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Preface

The purpose of this study was to develop a

prioritization model (cost-effectiveness methodology) that

would have broad applicability and rank those mitigation

projects that project the most lives saved per mitigation

dollar spent. The Environmental Protection Agency (EPA)

identified problems in the current prioritization process in

its Unfinished Business: A Comparative Assessment of

Environmental Problems report. The report revealed that EPA

priorities reflected the public's opinion of risk rather

than actual risk.

The successful application of the cost-effectiveness

methodology (CEM) to two distinctly different categories of

environmentally hazardous sites demonstrates the validity of

the methodology. Adoption of the CEM could save many cancer

deaths as well as save millions of dollars in environmental

clean-up costs.

In the development of the CEM, I had considerable help.

I am indebted to my thesis advisor, Lt. Col. Richard

Hartley, for his guidance on my research and his persistence

on comparability of risks. I also thank my thesis readers,

Lt. Col. Mike Shelley and Major Brian Woodruff for their

critical contributions to my effort. Though not an official

reader, I thank Dr. Vaughan for his valuable suggestions on

gramnar and style. In addition to these contributors, a

word of thanks is owed to my thesis sponsors, Mark Mays of
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the Radiation Safety Office, as well as Ron Lester and his

personnel of the Environmental Restoration Branch, both from

Wright-Patterson Air Force Base. My sponsors provided me

with valuable data on the radon problem and Landfills 8 and

10 on the base, respectively. Finally, I thank my wife,

Pat, for her moral support and valuable proof reading.

Robert E. Thompson
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Abstract

A cost-effectiveness prioritization methodology was

developed using concepts from the cost-effectiveness

technique. The new methodology called the Cost-

Effectiveness Methodology (CEM) allows the prioritization of

mitigation projects across broad categories of hazardous

sites as would be ranked among the offices of the

Environmental Protection Agency.

Two performance criteria were incorporated into the

process--rank projects that save the most lives per dollar

and enhance general applicability across different

categories of risk.

A metric was developed that represents the ratio of

lives saved per dollar spent on mitigation alternatives of

contaminated environmental sites. This metric was

incorporated into the CEM to distinguish mitigation projects

that were projected to save the most lives per mitigation

dollar. Steps to enhance the comparability of site risks

were also incorporated into the CEM.

Once developed, the cost-effectiveness methodology was

successfully applied to ranking a landfill mitigation

project and a radon mitigation project--two categorically

xi



different environmental sites characterized by posing a

cancer risk to humans.

The results of the CEM demonstrated that more lives

would be saved mitigating radon in 658 radon-contaminated

houses to 2 pCi/L than mitigating two landfills where a

comparable number of homes were exposed.
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DEVELOPMENT OF A COST-EFFECTIVENESS METHODOLOGY

TO PRIORITIZE ENVIRONMENTAL MITIGATION PROJECTS

I. Introduction

General Issue

Estimates to clean up years of environmental

contamination by the Department of Defense (DOD) property

range between 25 billion dollars to 200 billion dollars

(DOD, 1992:28; Grimes, 1991:9). In addition to this large

cleanup bill, our society will pay to cleanup property

outside of the DOD, as well as polluted private property.

No matter what the final cleanup cost, the United States is

quickly facing the reality that it can't afford to clean up

all environmental contamination. With shrinking federal

dollars and increasing costs to clean up the environment,

the government must become more efficient in reducing cancer

risk. The Environmental Protection Agency in its Unfinished

Business report states, "The complexity and gravity of these

issues make it particularly important that EPA apply its

finite resources where they will have the greatest effect"

(EPA,1987c:xvii). The practice of spending vast sums of

money reducing insignificant risks while leaving more

significant risks unmitigated wastes government funds and

gives the public a false sense of security. This mis-
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allocation of funds actually increases risks to society.

According to Whipple:

If risk reductions are limited by resource
scarcity, (sic) the logical regulatory objective
is to allocate the scarce resource in a way that
maximizes social benefits. Opportunity costs, the
value of benefits foregone from possible
alternative uses of the scarce resource, become
important under these circumstances. Money or
regulatory attention spent on one risk is not
available for another, so it is important not to
waste resources on trivial risks. Here,
conservatism is counterproductive, and risks are
increased if resources are shifted from
significant risks too small, exaggerated risks.
(Whipple, 1986:50-51)

This country faces the job of cleaning up thousands of

contaminated sites during a time of decreasing government

and private funds. Mismanagement of mitigation funds will

lead to unnecessary high cancer risks to the American

people. Because the consequences of mismanagement are so

serious, the EPA needs a prioritization tool to achieve the

greatest risk reductions for each mitigation dollar spent.

