizes of changes that can occur.

d- Scacistical analysis: Statistical analysis is a broad
collection of techniques rather than a single approach. [f extensive experi-
mental or historical data are available, warious rigorous statistical analyses
can be used to gquantify study parameters and to estimate uncertalnties in
these gquantificacions. Statistical analysis is particularly useful in avalu-
ating random errors among values in sets of data. Formal staciscical methods
and tests can be applied to determine deviations, probability distributions,
confidence limits, goodness of fit te theory, etc. Statistical techniques are
often combined with specific models and simulation methods to analyze uncer-
taintcy. Similarly, applicacion of Bayesian stacistics may be haelpful in
combining expert judgment with Limited observacional daca co estimace uncer-
tainty. An extensive literature is available.

One may identify three main Ctypes of error that oggur in
stacistical analysis. The one most commonly dealt with is random variation.
Often this is the result of taking a random or probability sample of a popu-
lacion. A second source of error might be termed systematic data bias. This
arises if the data are not a random or known probabilicy sample, but rather a
selecred or nonrepresencative subset. This may be caused by incomplete or
inappropriacte sampling Erame and by nonresponse or inappropriace data gather-
ing techniques. A third type of error is model bias. This arises because all
mathemacical or statiscical models are simplifications and approximations.
Differenc models will give different resulcs and, in the absence of knowledge
about which model is the becter representacion of the sicuation, chis will add
Lo uncertainty.

Stacistical analvsis can give good escimaces of the sampling
wariability in the data. The results generally depend strongly on the modaels
assumed. Comparison of results assuming different scacistical models in a
sensicivity analysis can indicate che robustness of che resulcs to the model
assumptions. However, the possible errors that arise from using an incorrect
or incomplece model are difficult to address by stacistical escimacion.
Further, if chere are bisases in the data, cthese may also be difficult to
estimace quanticacively.

e, Propagation or cascading of errors! [f a result is being
derived from a series of measurements or sources of data, the uncertainty in
each measurement or data point is first estimated. The overall uncertaincy in
the derived result can then be calculated by appropriate arithmecric or geo-
metric combinations. The process is wvariously called the propagation of




Ertors or cascading of errors method.® Considerable literacure is available
on error analyais,

Tun cases may exisc! the wvariables may be either independent
or dependent. Analyses with substantial incerdependence among variables are
more difficulc. Dependence may operace £o either increase ar reduce the srror
in the final resulc. The variance (var) of che sum of two variables, x and v,
is given by the equatiaon

var (x + y) = var{x) + var(y) + 2 covar{x,y)

vhere the covariance of x and y {covar(x,y)) may be positive or negacive. If
x and ¥ are independent, the covariamce i3 zero. The covariance may be zero
without x and y being necessarily independent.

If one sums ) wvariables, the variance of the sum becomes
var{x+y+z) = var(x) + var(y) + var(z) + 2 covixy) + 2 covi{zz) = 2 coviyz)

Complexity increases rapidly as che number of wvariables increases. In gen-
eral, the sum has n? cerms*®

[ ]
var{ Ex.) = & I covix, ,x.), vhere covix,;x.) = var(x, )
i=1 b Q=1 j=1 H S 4

3. Considerations affecting choice of approach: The choice of
approach to uncertainty analysis in a given application will depend on ane or
more of several characteriascics of the problem at hand. Some commonly con-
sidered characteristics are indicated in Table X-2.

B: Sources of Uncercaincy

The analysis of uncertainty of che risk estimates of alternative
regulatory decisions involving hazardous materials must consider both sys-
tematic errvors and random errors. The Eormer may be more important than the
lacter in risk assessment since syscemactic errors incroduce unidirectional
biases thacr do not cend to cancel each ocher as in the case of bidirectional
random errors. Syscemacic sources of uncertaincies include:

¥ Sacond order subjective probabilicy estimactes, based on uncertaincy sur=
rounding the first order estimate of a probability density functiom, are
omitted here.

*= A reviewer commented that because the cascading of #rrors leads to an
increasingly wider range of uncertainty, use of a Monce Carlo simulacion
thar integrates cthe cascading probabilicy density functions will provide
an aggregate p.d.f. that exposes cthe thinness of long tails created by
the integration. Thin tails usually represenc de minimis risk that can
ba ignored.



TABLE ¥-2

CONSIDERATIONS AFFECTING CHOICE OF APPHOACH
TO UNCERTAINTY ANALYSLS

Information and Data Needed for Productive Applicarion, e.g., gualicy,
quantity, difficulty of colleccion, level of detail required

Most Applicable Range of HRisk, e.g., low probabilitcy events of greater
significance than de minimis risk

Host Applicable Range of Uncercaincy

Levels of Disaggregation and Aggregacion Desired or Permitted
Ability to Handle Complex [nteractions of Risk Companents
Predictive Value with Increasing Time Horizons

Modes Available for Expressing Hesulcs o Experts and Laypersons
Credibilicy/Defensibilicy

Applicabilicy to Risk Management Conceens

Ability to Addreas Effeccs of Corrective Actions and Reversibility
Ability to Appraise Value of Addictional Information

Ability to Identify Research Needs

Difficulety of Bounding the Analysis

Ability to Complement Other Matchods

Likelihood Utilicty of Approach Will Be Improved



* Assumptions made {n structuring the problem so0 it can be ana-
Lyzed

. Limitacions in the accessibilicy, gqualicy, and quantity of the
available daca, and fIn the comparability of data for the
alternacives being assessad

- Applicabilicy of available mechods and models for performing
the risk assessment

. Applicabilicy of methadas for accouncing for temporal dispar=
ities, quantification and discouncing of nonmonetized walues,
and value system differences

B Reliabilicy of interpolation and extrapolation techniques used
' Allowance for corrective acciona

The sources of uncertaincy in assessing the risks of hazardous waste
storage, Creatment, and disposal are numercus. Uncertaincy arises from most
of the activicies of cthe assessment. These sources may be cacegorized into
spven broad functional areas (factora) that reflect major accivities inm a
comprehensive comparative risk assessmenc. Each faccor i3 composed of several
subfacrtors or variables. Some of these are discussed below., A checklist was
provided in Chapcer IV.

L Scenario definition amd IEEliEAhilitxi Besules of the risk
assessment will inevicably be affected by the way the particular scenario 1is
structured for analysis. Most problems in decision making can be reduced Co a
format of alternative scenarios. The uncertainty associated with applying the
rasulrs will be a reflection aof the derail builc inte the scenario, which may
range from quite simple to quite decailed. The fever and more similar the
number of scenarios, probably che smaller cthe relacive uncercainty across
scenarios. Likewise, the smaller the range of effects considered, the smallar
and more homogeneous the population (or eavironmental values) ac risk, and the
more clearly defined the science and technology, ceteris paribus, the less the
uncertainty. Finally, the more nearly a scenaric addresses real world policy
questions, che more value the uncertainty analysis should have in making deci-
sions. While the various conditions that are defined in developing a scenarie
are often subsequencly taken as fixed values and excluded Erom the analysis,
ona should noc FEorgec them in the £inal assessment becausa they may have
greatly shaped the outcome.

2. Pollutant release! This term refers to the source strength of
the pollutant; that is, it includes information on the probability and magni-
tude of release of given pollutants to the environment over Cime. The cerm
covers several factors that are sources of uncertainty. These include:
general characteristics and quancities of wasce being treated and disposed;
knowledge of the chemical constcituents of che waste; knowledge of the prop-
erties of the conatituents, particularly those affecting release to the
environment; pgeographical, geological, and meceorological settings of the
treatment and disposal site} performance of the treatment disposal technology;
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and identicy, quanticy, and rate of hazardous macerial released cto environ—
mental media off-sitce. These release factors may include several subfactors,
guch as: time to failure of & lipner, volume of leachate, and guantity of com=
st1fuent leached for & landfill; destruction and removal efficiency for a
particular chemical in an incinerator; and Erequency and magnitude of acci-
denctal spills in Ctransporting hazardous wastes. Analysis of only the air
emissions from a treatment, storage, and disposal facility still requires coo-
sideration of many uncertainties {Wallace et al., 1987).

3 Environmental Etransport and fate: The gquancity and rate of
hazardous constituents moving through the air, water, or soil from the point
of relesse to human receptors depend on several factors that may be sources of
uncertainty. These include: applicabilicy and completeness of snvironmencal
monicoring dacai applicabilicy of models that simulace movementc through the
mediaj decomposition, degradaction, or stabilization processes that render the
conatituent harmless or immobile; and tendency of the constituent £o bio=
accumulate in the flora and fauna or to biomagnify in food chains, The more
complete the data base and the more verified the models, the smaller the
uncertainty.

&, Exposure predictiom! This involves estimation of the range Ln
space and time that the pollutant interacts with environmental receptors (as
detarmined by analysis of pollutant release and envirommental transport) and
the number of receptors at those points (as determined by data on populacion
distribution and Llifestyles). A source of uncertainty in many expasure
assessments is the range of exzposures chat may exist for even a narrowly
defined populacion. Exposures are not necessarily cthe same as a known coxi=-
cological dose. Hence; assumptions must be made to convert the predicced
exposure to a4 dose. These assumptions require consideraction of roures, chem—
ical and physical forms, maximum or avecage concencrations, and frequencies
and durations of exposures. All of these are subject to uncercaincy.

3. Health effects data and model availability: An important
uncertainty faector is the quanctity and quality of the data deseribing Che
health or environmental effects of the constituents of concern under knoun,
controlled conditions of exposure. A related factor is the availabilicy and
suitabilicy of models for making the necessary extrapolationa or the develop-
ment of a model chat will be applicable. This factor contains many widely
discussed uncertainties sssociated with extrapolations across dosage regimen,
species, and other factors. Predictions of health effects can require consid-
eration of absorption, metabolism, excretion and other toxicokinetic pro-
cesses. [deally, the licerature will contain dose-response data for exposures
approximating or extrapolatable to chose occurring environmentally, bur less
desirable alternative approaches for utilizing incomplete data sets may be
required. Problems of uncertainty in dacta secs and ia applicabilicy of avail-
able models were discussed ac some lengrh in Chapter VIII. The more complete
the data base, generally, the amaller the uncertainty. The more verifisd or
defensible the models, the smaller the uncertaincy.

6., Health impact estimation and summation: Estimation of a given
health effect for an exposed individual requires a mulciplicacion of a given
predicted environmental exposure level times a dose-response factor for that
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level. The effect must then be integrated over all persons exposed at thac
Level and ac all other levels. Hence, uncertainties exist over the numbers of
parsons in each exposure group and che levels of their exposures. In addi=
tion, all especially sensicive subpopulations must be identified and assessed.
Further, if the chemical of conceesn has multiple effects at different levels,
these must be integracted across the entire exposed population, again with cono=
sideration a3 necessary of sensitive subpopulations. In general, the more
homogeneous the population and exposures, and the fewer the kinds of healch
effecrs, the less che uncertainty.

Cs ﬁggrugatinn nf Uncercainties

The escimated risk Co human healch of esch waste management disposal
scenario will depend on the analysis of risk=-related terms or factors for each
of a number of events. The uncertainty in the overall risk escimate of esach
can be derived, in theory, from an appropriate combination of the uncertain—
ties of the idencified variables according to the principlas of a&rror analy-
pis. The appropriate manner of combining the uncertainties depends on the
relationships among the variables.

Arichmetical aggregation: If the occurrence of any of a number of
events rcesults in risk or existence of any factor or variable poses a risk,
then their risk terms are additive; i.e., che cocal risk (R.)} is a simple sum*
af che risks {Ri} of the separate avents or variables. That is,

ET =R+ R, +8, % R

The uncertainty can be stated in two ways. If che sources of pos-
sible errors are independentc and one lets o; be the standard deviacions asso=
ciated with R;, then the total standard error is given by an equation for sum-
ming the stlnhard deviations as follows:

L =f of + of v ... u;

This relacionship does not depend on cthe form of the probability discriburions
for the events or variables, so long as chey have finite wvariances. If the
composite error is approximately normally discributed, then multiplying o by a
factor allows one to express the uncertainty as a confidence interval, i.e.,
*g has bBBY confidence limits, %20 has 952 confidence limits, %3o has 991 con-
fidenze limits, ete.

* I[f che events are not mutually exclusive, then the simple sum must be
adjusted for this facr, i.e., R (A or B) = & (A) + R (2} - & (A and B),
where B = probabilicy of effect in a given tima interval.
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The atandard error is nct the only way of expressing an expected or
average error. A key concept is che discinccion between an expected or aver—
age arror in a4 sef of statistical daca and an actual error in predicting a
future event. For example, if a risk analyst estimates that a given accident
would lead to a spill of hazardous waste of size x, but subseguently an actual
accident gave a spill of size s then the actual absoluce error & of the asti-
mate was

g W = g

At the time of making the eéscimace, howewer, both s and @ were unknown. The
analyst might calculace many reasonable wvalues of 5 co estcimate an average
Brror, l.8., expreds che average error as a funcroion of s

Ave |e| = [ |x=2| dFia)

The scandard deviation is an averaging process.

Another consideration in aggregating wuncertainties involves the
"worst case" scenario, which arises from concern that events ar variables will
combine in a way chat produces a near maximum racher than average error, i.8.,
the possible errors are strongly biased in one direction. The total error is
then the sum of the absolute values of the component errors. Although such
combinacions are highly unlikely, cthey are possible, The regulatory decision
maker is frequencly faced with the difficul:t choice of whether or not to con-
sider such combinations and, if so, how. In practice, the issue is resolved
on a case-by=-case basis. This topic is discussed further in che next seccion.

Geacmetrical aggregation: If all of several events in a series musc
occur simultanecusly or in sequence for totsl adverse effects to oeceur, then
the risk Eactors are mulciplicacive according to the principles used in propa-
gation or cascading of errors analysis (as discussed in Section A.2.d): i.e.,
the overall risk is a product of the separate risk factors.

In assessing the risk of hazardous waste management technologies,
the averall risk (R} can be machematically structured as a product of a series
of risk-related factors (F), each representing one of the several major fac-
tors discussed in Section B. The magnicude of the risk¥ can then be calcu~-
lated from the estimated values of cthe factors, assuming that each i3 positive
and all are probabilistically independenc.®™ The relationship may be stated
as a simple product or 45 a logarichmic sum:

* This is an absolute rather than relative risk between alternatives.

% If cthe factors are not independent, then the multiplicacion of probabil-
icies ia conditional, i.e., in general, P(F, Fy) = P{F,)P(F./F,)s if F,
and F, are independent, then P(F[ F3) = P(F,)P(F;}. In the absence of
indepandence, the factors are viewed as conditional probabilities.
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E-F|:F::lt-?n

or log R = log F; * log F3 *» ... log P

The several factors may in turn depend on onme or more other sub-
facrors thac refiect the variables (v). If all the variables within a facctor
are esgential, the faccor is a product of the absolute values of cthe vari-
ables, each variable being positive and independent. In general, however, all
of the variables will not be essencial. For example, a factor, F, could be of
the form av v, + bvl. The contribution of all the variables to the risk musc
then be calculated by a combination of additive and mulciplicative operations.
The analysis therefore becomes problem-specific at this poinc.

If the uncercaincty in each F; term above is expressed as a vari-
ance,” then the uncertainty in log R can be expressed as the sum of the uncer-
taincies of the component factors. IE the F; factors are independent, then
the equation is:

var (log R) = var (log Fy) + var (log Fp) + ... var (log F.)

= 2
ar var (log R) = U? + ug = ... us

whare U2 = var (log F.)
i

If cthe Fi are not independenc, then

var{log R) = I I cov{log Fi' log Fj}
i
a [ var {log F.) # 2 T cov{log F,, log F.)
; 1 o i i
1 :L"-‘-_I

Lictle can be said in general about che effect of the covariance terms; thay
may be positive or negative.

Since log R is a sum of n terms, each of wvhich is based on an esti-
mated value, the error in the estimate of log R will generally be approxi-
mately normally distributed. This follows from a version of che central limit
theorem (e.g., if the estimaces of log R are independent with finite variances
and the number of terms is large). The uncertainty may be expressed if
desired as a range or confidence interval by the expression

log R 2 &£ Jvar {log R)

* Variance, the square of the standard deviacion, may be used if bias is
absent] a mean square error is used if bias is presenc.
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where ©t i3 a value from a probabilicy discribucion table correspending to the
degree of confidence desirad.* If log R is approximately normal, the t dis-
tribution L3 appropriaca.

Alternactively, the expression can be written
log R £ £U

where U is a cocal uncercainty factor, U = Avar (log B)

Substitucing in the log R equation above and converting back ta the
risk scale by raking anctilogs yields a relationship showing the estimated risk
and ics upper (R ) and lower (R,) limics (i.e., its uncertainty range):

Iﬂ-lntilng |t| +#%ar (log &) = Reantilog || U
]Riantilug |e| #war (log &) = Rfancilog |c| U

Risk range, A8, =

where |t| is the absolute value of t. Converting to base 10 logarithms yields

a.lnlllu
Risk range = It or Risk Range = 2e10%/c{U
A+l

But from above, U2 = Uf +* U; * ...U:
52 that

1/2
e = pergflel WEeugs .0

Risk rang (+ for c > 0; = for ¢t < 0)

Note that paramecter t¢ is actually a decision parameter, reflecting
the degree of confidence thar a decision maker would want in tche daca and
information available.** For some decisions, a value of t of *1 may be ade-
quate, whereas for others, additional analyses, sampling, or other research
may be required to meet a desire to sec £ = %3 (99.3% confidence limita). The
value specified for t cherefore reflects risk aversion or acceptance levels.

* t© is relaced to the confidence interval. If the estimates of log R have a
normal distribution, then ¢ = *1,96 would give the 95% confidence lewvel
and t = 2] would give a confidence imterval of 68.3% (i.e., one standard
deviation).

** If the confidence coefficient is held constant, |t| varies with the dis-
tribution (i.e., normal or various nonnormal distributions). Alterna-
tively, if |c| is fixed, the coefficiasnt varies by distribution.
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Decisions involving the comparisons of altermatives are relatively
insensirive to the value of |c| assigned. Thac is, if onme is comparing the
risks of four alternative hazardous waste disposal technologies for a given
waste, one would want to use the same wvalua of t in the"analysis of each, but
the comparison can then be made about as well with all uncertainty ranges
reflecting 5821 confidence Limics (¢ = 2l) as with all reflecting 95% limics
(t = 22), or 997 Limics (t = #3). 1In fact, the use of higher confidence
tntarvals may merely increase the overlap of risk ranges for the alternacives,
as depicted in Figure X-1, with uncertain effect on decision making.® As a
convenient first approximation therefores |t| can be usefully assumed to be
snity (¢t = 1, =1). The relationship above becomes:

* 1.2
=(u? - z
Risk range = He«l0 “’1 % ui -”Un}

The composite worst case scenario is a further consideration ino
mulciplicative aggregation of uncertainties a3 it is (see above) in arithmer:ic
aggregation. In geometrical aggregaction, however, che need to consider such
worst case combinations in regulactory decision making may be substancially
reduced. For example, if Eive events must occur 1n sequence or Cogecher for
an adverse effect to occur, one need mot control the risk factor for each at a
probabilicy of one in a million (1076) or even 0.1X {1072) in order to assure
reasonable public safety. Such stringent controls would reduce the overall
risks to extremely lLow levels {ome in 1039 and one in 1015, respectively**)},
but would probably be quite costly. If one wanted co concrol the overall
probabilicy at, say, 1077, then each individual risk factor would need to be
concrolled at an average probabilicy of 1871°% or about one in 25. If one
then wanted to allow an extra margin of safery--say corresponding Lo an extra
order of magnitude on the overall probabilicy (i.e., 1078), one would control
the individual risk factors at sbout one in &0.

D. HRelacive Uncercainty and Hisk

In sctual applicacion, the absolute magnitudes of the uncertainty of
some variables may be unknown. In addition, the aggregated risks across a
scenario may be wery high. In some cases these may noc be intractable
problems, For example, if one is comparing scenarios both of which contain
the highly uncertain variable in the same way, or contain many (but not all)
of the same variables, then a calculation of the relative magnitude of che
uncertainties and the risks may be helpful (e.g., in ranking of risks of
alternative waste management methods. In some cases also, the sensitivity
anslysis may show that one risk factor dominates the range of estimated risk,
so that uncertainties in some other factors will not significantly influence

* A reviewar noted that because of tha high uncerctainties with hazacdous
waste disposal and this incressing overlap between alternatives, a sensi-
tivity analysis of che more extreme (but still credible) adverse assump-
tions may be more useful than an exhaustive effort to quantify all
uncercaincies.

#* Calculated from (1/106)5 = gne in 1039, or 1030,
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the decision. Table X-3 is an example of aggzregation of cocal, comparative,
and relative uncertainties in sice-specific healch risk assessment of four

disposal alternatives For mercury-conctaminaced brine muds from chlor-alkali
manufacture (Lawless er al., 19B84b).

E. Use of Surrogates in Comparative Risk Assessment

A prediccion of the number of cdses of cancer or other adverse
health or enviroonmencal effeccs thar would resulc on a global, national or
site-spacific local basis from acctivicies involwving a chemical is generally
difficulr to make quantitatively and accompanied by substantial uncertain-
ties. Governmental agencies have therefore frequently used surrogate indica-
tors for regulatory purposes that are ofren less difficulc to develop and more
easily defended. The surrogactes used wvary with cthe chemical technology
involved and the regulatory setting, but examples inciude:

" Hisk to the average or most exposed resident, worker, or con-
sumar on a partial (or whole lifecime) basis as a surrogace for
cocal effece.

r Intrinsic CrCoxicity characteristics as a surrogate for risk.
Chemical class is occasionally a surrogate for coxicity.

. Exposure a3 a surrogaca for risk.

5 Populacion potancially exposed as a surrogate for actual expo-
SUTE.

. Environmental transportc and fate characteriscics as a surrogate

for exposure, including mobilicy, environmencal persiscence in
air, water snd earth, and bioaccumulacion faccora.

® Relesse or ascape to the environment as & surrogate for expo-
sure through environmental routes.