This thesis develops a methodology designed to effectively

rank environmental mitigation projects to save the most

lives per mitigation dollar.

Problems With the Current Risk Prioritization Methods

The current prioritization method is not adequate to

protect the population. To demonstrate this point, one must

only look as far as an EPA study.

In 1987, the EPA conducted a subjective panel study to

evaluate relative risks to human health and the environment.

What began as an effort to prioritize human and

2



environmental risks became a landmark study that revealed

serious flaws in this country's risk prioritization methods.

The results, printed in the report titled Unfinished

Business: A Comparative Assessment of Environmental

Problems, are based on the expert opinions of a panel of 75

top EPA experts. Although subjective, the results are an

accurate rank order of relative risks (EPA, 1987c:xviii).

In the Unfinished Business report, the panel found that

EPA priorities closely aligned with public opinion, not

expected risk (EPA, 1987c:xix). Of particular interest is

the third finding of the report:

RISKS AND EPA's CURRENT PROGRAM PPTORITIES DO
NOT ALWAYS MATCH. In part, these differences
seem to be explainable by public opinion on the
seriousness of different environmental
problems.

- Areas of high risk/low EPA effort - radon,
indoor air pollution, stratospheric ozone
depletion, global warming, accidental
releases of toxics, consumer and worker
exposures to chemicals, non-point sources
of water pollution, "other" pesticide
risks.

- Areas oF medium or low risk/high EPA
effort - active (RCRA) and inactive
(Superfund) hazardous waste sites,
releases from storage tanks and municipal
non-hazardous waste. (EPA, 1987c:95)

The above finding illustrates two shortcomings of

today's risk management methods:

(1) limited applicability of prioritization methods

resulting in the iiiijoi-ty to prioritize environmental

hazards across EPA departmental offices and

3



(2) limited effectiveness to reduce the largest amount

of risk per mitigation dollar resulting in erroneous

perceptions of increased public safety.

To illustrate the first shortcoming, the panel found

that hazardous waste sites (medium to low risk) and

landfills (low risk) are earmarked for substantial superfund

cleanup dollars. In comparison, the panel concluded that

little effort was expended by the EPA to mitigate the two

greatest causes of cancer: indoor radon exposure and worker

exposure to chemicals. When looking at the risks

categorically regulated between offices of the EPA, one

finds those risks under the category of the superfund are

receiving considerable EPA effort and funding. For example,

the budget of the superfund for fiscal year 1993 is

estimated at $1.75 billion. This compares with $0.279

billion for the air pollution program, $0.308 billion for

the water pollution program, and .021 billion for the

radiation pollution program (Executive Office of the

President of the United States, 1993:868, 873). In

addition to this large sum, responsible parties to

contaminated sites are expected to pay for more about 65% of

the cleanup bill (EPA, 1990:7). Other divisions are

allocated smaller budgets to mitigate risk agents that do

not alarm the public as much. Compare the $1,750 million

budget of the superfund to the $20.6 million fund for

radiation (includes radon). This disparity between types of

4



risk agents emphasizes the need for a prioritization

methodology with broader applicability.

The second shortcoming occurs because current risk

prioritization methods do not achieve the largest number of

lives saved for each mitigation dollar spent. The EPA

estimates that between 7,000 and 30,000 Americans die

annually of lung cancer from exposure to indoor radon (EPA,

1992:2.1), in contrast to only 40 Americans who die annually

of cancer from exposure to municipal waste landfill

chemicals (EPA, 1987c:31). Public opinion concentrates on

chemical waste disposal more than any other environmental

problem (EPA, 1987c:74). In following this consensus, the

EPA's effort mirrors the public's concern for landfills and

focuses most of its effort in mitigating landfills, not

indoor radon (EPA, 1987c:28). This situation diverts money

from truly significant risks to lower risks feared by the

public. The cost is too high for the purpose of soothing

public fears and still leave the public at risk.