® Produccion, distribuction and use patterns as surrogates for
ralagse to the environment.

Mast of chese surrogates have found use at times for regulation of
certain aspects of specific chemicals, but their value may be most useful in
COmMpATACLVE aAssessmencs, such as those considered in the presenc 3atudy of
hazardous waste management. For exampla in some cases, alternacive wasce
management option may pose risks to the same populations by the same chemical.
Comparison of tha relative emission rates might yield sufficient information
to rule out one option. In ocher cases the relative sizes of the populations
likely to be at risk might be crictical. In scill ocher cases the relative
toxicities of chemicals that might be relessed may differ sufficiently to be
the basis of & choice. MNoce that decisions based on surrogate indicators can
be reconsidered latter on a case-by-case basis if preferred, or if time and
resources have permitted comprehensive comparative risk assessments of che
glternacive technologies, regulations or standards.
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APPERDIE A

RISK ASSESSMENT TERMINOLOGY




The wvoluminous literature relating to risk-related decision making
and risk management under uncertainty is characterized by wide variatism in
terminology and, ac times, serious semantic inconsiscencies. This situatien
reflects the imprecision of current usage of risk cerms and the variance
between disciplines, scientific commictees, agencies, and even between dif-
ferent parts of a single government agency, including the Environmental
Procection Agency (EPA)., This appendix provides: (a) an hiscorical perspec-
tive on risk assessment terminology; (b) excerpts on risk assessment require-
menta under RCRA: (c) useful definictions of terms appearing in this reporc.®

l. Hisctarical Perspective

Interest in considering and coping with risks originated many
centuries ago in maritime and life inswurance applications and in games of
chance; it expanded rapidly after che development of probability theory about
200 years ago (Covello and Mumpower, L1985). Applicarions were subsequently
made in public healch, business economics, engineering, and other fields where
statiscical daca were gathered. Particularly percinent te the present study
vere studies concerned with the human health impacts of ionizing rcadiation
(z-rays, ultraviolec radiation, radic-isotopes, etc.). Probabilistic analysis
methods have been studied extensively in support of nuclear power, defense,
and aerospace development during the past three decades-—a period in which
efforts to assess the health effects of chemicals have become increasingly
intense. In the Uniced States, several government agencies have spurred the
development and application of mechodologies for assessing the risks of chem—
icals: firsc, the Food and Drug Administracion and then others such as the
Environmental #roteecion Agemey, the National Inscicutes af Healeh, the
Huclear Regulatory Commission, and the Macional Science Foundacion.

The need to estimate cechnology-related risks and to regulace them
appropriately have been the subjects of countlass studies. Commictees of the
National Hesearch Council (Mational Academy of Sciences} alone have published
numercus studies on the regulation of chemicals in the last decade. Some have
focused on principles for evaluating or making decisions on environmencal
chemicals (MAS/NRC, 1975; NRC, 1975). Others have focused on pesticides (NRC,
1977b; NRC, 1980a), drinking wacer (NRC, 1977c, 1980b), food additives (NRC,
1979), or related cancer-causing agents (NRC, 1980c). Three commictees
focused on the process and practice of decision making in the EPA (NRC, 1977a)
and in government agencies in general (NEC, 1982; MRC, 1981). The Office of
Technology Assessment also has reviewed methods for assessing environmental
healch risks (OTA, 1979, 1981, 1984). The Office of Science and Technology
Policy published a lengthy review of the science and principles sssociated
with assessing chemical carcinogens (OSTP, 1985). In addition, dozens of
books have been published based on symposia and conferences about risk (see
references and related publicacions at end of this appendix).

** EPA recently updated and expanded its "Clossary of Environmenctal Terms"
(EPA, 1988) afrer most of the work of this study was completed.
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The terms "risk analysis" and "risk assessment’ are sometimes used
loterchangesbly and somerimes not., According to dictionary definitions,
"analysis™ (from 'to dissolve') implies separation of a whole into its com-
ponent parts, followed by tdencificarion and quantificacion of the parcs.
"Assessmenc" (meaning 'to assist tha office 9f judge') implies appraisal,
valuation, judgment, and a summing up. The journal of the Sociecy for Risk
Analysis uses che tarms interchangeably.

'Risk analysis' evelved from the Atomic Enecgy Commission's scudies
of potencial failure Mmades in nuclear power plants and rhei- Ccons@guences
(USAEC, 1957 and USMRC, 1974) and the Deparcment of Defense's effarcs in cha
1350"'s and 1960's to reduce COSL Overruns on major systems such as che C-54
and F-111 planes (CRS, 1972). The AEC used cthe term 'probabiliscie risk
analysis' (PRA) in connection witk highly numerical effarts to quantify
riska. More racently, however, PRA is ofran defined as assessment.

Otway and Pahner (1976) defined risk dssessment as having two com-
Ponencts, risk escimacion and risk evaluation., Kates (1978) considered it ro
“ave three elemencs, itdencificacion, escimacion, and evaluation, whila Rows
(1977} defined ics o components as risk decermination {including idencifica-
tion and estimaction) and erisk evaluation (including aversion and acceptance),
Porcer et al. (1980) aquated cisk Assessment with risk-benefic analysis and
utilized Otway and Pahner's structural description. Conrad (1980b), Greer-
Wootten (1980), and also a group of International Aromic Energy Agency
researchers (Cullingford ec al,, 1982) defined the risk assessment pProcess as
having three main elemencs: risk analysis (i.e., estimation); risk evalua-
tion; and risk management. The U.S. Nuclear Begulatory Commissiom adw
describes ics probabiliscic risk assessment procedure as composed of s¥sCems
analysis and containment analysis, each of which had several component sceps
(USNRC, 1984).

In contrast, Moss and Lubin (1981) and a3 recent MNational Research
Council committee chaired by Raiffa (NRC, 1982) considared risk analysis to be
composed of two aspects: risk assessment and risk evaluation. Pearce {1981)
considered risk analysis to be a special case of cosc-benefit analysis.
Moghissi (1984) defined risk analysis to include both risk assessmant and risk
mansgement .

Environmencal risks of chemicals were specifically reviewed by
Conway and coauthors (Conway, 1982). Conway defined risk assessment ro
include che evaluation of the scientific dats collected and examined during an
analysis step and evaluation of the social, economic, and political Factors
(ineluding beneficial effecrs) considered in reaching decisions on prohibi-
tion, control, or management of chemicals in the environment.

A study group of the Royal Society (1983) also divided risk assess-
ment into risk estimation and risk evaluation. Estimation was subdivided inta
three steps: identification aof Qutcomss; estimation of magnitude of the
associated consequences: and estimation of the probabilitias of these out-
comes. Risk evaluation was defined g3 the complex process of determining
significance or value of the idencified hazards and estimated risks te thosas



concerned with or affected by the decision.* Evaluation included the scudy of
trade-offs between perceived risks and benmefits. Risk management was defined
ds the making of decisions concerning risk and their implemencation, but was
applied also to the whole complex process of estimacion, evaluacion, judging
accaptabilicy of rcisks, developing decision scrategies, Ccaking account of
public opinion on risks and costs of controls, making decisions and implemenc-
ing risk regulations and other concrols.

Davies (1984), in a publicacion by the Chemical Manufacturers Asso-
ciation, defined chree risk cterms: asseasment, management, and control.
Assessment means the process of determining the adverse consequences that may
result from che use of a techoology or some ocher accion, 1.8., #scimatiocn of
the probabilicty of a hazard materializingi determinaction of the cypes of
hazard posed; and escimacion of the number of people (or things) Likely to be
exposed and the number likely to suffer adverse consequences. Risk assess-
ments were viewed a8 useful for escablishing priorities for research, for
informing the public, and for regulacory considerations. Risk management was
defined to encompass all activicies involved in actually doing someching about
a risk, L.e., deciding whecher or not co take actionj deciding which accions
to cake; implemencing selected actions; and evaluating cheir effeccs. Risk
control was defined as cthe overall process for dealing wich risk -— prioricy
secting, assessmenc, and management. [n the same publication, Park and Snee
(1984) described risk assessment as consiscing of hazard identification,
hazard evaluation, and risk evaluation. They also equacted risk management
with regulatory response (inmcluding evaluation of benefits of the chemical
versus the risks, costs, and alternatives), vhile Smith (1984) described risk
management more succinctly as "the control of exposure to levels where per-
ceived risks are acceptable.”

The Office of Science and Technolegy Policy, in ics review of che
framevork for regulacting carcinogens (OSTP, 1985), considered “risk™ to be
composed of two aspects, hazard (che toxicicy of the substance) and exposure
{(the amount of the substance chat people come in contacc withl; che "risk” in
guantitative risk assessment is escimacred by coupling che resulrs of che
hazard and exposure assessmencs. (The phrases "hatard aevaluation,” "the

source of hazard,” “harzard daca," and "toxicicy daca" are also used in che
Cext.)

A report commissioned by the U.S. Food and Drug Adminiscration by
one Mational Research Council committee (chaired by Sctallones) (NRC, 1983),
also addressed terminology. This commitcee had as one objective to assess the
merits of separating the analytic functions of developing risk assessmencs
from che regulacory funczions of making policy decisions. The report has been
Eavorably received by some other government agencies, including cthe EPA (EPA,
19844~1984d) and the Office of Science and Techmology Policy (0OSTP, 1985), but
its terminology was not unequivocally accepced by a prestigious Task Force an
Health Risk Assessment of the U.S. Department of Health and Human Services
(USDHHS, 1986) or by numerous other authors. The report described risk
assessment as "the characterization of the potential adversas health effects of

* Hazards vere described as situations that could lead to harm or damage.
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human axposure to environmental hazards" and alseo as "che uwse of the Facrual
base to define the health effects of exposure of individuals or populations to
hazardous materials and sicuacions. Hisk assessment wias said o include
several elemencs:

. Descriptions of the potential adverse health effects based on
an evaluation of results of epidemiologic, chemical, toxico=-
logical, and environmencal research.

" Extrapolation from those resulcs to predict the type and esci-
mate the extent of health effects in humans under given condi-
tions of exposure.

. Judgments as td the number and characceriscics of persons ex-
posed at various incensities and durations.

. Summary judgments on the existence and overall magnitude of che
public health problem.

Risk assessment was said to include some or all of the following
four steps:

. Hazard identification: The decermination of whether a par-
ticular chemical i3 or is not causally linked to particular
healch effeccs.

" Doge-response assessment!: The determinacion of the relation

becween che magnitude of exposure and the probabilicy of occur=
rence of the health effects in question.

. Exposure assessment: ‘The determination of che extent of human
exposure before or after application of regulatory concrols.

. Risk characterizacion: The description of the nature and often
the magnitude of human risk, including actendant uncertaincy.
{The text describes chis as an estimation step.)

The NBC commictee used the term "risk management” to describe che
process of evaluating alternacive regulatory actions -—— or of weighing policy
dlternatives =— and selecting among them. The selection process requires the
use of value judgments on the acceptabilicy of risk and the reasonableness of
the coscs of control. It included integracting the resulcs of risk assessment
with engineering data and with social, economic, and policical concerns to
reach a decision.* (The committee also defined a term "risk assessment policy”
as consisting of tha analytic choices that must be made in a risk assessment,
based on both scientific and policy considerations.) This report, one should
note, focused primarily on managing the risk assessment process, not on manag-
ing risks} it says very liccle of the latter.

* This view seems cto relegate to the risk management phase all aspects of the
identification and scientific quantification of values to be considered.

A=5



In contrasc, the DHHS task force (USDHHS, 1986) described four major
component steps of risk assessment as:

. Hazaed idencification: The qualitative indication cthat &
substance/condition may adwersely affect human health.

. Hazard characcerizacion: The qualitacive and quancicative
evaluation of the nacure of the adverse effacrts, including
their expression as funcrions of the amount of exposure (dose).

. Exposure characterizationt The qualitative and quantitative
evaluation of the degree of human exposure likely co occocur.

. Risk dertermination: The integration of these sceps into a sci-
entific determination of the lewel of risk as a basis for
palicy consideracion.

The Task Force noted conceptual differences between its steps and those of the
NRC (Stallones) committee:

= The DHHS hazard idencificacion step is the objective gualita=
tive or quantitative decerminatior of a potential hazard,
racther than a causal decermination of risk:

The DHES hazard characterization embraces dose-response assess=—
ment, but also includes kthe determination of differences in
risk across subpopulations as well as efforts to characterize

by clinical or pharmacokinetic studies the action of che
hazard.

* The DHHS risk determinaction ranges in nature from a binary
(risk/no risk} conclusion to a formal, quancitacive, mulzi-
dimensional conclusion complete with sensitivity cesting and
detailed characterization of uncercainty.

The Task Force felt icts model was a more step-wise approach that "make it
necessary to consider the results of individual research studies undergirding
risk determinations a3 important contribucors to risk assessment more fully
and more directly than do the NRC committee and octher groups, which have in
general chosen to note simply that research precedes risk assessment and pro-
vides the scientific basis for this actiwicy.”" The Task Force also noced typ-
ical kinds of information used in these components, as seen in Table A-1.

Finally, a bill introduced in the U.S. Congress to enact a "Risk
Asgessment and Demonstracion Act of 1985" {(called the "Rirter Bill") adopted
the terminology of the MRC report, but also cited a need for better "compara-
tive risk assessment,” which was defined as "a procedure in which the assess-
ment of the risks associated with one course of action and the assessment of
risks associated with alternative courses of action are compared and con-
trasted with each other and with the kinds of risks people normally face in
their individual lives" (U.S. Congress, 1985). The terms "comparative risk
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TABLE A-l

[NFORMATION USED TM ASSESSING HEALTH RISKS ACCORDINC
10 USDHHS TASK FORCE OM HEALTH RISK ASSESSMENT
(USDHHS, 1986

Hazard Identificacion

4., Human data
- Monitoring and surveillance (including vital scacistics
- Epidemiologic studies
- Clinical studies

b Animal data

[ In vitro cests

d. Molecular structure-activity relationships

Hazard Characterization
i Human studies
= Epidemiologic studies
= Clinical studies
b. Animal studies
=~ Minimal effects determination
= Dose=responss modaling
= ‘Special issues, including interspecies conversion and high to
low dose extrapolation
€« Pharmacokinetic studies (including physiologic racionale)

Exposure Characterizacion

2. Demographic information

b. Ecologic analyses

€. Monitoring and surveillance systems
= Animal
= Human

d. Biologic monicoring of high—risk individuals
¢. Transport modeling (mathemacical)
E. Incegrated exposure assessmencs

= Owver time

= Over hazard (synecgy)

Risk Decermination
A Hachematical
= Unic and populacion risk estimates
= Threshold determinacion f(e.g., safecy factor approach,
no-observed-effect level)
- Statistical characterization of uncertaincy
b. Formal decision analysis
c. Inter-risk comparisons
d. Qualitacive - panel reviews
. Qualitative - informal scientific advice
f. HRisk-benefir analysis



assessment" and “"comparacive risk-cosc-benefit study" were used over a decade
ago by Xates (1975) and the Atomic Energy Commission (USAEC, L974), respec-
cively.

Table II-l in the text of the veport summarizes many of che defini-
tions and discinctions in the cerminology in the risk assessment Eield.
Lawless et al. (1984) recencly reviewed che terminology used in the risk
assessment area and proposed an excensive set of definicions believed to be
consiscent incernally and wich the best of currenc usage.

2. HRiask Assessment Under RCHA

The Resource Conservacion and B8ecovery Act of 1576 (as amended
chrough Yovember 1984) is less specific about the need to determine the
reasonableness of risks or to perform risk assessments thamn are some other
environmental and consumer protection laws, such as the Toxic Substances
Cantrol Act, the Federal Insecticide Fungicide and Bodenticide Act, and che
Consumer Product Safecty Acr. Nevertheless the RCHA language clearly implies
that risks will need co be studied in some cases.

For example, RCRA defines hazardous waste as "a solid or combinatlon
of solid wastes which, because of its quancicy, concentration or physical,
chemical or infectious characteriscics may: (a) cause or significancly con-
tribute to an increase in mortalicy or to an increase in serious irreversible
or incapacitating reversible illness; or (b) pose a subscantial presentc or
potentisl hazard® to human health or the environment when improperly Created,
stored, transported, disposed of, or otherwise mismanaged.”

Sec. 3013 of BCRA, "Monicoring, Analysis, and Tescing,” addresses
the issue of risk indirectly. It states cthat upon receiving information that
the presence or release of hazardous waste &t a Creatmentc, storage, or dis-
posal facilicy (TSDF) may present a substantial hazard co human health or the
environment, the EPA Administrator can require that the ownmer/operator of the
gite conducc monitoring, Ccesting and analysis to determine the nature and
extent of such hazard.

Sec. 3019, "Exposure Informacion and Health Assessmencs” {added in
the 1984 amendmenta), apeaks most directly to risk assessment needs. 'Health
Assessments’' are defined to "include preliminary assessments of tha potential
risk to human health posed by individual sites and Eacilicies subject to this
section, based on such factors as the nacure and exrent of contamination, the
existence of potential for pathways of human exposure (including ground or
surface water contaminpation, air emisions, and food chain contamination), the
size and potential susceptibility of che community within the likely pathways
of exposure, the comparison of expected human exposure levels to the shorc-
term and long=-term health sffects associated with idencified contaminants and

¥ RCRA does not define "hazard,' but as wsed here to define "hazardous wasce'

%t Appears to be easentially synonomous with conventional definitions of
cisk.



any available recommended exposure or tolerance limics for such contaminants,
and the comparison of existing morbidity and mortality data on disesses chat
may be associated with the observed levels of exposure.” The definition con—
cinues: “"The Assessment shall include an evaluation of the risks ro the
potencially affected population from all sources of such concaminants, inclod-
ifg known point or noopoint gources other chan the site or facility in ques-
tion. A purpose of such preliminary assessmencs shall be to help determine
whether full-scale health or epidemiological studies and medical evaluaticas
of exposed populacions shall be undercaken.”

This section provides that issuance of permits for operacion of a
tandfill ar surface impoundment shall be dependent upon submission by the
owner/operacor of certain information related to the potencial for exposure of
the public to che hazardous waste conscituents. This submission shall include
information on pocential releases, environmental pathways, and nature and
magnitude of human exposure. This section also provides that the Adminiscra-
tor or states wich authorized RCRA programs shall make this information avail-
able to the Agency for Toxic Subscances and Disease Begistry (as established
by the Comprehensive Environmental Hesponse, Compensation and Liabilicy Acc of
1980). It Efurther provides that the Administrator (or said scates) may
tequest that Agency te conduct a health assessment of any landfill or surface
impoundment if (in the Adminiscrator's Judgment) ic "poses a substancial
potencial risk to human healith, due to the exisctence of releases of hazardous
constituencs, the magnitude of contaminationm wich hazardous constituencs whieh
may be cthe result of a release, or the magnitude of the population exposed ro
such release or contamination." Fimally this section provides that prioricy
in conducting health assessmencs shall be given “te these facilirias or gsires
for which: there is documented evidence of release of hazardous constituents:
the potential risk to human health appears highesti and existing health daca
dre deemed inadeguate to assess cthe potencial risk to human health.”

3. Uaeful Definitions

A set of definitions of terms used in che risk assessment and health
effeccs fields are presented here for the convenience of the reader.

Hazard-—-A source of a threac or danger, often implying major natural
ar man-made Eeape:i:lly technological ) dangers, or dangers involving substan-
tial elements of chance or accident; may refer to specific substances,
objects, or activities that have characteriscics (such as inherent rtoxic,
energetic, or gravitational aspects) chat cause them to be considered sources
of danger; sometimes used (popularly) as a synooym Eor "danger" or "risk."

Probability-—The possibilicy, likelihood, or frequency that an
activity, event, or outcome will occur. A measure of chance. Classical or
objeccive probabilicty is defined as che ratio of the number of times a given
gutcome occurs to Ethe total number of possible outcomes. Subjective probabil-
ity derives from & view of probability as a racional degree of coniidence or
belief: subjective weights are assigned (according to certain tcheoretical
principles) to possible outcomes of an action, so that an operationally
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meaningful analysis can be performed. A statement of probabilicy is value-
neutral. It does not imply that a stated consequence i3 beneficial or
adverse; that is determined by the individual evaluator.

Risk-={noun) is an expression of the uncertain potential of incur-
ring a specified adverse consequence {e.g., death) during some scated measure
of interval (=.g., yesrs, million miles, hundred skydives, etc.). ALl expres-
sions of risk are conditional. HRisk may be usefully expragsed either guanti-
tatively or gqualicacively:

. A guantitative scacement of the probability of occurrence of a
defined adverse effect, hased on substancial amouncs of the
required kinda of informacion and data. A statement of risk as
a probability has meaning only if one states the units of
measure and the conditions applicable.

. A gualitative scatement of the likelihood or possibility of
pccurrence of one or more identified adverse affects, based on
partial or minimal information or historical perspective.

Risk combines the concepts of future chance, the loss of something
of walue, and a utandardized measurement parameter (such as time or ather
numerical measure). It involves a statement of this chance in the absence of
complete information, in qualicacive or guanticative terms {(frequencly as a
probabilicy). Popular usage commonly rafers o the "loss side"™ of a simple
wager or business venture.

Exposure to risk--An act or condition of being exposed or cpen Eo a
given threat from a given source (e.g., pachogenlic organisms, toxic chemicals,
radiation, safety hazards, or economic changes) that could cause adverse con-
5 EqUERI: BS .

Exposure to pollutancs--Exposure occurs at the poinc in space ‘and
time at which the toxic subscance is present ‘at che interface becwesn che
environment and a biological organism.