Prioritization Model Evaluation Criteria

Because the current mitigation prioritization models

are plagued by the above two primary shortcomings, these

will become the evaluation criteria in this research for

these models. The two evaluation criteria are the

following:

(1) Capability of the model to offer wide

applicability in ranking projects across wide

5



categories of risks.

(2) Ability of the model to favor those projects than

can lower risks to society most for the money

spent.

The first evaluation criteria is important to ensure

"pots of money" are properly funded to reflect expected risk

reduction improvements. The second evaluation criteria will

help ensure the overall cancer risk to society is reduced by

the quickest means available on a limited budget. As

established at the begirning of this chapter, money spent on

reducing trivial risks actually increases the total risk to

society.

Proposed Prioritization Method for Environmental Mitigation

Proiects

This research proposes the implementation of the cost-

effectiveness methodology (CEM) as developed in chapter III

to rank environmental mitigation projects. Although

components of the CEM have been applied as a regulatory risk

management model known as the cost-effectiveness technique,

this thesis develops a new application of the model with two

unique contributions.

The first initiative overcomes limited applicability

inherent in other prioritization methodologies, such as

EPA's CERCLA process or DOD's Defense Priority Model (DPM),

which are only applicable to hazardous waste clean-up sites.

The CEM can cross the gulf and prioritize mitigation

6



projects across broad categories when risks can be

quantified into absolute risk (number of deaths expected).

Examples of applications of CEM include ranking clean-up

projects, radon mitigation projects, pollution control

projects, and pollution prevention projects in the same

priority list for funding. This capability will improve the

prioritization of funds to between accounts of money in

addition to applications within accounts of money.

The second initiative of the CEM, in this time of

limited federal and private funds, incorporates the

consideration of a factor not considered in other

prioritization models currently used--cost. To prioritize

mitigation projects, the CEM uses a decision criteria metric

of lives saved per mitigation dollar spent labeled the cost-

effectiveness ratio or CER. Favoring the project with the

largest CER, the CEM recommends continual funding of a

mitigation project until the effect of diminishing returns

lowers the incremental risk reduction to the level of the

second-best project (Lave, 1980:19-21). This process

virtually assures that society will achieve the biggest bang

for the buck in the risk prioritization process. If there

are subjective considerations (e.g. extinction of a species

or deterioration of the environment), they should be

reviewed only after cost-effectiveness ratios have been

calculated and the mitigation projects prioritized. Some

minor modification of the prioritized list may then be

warranted.

7



Scope of the Problem

According to the EPA, any risk assessment consists of

the four processes illustrated in Figure 1. First, the

hazard identification step determines if chemicals

potentially exposed to humans can cause cancer. Second, the

exposure assessment process estimates population exposures

to hazardous substances using assumptions, models, and

sampling. Third, dose-response assessment describes the

relationship between exposure to a hazardous substance and

the cancer development response by way of mathematical

relationships. Finally, the fourth step characterizes risk

through risk calculations and presentation of risk

information to the risk management function for

prioritization. These steps are discussed in much more

detail to characterize uncertainty in the risk assessment

process in Chapter II (EPA, 1992:2.2,2.12-13,2.21).

After the risk has been characterized, the results are

passed to the risk management process. Figure 2

demonstrates how risk assessment interfaces with risk

management. When making a decision, risk managers consider

the risk and its uncertainty along with the control options

and non-risk analysis.

8



Risk Assessaent

Identif icat ion Characterization

S~Exposure

Figure 1. Steps of Risk Assessment (USAF, 1992:5.47)

To properly develop the CEM within the limitations of

this research, the scope is limited analytically to the risk

management process and only subjectively to the risk

assessment process as shown in Figure 2. Risk assessment

will be only addressed in enough detail to provide input

information for the cost-effectiveness methodology and

characterize the uncertainty of the risk.
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Risk Assessaent Risk Nanagement

Dose-Response
Assessment

Regulatory

Identification Characterization

Control
Options Non-RiskE xp su e t An• a l y sis

Figure 2. Relationship of Risk Assessment and Risk
Management (USAF, 1992:5.48)

Since the CEM was only developed as a risk management

tool, the development of the cost-effectiveness comparison

methodology will help facilitate cost-effective decisions--

not constrain the decision-maker with an one-and-only

answer. The methodology will not consider more subjective

issues such as environmental degradation and extinction of

species. Once the decision maker has calculated the cost-

effectiveness ratios, risk management may then consider

other related subjective factors.
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Specific Research

In Chapter II, the risk assessment process is

subjectively analyzed to develop an understanding of the

uncertainty inherit in the risk assessment process, which in

turn, contributes to uncertainty in the risk management

process. To focus the problem, however, this research will

be limited to quantitative analysis only to the risk

management procedures required to apply the CEM (see Figure

3). The CEM will use data directly from risk assessments

and any feasibility studies, which are available from

previous risk assessments. Data from risk assessments and

feasibility studies will provide the information needed to

calculate CERs and characterize the uncertainty of the risk.

Problem Statement. This research develops a

methodology to apply the CEM to prioritize broad categories

of hazardous sites typically ranked among the offices of the

EPA. To validate the CEM, it is used to rank two types of

hazardous environmental mitigation projects. To demonstrate

the application versatility of CEM, two mitigation projects

will be ranked using the CEM--a radon mitigation project and

a landfill mitigation project (Chapter IV).

The CEM's application will be limited to that of a

decision management tool. The methodology, developed in

this research, will consist of a technique to evaluate

subjective considerations such as environmental degradation

and extinction of a species. This added procedure gives the

decision maker some flexibility to account for subjective

11



factors not considered into the CEM calculations. Once the

decision makers have the cost-effectiveness ratios, decision

makers may then take these related subjective factors into

consideration.

Risk Assessment Risk Management

Figure 3. Limitations of Specific Research of This Thesis
(USAF, 1992:5.48)

Investicrative Questions

The following investigative questions parallel the

evaluatton criteria and are required to satisfactorily

develop and apply the CEM. These questions will also guide

the direction of the research.

1. What analytic procedures are required to improve the

applicability of CE!! across environmental problem

categories?

12
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a. What Are the uncertainties associated with

exposure estimates?

b. What are the uncertainties associated with the

slope factors?

c. What are the uncertainties associated with

residual risks after mitigation?

d. How can mitigation projects be normalized to

improve comparability?

2. How can incremental risk reductions and incremental

mitigation costs be determined?

a. How can CERs of feasible alternatives of a

mitigation project be manipulated in a meaningful

way to evaluate the alternatives?

b. What is a practical method mitigation sites may be

ranked for funding using CERslý

The solutions to the above questions are necessary to

develop the methodology in the CEM. The appendix contains

all terms and acronyms used in this thesis.

Overview of Thesis Outline

This thesis contains five chapters detailing the

development of the cost-effectiveness methodology. Chapter

I establishes the need for a new risk management tool to

prioritize mitigation projects. Chapter II discusses the

background information required to understand and apply CEM.

Chapter III develops the cost-effectiveness methodology for

wide applications in mitigation project prioritization. To
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validate the methodology, chapter IV applies CEM to

prioritize local mitigation projects at Wright-Patterson Air

Force Base (WPAFB) and analyzes the information obtained

with the process. Chapter V evaluates the application of

CEM and discusses the conclusions, recommendations, and

applicability of this thesis.
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II. backqround

Overview

This chapter provides information to understand,

develop, and apply the cost-effectiveness methodology (CEM).

First, to establish CEM's superior mitigation project

ranking potential over other competing regulatory decision

models from where the CEM was derived, the CEM is compared

with these models using the two evaluation criteria

described in Chapter I. Second, the CEM is compared with

current mitigation project ranking models using the same two

evaluation criteria. Third, the weaknesses of the CEM are

discussed to develop an understanding of the limitations of

the model. Next, the parts of the risk assessment process

are analyzed for sources of uncertainty to aid in the

critical task of characterizing uncertainty in the risk

management process. Finally, parts of risk management

process are discussed to facilitate the development of the

CEM risk management process. When the CEM results are

presented to the risk manager, information presented in this

chapter will be useful to understand the nature of risk and

the uncertainty accompanying the cost-effectiveness ratios.
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Cost Effectiveness Methodologv - Best Risk Prioritization

Management Method

The CEM is the best available method to prioritize risk

management alternatives compared to its regulatory decision-

making rivals as well as current mitigation project ranking

methodologies when assessed using the two evaluation

criteria (See Figure 4).