Exposure assessment=-This term lacks a widely accepred definicion.
It is ofrten used to describe different sets of activities by researchers with
different viewpoints. Some researchers consider exposure assessment to begln
with chemical analysis of the contaminancs in the air, water, food, surfaces,
etc., which people actually inhale, ingest, touch, etc. By knowing concentra-
tions and assuming the daily volume of air breached, capwater consumed, etc.,
the exposure rate and axposure dose over a given duratlon can be estimated for
each exzposed individual. The exposure assessment is usually complaced by
quantifying the known or assumed populacion at risk. Other researchers place
greater emphasis on analyzing or modeling the transport and interactions of
chemical subscances from the point at which they enter the environment through
air, water, land, and ecosystems until they reach receptor populations, i.e.,
they quancify the concentrations of toxicants at the points in space and cime
where they intercept populations, and they predict the extencs of exposures
that result. 5Still other researchers may begin the exposure assessment with
qualitative and quantitative analyses of the entry of contaminants into the
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environment, f.e., with an asssessment of the sources, Hushon and Clerman
(1981) divided exposure 4ssessment into Five steps! chemical description:
materials balance; pachways of environmencal release; population profiles; and
"assessment" in which the environmental concentrarions and populacion profiles
are combined to give exposure profiless. In one Office of Technology Assess-
ment raport, cthe scope of exposure assessment was extended Co include absorp-

tion within the organism and Cransport to the site of toxic activicy (OTA,
1984).

Hisk escimation-—A guancification componant of che risk sssessment
process in which one estimates the probabilicies of occcurrence of explicit
adverse consegquences and cthe extent of che cons2quences, The gstimates may be
made by Formal analysis of an existing data base in order co minimize subjec-
tivicy or by judgmental adalysis based an experience, parception, and incui-
tion.

Risk determination=-A part of the risk estimacion process, fre-
quently implies a proactive collection of experimencal or stariscical dara
that can be used to increase the confidence of estimated risk Eactors. (It
may, at cimes, refer to a process of analyzing risk factor data to reach a
consensus for decision purposes, e.g., judieial decisions.)

Risk evaluacion--The complex process of assigning individual and
socieral values to identified possible adverse consequences of a proposed
sction or decision. An individual may evaluace risks sither consciously or
subconsciously depending on the situation. Different individuals may wvalue
the same possible consequence quite differently, depending on their personsl
value systems, and a given individual may assign different values at different
times as his or her values change. Society may evaluate risks Earmally or
informally. Different segments within a saciecy or different sociecies may
value the same consequence quite differently, and societal values also change
over time and generations. The accurscy of the risk evaluation step is fre-
quently a major point of contention in the risk assessment and decision making
processes. Congdequences may be divided into values that are or can be readily
monetized {e.g., economic losstes) and values thar usually are not monetized
eXcept under certain demanding condicions (e.g., awards far personal injury,
loss of life, or environmental damage in the sectlement of legal suics).

Risk analysis--A general term that includes such accivities as eisk
estimation and evaluacion (particularly those aspects reddcible to mathemac-
ical expression) pertaining to the adverse consequaence of & proposed actiom.
Risk analysis does not include extensive consideracions of che ancicipaced
benefics, except the benefit of risk reduction. Note, howewver, chat some
authors use the terms risk analysis amd risk assessment synonymously.

Risk assessment--The broad process of identifying, characterizing,
quantifying, and evaluating the risk, cost, and benefit Factors that are asso-
ciated with a proposed action or contemplated decision. [t usually implies an
effort to determine the balance of known and estimated benefits, coscs, and
risks, in which careful actention has been given to potentially external coscs
and inequitable societal risks, so that a socially acceprable decision can be
reéached. WNote, however, that some authors and some governmental groups have
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used cthis term in a more restricted sense (see risk analysis) and have pro-
posed various definitions of qualicative, gquanticacive, and probabilistic risk
ASAESEMEnT .

Comparacive risk assessmenc-—A sysCemacic, mulridimensional process
far objectively organizing, analyzing, evaluatcing, and placing in perspeccive
informacion about the risks, coscs, and benefics of technological alternacives
(particularly co human healch, safecy, and che envicvonment), as an aid co
public policy decision making in the management of risks under uncertainty.
Comparacive risk assessmant is less machematcically orienced chan some relaced
activicies (e.g., risk escimation Erom ctoxicity and exposure data) and less
meéchanistic cthan some ochers ofcen are (e.g., benefic-cost analysis). It
emphasizes identification and evaluation of trade-offs rather than optimiza-
tioo of a single walue.

Risk management--A range of individual and social actions taken to
avoid, minimize, reduca, limic, or otherwise control the degree of exposure to
risk situations or che magnitude of adverse consegquences. It includes atc
times actions designed to maximize benefics at a given lavel of risk. Risk
management approaches include risk aversion steps, social concrols, behavior
modificacions, engineering controls, adminiscrative contrels (such as required
work practices, personal procection, education and training, medical survell-
lance, and record keeping), and risk discribucion.

Uncertainty-—A statement of che degree cto which a system, process,
or measurement, or the componentcs Chereof are clearly itdentified or defined,
or that an event is believed sure to occur.

Uncertainty analysis-=-A procedure for attempting to quancify a
statement of uncertainty, e.g., guantification of the uncertainty associaced
vith an escimace of the number of cases of a specific adverse human health
effect for a given wvaste management practice.

Uncertainty factor—A measure of the uncertainty range associated
with & point risk escimate. The term has also been used synonomously Eor
safety factor {a risk management concept).

Dose-——A measura of the amount of test substance or radiant energy a
test subject 1s given. The dose may be stated in terms of weight or concen-
tration in a medium of the substance. Administered dose is the amount the
subject receives. Eifeccive dose usually means the concentration at the
target site, but is somecimes used Co mean a threshold dose, i.e., che minimum
dose required to produce a specified response. Enviroomental dose is the
amount of an environmental pollutant that actually contacts or enters the
organism through bodily membranes and portals: intacc or broken skin, eyes,

nose, and mouth. It is analogous to the adminiscered dose in a controlled
coxicological scudy.

Carcincgenicity—The property of causing the formation of rtumors,
new growths of tissue serving no useful function. In some usages the cerm
carcinogenicity is restricted to malignant tumors (those with a potencial for
unlimited growth by expansion or by metastasis, i.e., sending ocut "daughters”
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L3 grow in other locations), with the term oncogenicity used for all ctumors.
The poctential for cumor expansion (malignancy ar nonmalignancy) is often dif-
ficult to determine in animal studies and conclusions are somecimes contro-
versial., Therefore the cerm carcinogenicicy is often used in the unresccicred
sense unless specifically limiced.

TEfq%EEEniEitv“ThE property of causing physical defects in a devel-
oping embryo of an unborn offspring. These defects (splic palate and hare Lip
dre among the more commeon ones in Mumans) are not inhericable. (Hote thac
mutagenicicy refers co inheritable defecrs.) Teratogenic chemicals usually
exhibic cheir effeccs following exposure of the female during a specific stage
in early pregnancy.

Embryolechality--The property of causing the death of a develaping
embryo. It may result from severs teratogenicity, from mutagenicity, or from
an adverse sffect on the mother. Regardless of the cause, che result is a
nonviable mother-embeys relationship followed by the resorption of che embrya.

Dermacotoxicity-—Refers to toxic effects, normally visible lesions,
on the skin. They may result from local applicacion (such 4s a rash from con-
tacting poison ivy) or from ingestion, inhalation, or other intake followed by
distribution throughout the body by the blood.

Hepatotoxicity--Refers to toxic effects on the liver. They may be
physical lesions, detected by microscopic examination of liver tissue, but are
more commonly biochemical lesions, dececced by the abnormal concentration of
cne or more chemicals in body fluids {blood or urine) or cissues. Jaundice, a
yellowish pigmencacion of the skin, other tissues, and body fluids, s an
extreme, readily visible example of a biochemical lesion.

Nephrotoxicity--Refers to toxic effeccs on the kidney. They may be

physical lesions or functional lesions, and are datectable by analysis of the
urine.

Heurctoxicity—Refers toa ctoxic effects on the nervous rissue,
ineluding both the cenctral nervous system (brain and spinal cord) and the
peripharal nervous sysctem. MNeurotoxic effects vary widely. Some are readily
observable, e.g., tremors (crembling, shivering, shaking) or convulsions.
Others such as abnormal reflexes or coordination difficulties require cesting
for their detection {e.g., inability cto walk a scraight line or to touch one's
fingercip to nose with the eyes closed, both elements of a "field sobriecy
test” for the neurotoxzic effects of echanol).
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APPENDIX B

DEVELOPMENT OF SCENARIOS FOR COMPARATIVE RISK ASSESSHENT
OF HAZARDOUS WASTE MANACEMENT
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The development and use of realistic scenarios can enhance studies of the
potencial consequences of alternacive decisions and accions. In a4 recentc com=
parative risk assessment of hazardous wasce management sCracegies, Midwest
Research Institute developed and used detyiled scenarios in the analysis of
alternactive management approaches for selected wastes.! The scenarios were
intended Co be as represencacive as possible of the range of existing prac=-
tices involving these wasces, Development of the scenarios gave many insights
into the scenario conscruction process. This appendix presents guidelinaes
that can be applied to the development of scenarios for other wastes and wasca
management practices for comparative risk assessments.

Before scenarios can be developed, one or more specific hazardous wastes
must be selected for analysia. Different seleccion mechanisms and criteria
can be adopted, depending on the goals and management plan for each study.
Wasces may be selecred co be represemctacive of several diverse factors,
including: sources; quanticies; chemical, physical, and biological proper-
ties: and waste management practices. In some cases, high priority may be
placed on selecting a wascte that i3 representative of a specific class of
wastes, or on che availabilicy of data. Alternacively, & screening process
may be applied co many or all listed hazardous wastes to identify those to be
subjected cto detailed amalyses. A list of candidate harardous wastes, desig-
nated by source induscry, process, or other descriptors, can be screened

according to the desired criteria, and one or more wastes can then be selacted
for assessment.

Assuming that the hszardous waste has been selacced, Che process for
development of scenarios can ba described in five sceps:

1. Characterize existing wasCeé sources

2. Select wasce management alcernacives for evaluation
3. Select model wasce source and dispesal sites

4. Define wasCe generaCion scenario

3., Define waste disposal scenarios

Each of cthese steps is discussed below, and illustrated in part with
examples from the earlier study.!

1. CHARACTERIZE EXISTINGC WASTE CENERATION SOURCES

This sctep requires tha collection, review, and evaluation of information
on the technoeconomic aspects of the waste generation source. This may

I Midwest Hesearch Institute, "Comparison of Risks and Costs of Hazardous
Waste Alternatives: Methods Development and Pilot Studies,” Draft Final
Beport prepared wunder EPA Contract Mo. 689-01-63558, Subcontract
Ho. 130.155, November 19, [984.
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include information oni the industry or other scource that genérates Che
waste} the locations of the sourcesi the produccs and processes thac vield
wastes; the gquantity and form of waste generated; and the Creatment and dis-
posal practices in use. This information provides the basis for developing
composice, model, or represencative disposal facilities for comparactive risk
a3sessment .