Cost-Effectiveness MethodoloQg Analysis. The CEM is

based on the mathematical objective to save the most lives

with the last dollar spent. Decision makers compare the

CERs of each cleanup alternative and fund the most cost-

effective alternative as long as the project's CER continues

to exceed the largest CER of competing projects.

To illustrate this concept, consider a fuel spill one

mile from a town's city water wells. The first alternative

may be to place a cement cap over the area to prevent

leaching. Before placing the cap, the risk analyst would

consider the next more expensive mitigation alternative

which might be a pump and treat alternative (pump water out

of the aquifer and purify it before returning the water back

to the ground). If the CER of this pump and treat

alternative is larger than the CER of cleanup alternatives

for other sites, the decision maker would fund the pump and

treat alternative. If the CER of the pump and treat

alternative was smaller than the CERs of other sites, then

the decision maker would fund first the cement cap for the
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INI

Figure 4. Comparison of Other MethodologiesWith the CEM
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spill site and then fund the cleanup alternative of the site

with the second highest CER (Lave, 1981:20).

Figure 5 illustrates this point with points along two

lines. Each line represents a contaminated sitp competing

for mitigation funds. Along these lines are points that

represent cleanup alternatives that achieve estimated CERs

if funded. As more expensive, but more effective cleanup

alternatives are funded, the trend will usually follow a

pattern of smaller CERs achieved. This pattern represents

the well-known principle of diminishing returns: the first

cancers prevented in site cleanup cost less than those

prevented when the site is nearing safe contamination

levels. The size of the risk is irrelevant; it is the size

of the CERs predicting lives saved for the cost that are

compared in Figure 5. The mitigation project with the

largest CER in Figure 5 is funded until its CER decreases to

the point that it is less than another project's CER. Once

a competing project's CER is larger than the funded project,

the competing project is funded.

Intuitively, the CEM assists risk-management decision

makers to prioritize projects in the order of lives per

dollar spent. However, risk managers and government

regulators must be cautious not to introduce errors into the

goal or budget. For example, when evaluating CERs in the

situation of a limited funds, government decision makers

should consider the cleanup costs imposed on society, not

agency funds available to regulate and control the cleanup
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actions. Misguided goals and budgets can lead to bad

decisions (Lave, 1981:20-21).

Cap

Alt 1 Fuel Spill

CER

CCompetinug

Site Pump & Treat

Alt 2

MItigation Cost

Figure 5. Comparing Cost-Effectiveness Ratios of Mitigation
Projects

The CEM meets both evaluation criteria established in

this research to evaluate mitigation project prioritization

methodologies. First, it has wide applicability to all

public risks using the metric of lives saved per dollar

spent (ZERs). Second, by ranking mitigation projects based
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on cost-effectiveness ratios, the CEM ensures projects that

reduce the most risk per dollar are funded first.

The CEM, which originated as a regulatory decision-

making framework, is compared with four of its competing

frameworks for making regulatory decisions to show why it

was selected to develop the prioritizing methodology.

CEM vs. Regulatory Decision Frameworks. When using the

two-established evaluation criteria, the CEM ranks the

highest of the four commonly used regulatory decision-making

frameworks to rank mitigation projects. The CEM, developed

in this effort, was derived and enhanced from basic concepts

originating in the cost-effectiveness technique, a

regulatory decision-making framework (see Figure 4). These

regulatory decision-making frameworks are currently used by

law-makers and governmental agencies to decide health issues

and evaluate proposed health and safety regulations

affecting the public. For example, regulatory decision-

making frameworks were used to analyze benefits, costs, and

risks resulting in the enactment of legislation such as the

Toxic Substances Control Act; the Federal Insecticide,

Fungicide, and Rodenticide Act; and the Consumer Product

Safety Act (Lave, 1980:8-9). The four specific techniques

to be compared with the CEM are: cost-benefit analysis, no-

risk, technology-based standards, and comparative or

precedent-based analysis.