Informacion for this step will be obrtained Erom several sources, includ-
ing? EPA documents {e.g., hazardous waste listing documencs, and any perti-
nent industry/waste assessment reports); induscry and trade sources (e.g.,
deliscing requestcs; personal contacts): and the published literature (e.g.,
the Kirk-Othmer Encyclopedia of Chemical Technologyi trade association
reporta; trade journals, ecc.). The characterization should address ac least
the following specific factors.

l.1 Source Locacions

The number and locations of domestic sites at which the designated waste
is generated are decermined first. These are often the sices for manufactur-
ing one or more produccs for which the waste is a by-product. For industrial
sources of the waste, characterize the quantity of product manufactured by
induscry, company, and site. Table B-l illuscrates the nature and level bof
decail given in a study of carbon tetrachloride production wastes.! Note if
the discribution of plant capacicies is fairly normal or highly skewed since
this will be an important consideracion in defining a model planc. MHote also
the physical characteristics of the sites of chese sources for use in site
selection for the model source. Hecent or proposed changes (e.g., mentioned
in the trade literature or other marker analyses) of the number or location of
existing sices should alsoc be considered in selection of model sites,
products, or processes,

1.2 Source Procesdes

Identify the processes in use at the sites where the wastes are gener-
ated. MNote the range of process parameters in use in the industry and impacts
that these may have on generation of waste. Idencify point sources of waste
generacted or released wichin the mamufacturing process. Collect information
on the flow of macerials in the process and waste streams. One or more mate—
rials flow diagrams typical of the industry processes will be useful. Fig-
ure B-1 illuscrates such a diagram for chlor-alkali manufacture using mercury
cell eleccrolysis, in which mercury-contaminated brine muds are the hazardous
waste to be disposed.! Mote any precreacmencts of raw materials, unusual
early-stage processing steps or recycling steps that may be used by some
industry members to reduce or modify the waste that is generated. Note also
any reported trends in the processes used by che induatry that could substan-
tially affect the quantity or nature of the waste. All of this informacion
will be important in defining a model waste generation scenario.

1.3 Waste Quantities and Compositions

Characterize the hazardous wastes being generaced at each kind of point
source by quantity and composition. Identify cthe quanticies both in relative
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TABLE B-1]

ILLUSTRATIVE ANALYSIS TO IDENTIFY WASTE SOURCES:

EARHBH TETRACHLORIDE PRODUCTION WASTES

1983 Nameplate Waste Constilueuls
Capacily, Type of Process Frodicted (o
Company HT (10° 1b) _or Coproduct Meavy Ends
Dow Chemical USA
Pittsburg, California 36,288 ( BO) Chlorination of methane, A
perchloroethy lene coproduct
Plaguemine, Lowisiana 56,700 (125) Chlorinalion of meLthane &
E. 1. du Pont de Nemours
and Company, Iac.
Corpus Christi, Texas 136,080 (300) Perchioroethylene coproduct l
LCP Chemicals & Plastics; Inc.
Houndsville, West Virginia 4,536 ( 10) Chlarination of methane A
dtauffer Chemical Company
Le Hoyne, Alabama 95,256 (210) Chlorination of carbon disulfide C
Vulean Haterials Company
Geismar, Louisiana L0, B24 [ 9Q) Chlorination of ethylens, i
- perchloroethylene coproduct
Wichita, Kansas 271,216 ( 60) Chlorination of ethylene, I

perchloroethylens coproduct

Total 396,900 (875)

Source: Reference 1.

Hajor waste constituents by type of process:

A. Chlorination of methane: Hexachloroethane, hexachlorobutadiene, perchloroethylene, carbon Letra-
chlocide.

B. Chlorinolysis of hydrocarbon feedstocks: Hexachloroethane, hu:a:hluruhutadiene, pecchloroethy lene,
hexachlorobenzene, carbon tetrachloride.

C. Chlorination of carbon disulfide: This process would be waste-free if propercly operating; otherwise,
sul fur monochloride and carbon tetrachloride would be present.

D, Chlorinstion of ethylene: Rexachloroethane, perchlorcethylene, hexschlorobutadiens, hexachlorobenzene,
carhon tetrachloride,
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cerms (2.g., tons per kiloron of product manufactured) and in abscluce terms
{a.2., tons per year at each site), because this informacion will be useful in
dafining a model plant. Note both the average and che range of cthe amountc of
waste, Idencify the range of wvariation both within and acrosa sites, L1f pas—
sibie. The waste must be characterized in terms of the chemical constituent
or propercies that caused the waste to be classified as hazardous. ®Record che
concentration of che identified hazardous constictuenc(s) in che wasce and ics
properties. Record the physical form and propercias of the wasce (e.g.,
solid, Liguid, or slurry; volacilicyl. HNote also ocher conscituents chac may
affect the environmental relesase, cransporc, or impaccs of the conscicuenc(s)
of primary concern. Characterize both average composicion and the variation
across sites and process variables. This informatlon will be needed in defin-
ing a model waste.

L.5 Wasce Pretreatments

Applicable pretreatment processes must be characcerized. These processes
can be an internal step in the manufacturing operation or a subsequent step 1n
preparacion for transport, storage, or disposal. Such processes may include
the use of addicives, filtration, centrifugation, gravity sectling, etc. MNote
the effects chat such treatments have om the waste quantity, properties, or
composition. This informacion will also be useful in defining a model waste
that is as representative as possible of the industey or ochar source.

2., SELECT WASTE MANAGEMENT ALTERNATIVES FOR EVALUATION

Jeveral waste management pracCices (or variaciona) generally can be
idenctified for each hazardous waste. From these, select two or more of the
most viable alternacives (three to five may be optimum) for the comparacive
assessment. Practices should be idencified on che basis thac individually
they are realistic for the subject wastes and chac colleccively chey include a
substantial range of exiscing or proposed approaches. HNormally all of che
selected alternatives would mest the requirements of currentc ar forthcoming
environmencal regulations, although one that illustrates current practice

provides & useful baseline case for comparison, even if it does not meet the
standards.

Selected practices usually would involve changes in treatment, storage,
transportation, or disposal technologies, and could include wvariation in the
pratreatment or process praccices (e.g., Co minimize contamination of the
waste with hazardous constituents or reduce the quantity of waste generated).
A partial list of possible technologies is showm in Table B-2. Viable
alternacives must be ctechnically feasible, compatible with the waste to be
disposed, defensible under stared regulatory assumptions, and economically
worthy of analysis under those assumptions. The alternative most Likely to be
least costly while meeting exzpected regulations should be included if it can
be idencified. Specific properties of the designated wastes musc be consid-
ered so that the assessment compares realiscic scenarios (e.g., incineration
would probably be excluded for a waste that contained high concentrations of =&
volatile toxic element such as mercury or arsenic).
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TABLE B-2

ILLUSTRATIVE WASTE MANAGEMENT TECHNOLOGIES FOR COMPARATIVE RISK ASSESSHENTS

Pretreatment

Landfill on-site or off-site

Special design landfills

Dewater waste and landlill on-sile or off-site

Aqueous solvent extraction, Lreatment of extracl, and landfill of residue on-site
Stabilization and landfill en-site or off-site

Surface disposal impoundment on-site

Incineration on-site, off-site, or at-sea

Solvent extraction, incineration of extract, and residue landfill on-site
Recycle to process

Use as feedstock for manufacture of other products

Process changes to alter quality or quantity of waste

Source: HRT.



Each of the selecced waste management practices should be identified with
a convenient descriptive zitle. One of the practices uwsuslly should be desig-
nated as cthe baseline. Dispesal in a RCRA-approved landfill may be a gener-
ally uszseful basze case.

3. SELECT MODEL WASTE SOURCE AND DISPOSAL SITES

How that che selected hazardous wasce, its source, and selected manage—
ment practlices have been idencified and characcerized, the next scep is tTo
choose one or more specific geographic sitels) for a model source of Table B-2
the waste (e.g., a model plant, an abandaned diaposal site, or a contaminaCed
area). The selected site(s) may be chosen to reflect closely che locations of
one or more existing sites. Alcternatively, it might be chosen to be as repre-
sencactive as possible of mast of (or a subset of) all the existing sites, ar
it may be selected by other stated criteria. For wastes that are generated
and disposed at only one or a few similar sites, the selected model site canm
reflect reality very closely. In fact, many wastes are known to go to fewear
than 10 sices; thenm all real sites could be analyred, 1f desired. The wastes
that go to many sites can be grouped sometimes in such a way that only a few
highly reprasentacive model sites are needed. For other wastes, however, sub=-
stancial sice diversity exists and the selection process will be more diffi-
cult. In general, chis scep will require several actions:

L Identify geographical areas as pocencial locacions (e.g., stace and
county or city) for the model production-waste generation and dis-
posal facilities. |MNormally these would be representative of the
industry or source, or of speeific waste mapagement problems.
Candidate locations must be compatible wicth the waste management
practices selected for assessmemt. Differenc wvaste management prac-
tices may require different disposal sices (e.g., landfill wversus
incineration at seal.

Review and characterize quanticy and quality of information and daca
available for these representative general locations. MNote informa-
cion and data on environmental parameters (e.g., temperature; rain-
fall{ evaporacion; wind speed and direction (range and average);
soil and subsurface structure and porosity; groundwateér dapch,
direction of flow, and velocity of flow. HNote population and land
use distribucions (including ecological aspects) ac reprasentative
general zites. Tdentify possible specific sictes in each area that
are representative of the industry or source. Compare availability
of information and data for alternative sites. Sites for which
available data are inadequate may be eliminated, unless acher con-
siderations are overriding. For example, one may wish neot co
eliminate the meos: representative site. In such cases, special
efforts may be required to gacher or estimate necessary data.

Select site{s) according to the criteria previously statsd for the
study. In general, one could select sites which best combine repre-
santativeness of the industry and adequacy of daca bases for the
environmenctal transport and population at risk.
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Develop decailed informacion on che mecteorclogical and hydrogeo-
logical condicions at each generation site and at sites involved in
CredCment, cransportation, sCLOTARE, ar disposal activities.
Table B-] illuscrates the kind of information developed for a study
of the disposal of carbon tetrachloride production wasces.!l

Develop population discribution dacs and infoemation for all se-
lected sices for subsequent use in developing detailed wasce gener-
ation and disposal scenarics.

4. DEFINE WASTE GENERATION SCENARIO

Based on the information used to select the hazardous waste and infor-
mation on 1t$ source in Step l, develop a scenario for & model vasce source at
the sice(s) selecred above. The scenario should specify the manufaeturing
precess and production levels (chis would noc apply in clean-up of an
abandored hazardous wasce site). An overall materials flow diagram should be
prepared thac quantifies the inputs and oucputs {as shown previously in Fig-
ure B=l for chlor—alkali manufaccure). Waste generation parameters should be
defined; they may be defined to be as representative as possible of the indus-
try (e.g., average values) or to illustrace specific situactions. The quantity
and composition of the waste should be scated. Point sources of waste genera-
tion within an industrial process should be identified. Any pretreatments
used for the wastes should be noted.

An illustration of the geographical secting and spatial relacionships for
the waste generation and disposal sites will be helpful. Figure B=2 shows a
hypothetical secting for a model chloc—-alkali planc.!

The cime periocd over which the waste i3 generated and disposed must be
explicictly stacted for analysis.®* A 20-year generation period may be reason-
able for most wastes, but longer or shorter periods may be prefarable in some

assessments (e.g., only & months was appropriate for the clean-up of dioxin-
contaminated soil).!

5. DEFINE WASTE DISPOSAL SCEMARIOS

Based on the selection of waste management practices in Scep 2, model
source and disposal sices in Step 3, and the decailed waste generation sce-
nario defined in Scep &, detailed scenarios are developed for che treatment,
storage, Ctransportation, and disposal of the wastes as appropriate far each
alternative waste management practice. These scenarios must be realiscie,
Like the waste generation scenarios, and representative of exiscing or pro-
posed practices so that the resulcs of the subsequent assessment may be

¥ A time period will also have to be selected over which post-disposal
effects will be analyzed in the overall comparative risk assessment.



TABLE B=3

ILLUSTRATIVE PHYSICAL CHARACTERIZATION OF LAND DISPOSAL SITE

FOR CCL, PRODUCTION WASTES

Plant Location

Southern Texas, Brazoria County,
norchwest of Freeport, latitude
28958 9"N; longitude 95%23'Z20"W;
near the Brazos River.

Terrain

Flat coastal plain

Sail

Horwood silt loam soil; silt loam
averages 0.3% slope (0 ro 1%
cange); is well drained; ragely
flooded; hazs slow surface runoff;
and moderate permeability (1.5 to
3.1 em/hr)

Source: Adapted from Reference 1.

Average Annupal Rainfall

130 cm (52 in.)

Het Evapobranspiration

10.2 em (& im.)

ggﬁrﬁEEuluaz

Beneath surface silt soil 15 the
Beaumont clay; 53 m thick at the site;
permeability assumed to be 10 7 em/sec,
Baneath the Beauwmont clay is the upper
unit of the Chicot aguifer; consists of
inpterconnected sands; thickness at the
site is 1& m. Groundwater at the site
is under artesian conditions; therefore,
water level in a well is 13.7 m (45 ft)
below datum (ground surface).

B-10r
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unbiased and as broadly applicable as possible. All scenarios for a given
waste should be consistent in terms of duration (e.g., 20 years each) and
quantities of waste generated and dispesed.

Information for the waste disposal scenarios may be obtained Erom several
sources, including: minimum requiremencs of exiscing regulacions§ documenta-
tion supplied by waste source industry; manufacturers of technology in use or
available for waste disposal; hydrogeological daca for representacive disposal
sites; and engineering judgment. All paramecers of the wasce disposal prac-
tices should be defined explieicly. A number of such parameters for the
landfill of carbon tetrachloride production wastes are shown in Table B-4.1
Quanticies of chemicals or additives mixed with the waste and equipment for
mizing che waste should be identified. Loading/ unloading practices, transfer
or transporting equipment at all scages, and vehicle routes and distances
should be specified. A materials flow diagram of the disposal process is
helpful, and can also indicate poincs of potential release of contaminancs co
the environment. Ffigure B-3 provides a sample flow diagram for carbon tetra-
chloride production wasce disposal in an off-site landfill.! Techniques
incorperated in each alternactive to monitor or control losses to the BOVLEON™
ment should be scated and characterized.

Zemedial or corrective action plans (e.g., spill cleanup; pumping of conm-
taminated groundwater) may be stated as part of the disposal scemario, or per-
haps more clearly as a separate subscenario. Scenarios for earreccive action
must be developed where deemed appropriate for each waste management scenario.
Corrective action scenarios may give particular attention to che retrieval of
contaminated groundwater, and should ineclude consideration of response Co such
problems as spills to surface waters. Assumptions concerning the cemporal
aspects of corrective action should be stated explicitly. These may include
future effectiveness of leak dececcion, available technologies, and societal
requirements. Corrective groundwacer recrieval action might not be completely
effective; the analyst might wish to make an explicit assumption that reflects
this possibility. (An assumprion of 100% effectiveness may reduce estimated
adverse health effects to zero for all waste management alternactives, and
therefore reduce the comparative analysis to a consideration of costs alone.)
The use of a range of effectiveness may also be considered as part of the
uncercainty analysis.

SUMMARY AND COMMENT: The performance of valid comparative risk assess-
ments for technology-related decisions requires the development of realistic
scenarios for alcternative approaches. The five-step process described above
should be a useful approach for development of scenarios for hazardous waste
management decisions.

Requirements of time, effort, and daca are substantial for developmentc of
the most useful scenarics. For many decisions, Ctime and resources may
preclude a comprehensive assessmenc of alternacives, or data limitations may
limit the cosc affacciveness of highly detailed assessments. Elements of cthe
present guidelines still should help in developing a systematic analysis. In
some cases, the appropriate decision may be clear after a less comprehensive
assesament of Lless dercailed scenarios chan described herein. In cases in
which such a preliminary analysis does not point clearly to a decision, it may
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TABLE B-4

[LLUSTRATIVE DESIGN OF LANDFILL WITH A SINGLE SYNTHETIC LINER

Landfill Feature Description
Size of landfill 1,742 m* by 3.7 m deep
Containment system Geotextile

0.30 m sand layer
36 mil Hypalon liner
0.15 m sand layer

Synthetic liner permeability 1 x 10712 cm/ sec

Leachate collection and Drainage tiles (spaced 15.25 m apart}
removal system Gravel
Sump and pump
Hain pipe
Leak detection system Hooe
Final cover 0.61 m vegetaced layer
Geotextile

.30 m sand laver

40 mil synthetic liner
0.61 m clay layer
Slope = 3%

Groundwater monitoring Three wells 122 m down-gradient spaced 122 m
apart and one well 122 m up-gradient

Recovery wells Three wells 122 m down-gradient spaced 122 m
apart, fully penetrating the saturated zone,
cased, screened the width of the water bear=
ing stratum, and gravel packed.

Recovery pumping rates 76, 379, aod 757 L/min assumed for esach well
to determine contaminant recovery afficiency

Seurce: Etfzt:nne 1.
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still idencify clearly where additional key data should be obrained for a
subsequent detailed assessment, or may identify key or additicnal decision
Eacrars that che decision maker may wish to consider in reaching a conclusion.
Economies of scale should be reasonably expected as addicional scenarios are
developed for assessments of a given waste or for many typical vasces, because
of the increasing data base and experience gained.
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APPENDIX C

ECOLOGICAL AND SOCIOECONOMIC IMPACT ASSESSMENT




Alcernacive hazardous waste management approaches can have oumeérous
and differing ecological, economic, and social consequences that should be
avaluared in a comprehensive risk assessment. The human health risks were che
primary concern of the present study, and only brief attention could be given
to a review and incorporation of these other impacts. Only a short survey of
the literature on such assessment was possible om our study and was not
updated during later revisions of cthis report. Many references ara noted,
however, which the reader may find useful.

The cerm "impact assessment"” covers several kinds of analyses wich
different focal incerests. These analyses generally involve atcempts Co make
formal and defensible appraisals of the potential consequences of a proposad
project, program, action, or decision, particularly the adverse impaccs.
Familiar examples include environmencal, social, sconomic, energy, regulacory
and political impact assessmencs. AL & minimum, potential environmental and
sociceconomic consequences can be identified qualitacively; ranking or escima-
tion of cthe potencial magnitudes of adverse impacts can be useful for soms
decisions. More detailed, quantified and carefully documenced analyses could
be required for ocher decisions.

Comprehensive assessments of ecological or socioeconomic impacts c£an
require resources and efforts of similar or greater magnitude than needed for
health risk estimaction. For example, a procedure developed by the U.5. Ceo-
logical Survey for evaluating environmencal impacts of proposed construction
or development projects provided a matrixz containing 8,800 elements that could
be considered (USCS, 1971). A substantial review and evaluation of che mech-
odologies used for such assessments would require chapters comparable in

length to that on health risk assessments, and is beyond the scope of chis
study.

l. Ecological Impact Assessment

The 1969 U.5. Hational Environmental Policy Act requires the prep-
aration of environmencal impaect actatements (EISs) on proposed governmenc-
ralated projecrs. EISs inicially tended to be racher site-specific and
emphasized che physical and ecological environmencal paramecers, but Llater
included or gave increased actention to sociceconomic impacts. Environmentcal
impaccs assessmencs now ofcen include for decision opctions or alcernacives the
social, economic and aeschertic impacta of technologies or pollutancs on com=
munities, structures, artworks, and viscas. Socioeconomic impacts are dis-
cussed in the next seccion.

A wide range of techniques are used in the decerminaction or estcima-
tion of che risks of environmental damage by exiscing or proposed technol-
ogies. These methods draw on a substantial body of informaction in che
physical, biological, toxicological, chemical, earth, water resources, and
meteorological sciences. Specific approsches can range Erom counting or
estimsting populations of wvarious species on various ranges under changing
conditions to monitoring and modeling the fate and effect of pollutants and
contaminants entering the envirooment din warious quanticies and at given
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points. They can require estimacing cthe bicaccumulation of persistear chem—
icals in terrescrial or aquatic organisma at cthe boccom of the food chain, and
astimating the accumulation of long-lived gases in the upper acmosphere that
may affect the earth's influx of ultraviolet radiation or ics thermal balance.

Assessments of the ecological effects of pollutancs differ in an
important way from assessments of their human health effects: in the latcter
the analyst attempts ta interpret data for several species in terms of che one
(i.e., man) while in the Fformer the analyst must extrapolate data for a few
species ta many (perhaps hundreds of) species. One must also attempt cao
evaluate the potential synergistic effects of a wide assortment of multiple
insulta to the environment. Delayed, prolonged, and irraversible effects pose
espacially difficule challenges. Hence environmental assessments may, at
cimes, require much more data than a health effects assessment, yet provide an
anawer chat is mors Cenuous or at leastc less quancicacive.

Many cypes of impacts on nonhuman species are Limporcant. These
include disturbances of local ecosystems, disruptions on & regional,
national, or incernational scale, impacts on recreational, sport, or commer=
cial €ishing, and damages to agricultural and forest crops. One particularly
difficult risk assessment problem is that of trying to place values on lictle-
known endangered species {e2.g., the small snail darter fish in Tennessee). An
aven more difficult societal problem has been Erying to determine the degras
of technological control that should be sought when the intensity of the
affect on the nonhuman population is quite uncertain (but possibly large),
while the costs of implementing the controls are certainly quite large.

Methods used in specific environmental impact assessmencs will
depand on the technologies considered and the environmental values chat may be
threatened. Cancer (1977, 1982), Kaces (1978), and Whyte and Burcon {1980)
discussed environmental risk assessmenc in general. Porter et al. (1980) dis-
cussed mechodologies for impact analysis in general including environmencal
impact statements. Porter and Rossini (1980) reviewed cthe methodology for EIA
in the context of integrated impact assessment. Barnthouse ec al. (1982) and
Barnthouse and Sucer (1984) examined several methodologies for environmencal
risk analysis. Conway (1980) presented many papers focusing on analysis of
environmencal risks of chemicals. Cairns et al. (1978) focused on the effects
of chemicals on aquatic life, while Ward (1978) described theory and methods
for biological environmencal impact assessments. Occ (1978) described the
theery and use of environmental indices, while Canter and Hill (1979) and Rau
and Wooten (1980) published handbooks helpful in performing environmentcal
impact analyses. Starr et al. (1977}, House (1977), and many others examined
the environmental impact of energy sources. EPA has recently published wacer
quality eriteria for aquatic life (EPA, 1985). A user's manual for ecological
risk assessment of synfuels technologies was recencly published (Barnthouse
and Sucter, 1986)}. EPA's recent guide to the risk literacure (EPA, 1987}
contains & section on ecological risk assessment that includes references to
reports on mecthodologies).