CEM vs. Cost-Benefit Analysis. Cost-benefit analysis,

the primary method of managing regulatory controlled risk,
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translates all benefits and costs of a project into a common

metric of dollars. Dollar values are assessed to the

benefits of each option and then the corresponding cost

subtracted. The analyst compares the present worth of each

alternative and may recommend the alternative with the most

positive value (Lave, 1981:23-24). Cost-Benefit analysis

evaluates alternatives using Equation I (Page and Ricci,

1985:56).

PV=E (Bt-Ct) /(+r)e (1)

Where PV - present value of the alternative

B - value of the stream of benefits

C = value of the stream of costs

t the time period

r = social rate of discount

Cost-benefit analysis meets the first evaluation

criteria of wide applicability across different types of

risk; however, there is some controversy in some

applications. For example, although cost-benefit analysis

has been generally applied to many category applications, it

falls short when the value of human life must be quantified.

Because CEM's results are ratios of lives saved per dollar

spent ratios, CEM does not have the difficult and

controversial task of determining the value of human life

required in cost-benefit analysis (Lave, 1981:20). In

addition, attempting to place a value on human life raises
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emotional resistance. Some people think that placing

monetary values on human life is treating the public as a

commodity (Page and Ricci, 1985:45).

The difficulties in determining the value of human life

limit the applicability of cost-benefit analysis in any

ranking model addressing life and death issues. In cost-

benefit analysis, analysts place a value on life ranging

from $200,000 to $2,000,000--a considerable span (Page and

Ricci, 1985:45). One method of placing value on human life

is the human capital approach. This approach calculates the

earning potential of the person killed and adds other costs

such as the cost of burial. A major problem with this

approach is the controversy of placing a value on elderly

people--just their burial costs? Women and minorities tend

to earn less; now discrimination may be an issue.

Proponents of this method claim to use it only to establish

a lower bound on the value of human life. To establish an

upper bound, analysts consider the sacredness of life and

expect society to spend whatever is feasible to save lives.

This estimate could cost society several million dollars per

expected life saved (Page and Ricci, 1985:46). Because

current risk analysis techniques produce risk estimates with

order-of-magnitude uncertainties, analysts cannot be

confident of the number of lives saved for the millions of

dollars spent for environmental cleanup.

There are other limitations in wide applicability of

cost-benefit analysis as a basis to rank mitigation
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projects. The first limitation concerns cost-benefit

analysis' requirement to quantify the value of extinction of

a species or deterioration of the environment, in addition

to placing value on human life. Placing monetary values on

subjective factors such as these involves judgement on the

part of the analyst. The analyst must also use judgement to

decide what is important to consider in the analysis and

what is insignificant and should be left out (Cohrssen and

Covello, 1989:23). Entering dubious values for these

subjective factors clouds the decision and could divert

money away from one of the primary reasons to enact

environmental legislation--to reduce cancer risk to the

general population.

Cost-benefit analysis fails to meet the second

evaluation criterion (achieve high CERs) even more than it

fails the first. Several problems surface in cost benefit

analysis that diminish its ability to discriminate which

mitigation projects will save the most lives per dollar.

For instance, bias can be introduced in subjec.tike cost-

benefit analysis equation variables. Monetary values placed

on !ubjective variables such as aesthetic scenery,

extinction of a species, and human life vary with the group

originating the value and can introduce bias in the

mitigation project prioritization process. In addition, the

analysis's attempt in cost-benefit analysis to combine

objective data (cost and risk values) into equations with

subjective variables (personal values) clouds the meaning of
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the results (Lave, 1981:18, 23-24). Finally and most

significant, society does not have unlimited funds to pay

for all projects that return more benefits than the projects

will cost. This situation is aggravated by the fact that

benefit values to cost ratios do not translate to large

numbers of lives-saved-to-cost ratios.

CEM vs. No-Risk. This philosophy lead to the

enactment of the Delaney Clause of the Food, Drug, and

Cosmetic Act. This act prohibits any amount of cancer-

causing chemical in any food including residual amounts of

hormones in meat or pesticides on vegetables. The no-risk

methodology accepts no circumstances exposing risk to

society. If the substance contains a carcinogen, then the

no-risk methodology would recommend banning it (Lave,

1981:11-13).