For assessments of hazardous waste management, a useful approach

will likely have scteps in common with those used in assessing risks to human
healch: (1) develop data om relmase, Ctransport, and Eate of chemicals
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involved; (2) identify species and populations or other values likely to be at
risk; and (3) assess impacts on expased populations or other walues. Thus
infarmacion on the chemicals present and released from the waste and their
general physical, chemical, and biological properties ususlly provides the
starting point in both environmental and health sffects gssessments. [n some
cases, hovevar, certain routes of release and transport may be less imporcant
sources of harmful exposures for nagural populations than feor humans, e.g.,
release to deep groundwaters. On the othar hand, certain activitiss may have
subscantial impact on environmental wvalues chat pose litcle, if any, risk ta
human healcth, e.g., disruption of breeding areas for a species ecologically
essential in the food chain of the area or of an an endangered species. Hence
information about tha terrestrial and aquatic ecology of a particular TSDF
site is as essential as informacion on release and transport routes ino a com
prehensive environmental impact assessmentc.

Input and output data from the release and transport modeling runs
of the health risk assessment will be similarly useful in the environmental
assessment. Site characteristica such as topography, depth to groundwacer,
soil cype, vegetative cover, and distance to che nearest body of water are
examples of input informacion that will have been compiled. The transport
modeling data are chen combined with information on the natural populacions
present and biological effects daca (e.g., fish toxicity and mammalian, bio-
concencration, biodegradation, and effects on microflora and microfauna) to
develop a gualitative or quantitative estimate of projected impacts.

Computerized models have been developed that contain modules to help
assess the environmenctal risks assoclaced wich various waste management prac=
tices,. One example i3 the RCRA Riisk Coat Analysis Model, also known a3 the
waste-environmenc-cechnology or WET model. This model separately estcimates
the risks posed by che release of waste stCream consCituencs Lo aquatic and to
cerrestrial ecological syscems (ICF, 1984). It sysctematically incorporaces
ecocoxicicy daca, moscly obrained from single species tests, into a acheme
that provides a measure of adverse ecological effects, or "ecorisk." The
gffeccs of cthe hazardous pollucants are scored and staced separately for
aquactic and cerrescrial ecosystems.

2. Sociceconomlic Impact Assessments

Potencial socioeconomic impacCs are impartant considerations in
regulatory decisions of hazardous waste management alternmatives. The EPA has
long recognized the need to analyze such impaccs (Tayler, 198l). Socio-
economic aspects can include! costs to the regulated induscry; economic and
social impacts of the hazardous waste management practices on the affected
community or region; comparacive risk-cost-benefit balance of the options;
long=range technological outlook; public perception of cthe risks and regu-
latory options; and comparative difficulty in implementing different regu-
lacory options. The sociocsconomic impacts can be as influential in decision
making, a4t ctimes, as healch impacts, particularly when hezlth risks are
uncertain or strongly quescionad.
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An excensive literature exists on approaches and methods for assess-
ing socigeconomic impacts. These approaches often have features in common,
wihile having differenc focal points and terminology, and many elemencs aof che
methods dewveloped can be cseful gspecifically in hazardous waate decisions
(Taylor, 1981). A decailed review and evaluacion of this licerature is beyond
the scope of this report, but a brief overviev with references may be useful
tar many readers. Capsule summaries are given below for three of the better-
known approasches: economic, social, and cechnology assessments. HNote that
technology assessment, as frequently defined, includes both economic and
social effeccs among ochers. Also, social effects are often a second order
effect of economic impacts. These interrelacionships should be noted.

g4. Economic impacta: Twa major cypes of economic analyses are
used: thode which focus oo costas to the regulaced industry, and those looking
brosdly ac economy relaced impacts on sociecy, including transnational impacts
where appropriate. ;

Casts to the regulated induscry = This type of analysis usually
produces quantitative estimaces of the costs of a given techrnological alterna=
tive so that comparisons can be made eicher with present practices or with one
or more other technological alternatives., Typically engineering costs are
estimated Eor facilicies apd equipmenc, and for snnual operating and main=
tenance needs. Other costs often will be included, such as expenses 1o devel=-
oping and submitting data for necessary permicts or for meeting monitoring
requirements of a reagulacion.

The costs of alcernacive cechnologies can be compared 1in
gsaveral ways. A simple approach is to compare total capical and annual oper=-
ating costs over i given period of use. Anocher approach compares unit costs,
i.2., the toral annual operating cost per annual unit ouwtput. Since the costs
are incurred over time, the present values of the cotal ceosts (which takes
into account the time wvalue of money) canm be a better basis of comparison.
Uncertaincies may be reduced if the periods of use are identical. The compar-
ison of the present wvalues of the tocal coscs can still be misleading, since
technologies have different life cycles. For example, two technologies with
identical capital and annual operacing costs will have different present
values For ctheir coscs if cthey have different time patterns. The annual
revenue requirement also can be computed, i.e., funds reguired to offsec che
tocral annual costs of the technology (including interest and tax effects).
The costs of the alternative cechnologies are then compared on che basis of
their annual revenue requirements using the same annual rate of return and
capital recovery factor for both estimaces.

Societal economic impacts - Economic costs to sociecy of a
proposed action are more difficult to quantify than are costs to the regulaced
industry. Economic benefits are at least as difficult to estimate, but oftcen
have been of less concern than potential economic coscs in most environmental
decision making. Particularly difficult to escimate agreeably are the impor-
tant secondary and tertiary economic benefits to society.

Two subsecs of socieral economic analyses are Regulatory Impacc
Analysis (RIA) and Energy Impact Analysis. Interest in RIAs stems Erom che
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1981 Presidential Executiwe Order 12291, which directs goveroment regulacory
dgencies to prepare an RIA for every major regulatory rule. Sriefly, the
order requires that an agency calculate the costs and benefics aof the propesed
regulacion and compare them with the costs and benefics of ocher approaches to
spnsure chat the proposed approach maximizes net social benefits. Although
E.0. 12291 provides szome guidance, coasiderable discussion has ensued over how
to idencify and compute chese costs and benefics, and particularly cver how to
take risks co human health inte account. Interest in enecgy impacts developed
because of the dramatic price rises in oil during the 13705 which affected
budgets in the government and private sector and the U.5. balance of trade.
Energy impacts are not currently a significant factor in choasing betveen
hazardous waste management alcermacives, but could be again in the fuCure.

The mechods used in economic impact have been primarily those
of coat-benefit analysis, while those used for economic risk analysis have
ranged From those developed for persomal financial planning to corporate
wventure decisions, investment portfolio management and internacional loans, to
name but a few. Most of these methods rely on a body of historical scatisci-
cal daca, but often use societal and techneeconomic forecasts of trends and
discontinuities, and numerous specialized ctechniques. The risk analysis
methods used in the field of insurance are of special interest, since these
must consider life, medical costs, and enviconmencal risks. An exrtansive
literature exists on cost—benefict and cosc-effectiveness apalyses in a risk
sssessment perspective (Page and Ricei, 1985).

3. Social impact assessment: Social impact assessment (SIA) devel-
aped by analogy with environmental impact assessment and because of the view
that many government programs and corporate aetivities were having adversa
effacts on sociecy and the qualicy of life. Socisl risk assessment has a less
devaloped body of quantitative methodology, atc this point, than economic,
environmencal, or health assessmencs. The subject area of social impacts
tends to be very broad: it ranges Erom local demographics to the cechnosocial
trifrastructure and to our Craditions. It touches cthe fields of sociology,
economics, psychology, public health, education, political science, religion,
and philosophy. It involves basic cultural and individual questions of ethics
and wvalues; a given social consequence may be considered quite adverse by
some, but strongly desirable by others. The decerminacion of direction and
rate of change of the social "quality of life" is at times much more difficulc
than in economic or health (and perhaps in environmental) areas. Hence one
tends to be much lass concerned with small risks in the social impact areas®
than in sconomics or health. Considerable incerestc has grown in recenc years,
however, to improve our mecthods for social accouncing and to idencify and use
a set of "social indicators” Ffor predictive and assessment purposes {(Johnstom,
1978). One of the simplesc and most useful means of visualizing a wide range
of pocencial or hypothetical social problems is chrough the developmenc of
so~called "likelihood-desirability" plots which array escimates for cthe

* However, note that what might appear £o be "small" to society-ac-large may
appear to be important to individuals or special interest groups. Deter-
mination of de minimis risk can be quite controversial in such cases.

c=6



Likelihood of che problem occurring sgainst the desirabilicty or undesirabilicy
of possible consequences, assuming that the problem did, in fact, oceccur.

A substancial licerature is developing on the preparation, contenct,
and uses of 5IAs. See: Finsterbush and Walf (1977), Tester and Mykes
(1981), Soderstrom (1981), Wolf (1981), and Leistritz et al. (1982). Risk
assessment aspects of the technology—-society interface have been discussed by
several authors in Conrad (1980), by Wynne (1983), and by many others. A
Harria (1980) opinion poll of societal perception of technological.y related
risk is of considerable interest, as are the studies by 3lovic and co-workers
(t¢ee Fischhoff and references therein {1981}, Green (1980), and VYlek and
Stallen (1980, 19%8l). Lawless (1977) described 100 cases of social shocks
Erom diverse technologies, including several that involved hazardous chemicals
or wastes. EPA's recent guide to cthe risk literacture does not include a sec—
tion on socioceconomic risk assessment, but does contain sections on corporate

risk assessment and legal aspects of risk assessment, management, and com—
municacion (EPA, 1987).

e Technology assessment: Tachnology assessment is a systematic
and iterative anticipatory sctudy of the broad range of consequences for so-
ciety of technological change and of alternacive technology policies. It
emphasizes identification and analysis of those policies for technological
development that are consistent with nacional goals* and gives particular
attention to those consequences that may be unintended, indirect, or delayed.
The thrust of technology assessment i3, therefore, not exclusively on techno-
logical competitiveness, but rather on the management of technolegy in the
public interest by government and private sector parties. Technology assess-—
ment draws on techniques and methods from several research areas such as
technological and social forecasting, modeling, systems analysis and policy
analysis, but it is not a scandardized step-by-scep mechodology. Practi-
tioners tend to structure a methodology appropriacte for the particular tech-
nology and data base. The product of a technology assessment 1s & systematic
organizacion of what is known (and whar needs to be known) about a new or
growing technology, ics potencial consequences for the environment, human
healch and social instcicutions, and the probable effects of alternacive policy
decisions pertaining to ics developmentc or control. In short a "TA" is a
technosocial impact stacement thac should serve as a platform for discussion
and decision making concerning allocaction of research resources, developing
regulacory strategies or legislacive policies, and seccing priorities. See
also!: Hetman (1973), Armstrong and Harman (1977), Martino ec al. (1978). and
Porter at al. (1980).

* A reviewer has poted that while npational goals are of concern ko TA,
distributive justice concepts are also important at internacional,
regional, and local intersst group levels. Indeed, nationmal goals are
often ill-defined and complex in ctheir interrelationships because of
numarcud relevant trade-off concepts.
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