This methodology can be ruled out because it fails both

evaluation criteria. First, no-risk is not applicable to

any risk situation. It is an outdated concept when strictly

applied. When first adopted in the 1950s, technology could

not detect trace amount of cancer-causing agents. In

addition, at that time, science lacked sufficient knowledge

for identifying which chemicals were carcinogens. Improved

detection methods have identified traces of natural as well

as man-made carcinogens in virtually every food substance.

What was once applicable to risk management in food is now

obsolete.
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No-risk also fails the second criteria. Application of

this method would bankrupt the country and in the process

fail to remove all risk from food. It is impossible

financially to stop adding food additives to prevent food

spoilage or insect infestations. The major fallacy of the

no-risk technique is that it does not differentiate between

very weak toxins and potent carcinogens. If any risk were

indicated at an environmental site, the technique would

blindly recommend mitigation (Lave, 1981:12-13).

Mitigating all sites with risk would result in very low

CERs.

The CEM, on the other hand, considers more significant

risks first where mitigation pays large dividends in lives

saved. Threats presenting small risks in conjunction with

large risk reduction costs such as natural carcinogens or

food additives can not compete with the thousands of

contaminated sites around the country for mitigation funds.

CEM vs. Technology-Based Standards. Technology-

based standards, which base regulatory decisions primarily

on installing the best available technology, require

reductions of risks to the greatest technological extent

possible. Air and water quality standards are based on this

concept. This method requires no formal benefit or cost

calculations, but only requires analysts to determine the

existence of a hazard and the best technology available to

reduce the risk as much as possible.
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This methodology also fails both evaluation criteria.

First, this methodology's applicability is limited because

it is unequally applied within industry and therefore does

not guarantee risk reductions. For example, economically

strapped industry may not have developed a strong control

technology and would be permitted to continue its polluting

practices. Governmental agencies have historically eased

environmental controls for economically-threatened

industries in comparison to thriving industries (Lave,

1981:14-15). With regards to the second evaluation

criteria, economic risk reductions may not materialize

because of the principle of diminishing returns. More money

can always be spent to improve the efficiency of the control

technology even if the mitigation costs exceed the benefit

received from the additional expense. The major question is

how much money can a competing company afford to spend to

buy the best-available pollution control equipment (Lave,

1981:14-15). Goin9 for the Cadillac alternative in

mitigation every time will surely raise costs and reduce

risk-reduction efficiencies or CERs. The largest CERs will

most likely be the Chevrolet alternative. CEM, on the other

hand, considers limited cleanup budgets in its analysis and

efficiently funds mitigation projects that return the

largest CERs.

There is a growing movement towards a methodology that

places the risk of an individual site into perspective of

all other risks people are exposed to and accept as part of
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life. This methodology is known as the comparative and

precedent-based approach and although not a regulatory

decision-making framework in the pure sense, it is listed

here.

CEM vs. Comparative and Precedent-Based Analysis. Some

analysts, in contrast to preferring quantitative risk

management methodologies, prefer a comparative and

precedent-based approach to the risk prioritization problem.

Here, analysts compare the risk of controversial hazards to

other risks society has already accepted. When determining

the acceptability of a risk, analysts may compare

environmental risks to natural hazards of everyday life such

as lightning strikes, tornadoes, or earthquakes. The effort

is to establish minimum acceptable risk (Cohrssen and

Covello, 1989:18). Risks above an established acceptable

risk would be prioritized for mitigation. Cohrssen

discusses on the concept of trivial or de minimis risk:

Many federal environmental laws and regulations
explicitly or implicitly recognize that estimates
of very small levels of risk are not significant
or worthy of attention, but the determination of
how small those levels should be is often
controversial. ... (The term de minimis is derived
from the legal doctrine de minimis non carat lex,
"the law does not concern itself with trifles.")
Proponents of a de minimis risk-management
principle contend that regulatory agencies should
establish de minimis levels and regulate only
those hazards that pose a risk greater than these
levels. (Cohrssen and Covello, 1989:25)

The experience of living poses risks to everyone. The

goal is to realistically reduce the risk and not

significantly impose on anyone's lifestyle. Table 1
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contains the type of information helpful to the risk analyst

using the comparative and precedent-based approach to

determine acceptable risk.

Table 1

Examples of Some Commonplace Risks in the United States

Action Lifetime Risk
Cigarette smoking, one pack per day 0.25
All Cancers 0.22
Death in a motor vehicle accident 0.02
Radon in home with 4 pCi/L concentration 0.01-0.05
Homicide 0.01
Home accident deaths 0.01
Radon in homes, cancer deaths *0.003
Alcohol, light drinker, cancers 0.001
Sea level background radiation, cancers 0.001
4 tablespoons peanut butter per day (aflatoxin) 0.0006
Typical EPA maximum contaminant level 0.0000001- 0.0001

(Masters, 1991:192). *Risk of radon added from (EPA, 1986:9)

The lifetime risk from exposure to radon at action

cleanup-level concentrations of 4 pCi/L pose similar risks

to people as car accidents and homicides. This information

could be used by risk analysts to conclude that radon poses

no significant risk.

On the surface, the comparative analysis approach may

seem to meet the first criteria of general applicability in

any situation where risks can be expressed as individual

risk. Once individual risks can be determined at a variety

of sites, these risks are compared with other risks

acceptable to the population. The fallacy with this

reasoning is that comparative analysis fails to consider why

people accept some health hazards with high risks and

strongly reject other health hazards with lower health risks

(Cohrssen and Covello, 1989:26). The relative risk method
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attempts to evaluate risks by equating hazards that society

rejects to risks society has already accepted, such as

driving risks or living in areas where earthquakes or

tornadoes occur. In the public's mind, the risks are not

comparable. The risk statistics may be comparable, but the

public fails to accept the analogies made.

The following list explains why the public refuses to

accept comparisons of some risks with each other:

1. Voluntariness - If people perceive that they are

volunteers to be exposed to a risk, it is more

acceptable.

2. Risk Equity and Fairness - Hazards that expose risk

to the entire community, but also benefits the same

community, will be more acceptable by all who are

exposed. If one sector of the community is

unfairly exposed to more risk than another sector,

then the risk will not be acceptable.

3. Procedural Legitimacy - If the procedures used to

determine the risk are perceived to be legitimate,

then the risk is more acceptable.

4. Uncertainty - The more uncertainty characterized in

an established risk, the less acceptable the risk

is to the community.

5. Risk Perceptions - Dread factors resulting from

uncontrollable, unavoidable, involuntary, or

inequitable risks are unacceptable to the public.

Unknown factors such as a new risk, not observable
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or unknown factors to science, or long-delayed

consequences, make the risk more unacceptable.

(Cox and Ricci, 1989:1017-1037)

The above five factors weaken the foundation on which

the comparative and precedent-based approach depends to rank

risk mitigation projects.

The comparative analysis approach fails to meet the

second criteria, because this approach's goal is to mitigate

only the very largest risks. Mitigating the sites with

largest individual risks does not suggest the possibility of

more lives saved per mitigation dollar. The largest risks

may very well be the hardest to clean up. Discounting the

importance to mitigate risks simply because the public has

accepted a similar size risk is dangerous to society and

could increase population risk. Because most environmental

risks are several orders of magnitude smaller than car

accidents, one would expect environmental cleanup actions to

be rare and population cancer rates to increase. Cohrssen

and Covello accentuate this point when they warn that

introducing just one trivial risk a year and ignoring it

would increase the population's risk over a period of time.

Subjective comparisons with other risks is not a factor with

the CEM. The CEM prioritizes mitigation projects based on

objective analysis of cost-effectiveness ratios and then

considers subjective considerations.

CEM vs. Prioritization Models for Hazardous Sites

Covered by the Comprehensive Environmental Response
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Compensation and Liability Act (CERCLA) (Figure 4). The CEM

is the best available method to prioritize risk management

alternatives when compared to two existing mitigation risk

management methodologies: Defense Priority Model and the

EPA's CERCLA methodology.

Any prioritization methodology is required to follow

the steps defined in CERCLA. These steps are briefly

defined in Table 2.

Table 2

The CERCLA Process

Discovery/Initial Notification Discover site and notify EPA of
suspect hazardous waste site.

Preliminary Assessment Distinguish those releases that
pose potential threat to public
health, welfare, or environment.

site Inspection satisfy data requirements forrevised Hazard Ranking system
(HRS) scoring; collect data to
characterize agent release.

Remedial Investigation Determine nature & extent ofcontamination, threat to human
health & the environment.
Provide basis to determine types
of actions to be considered.

Feasibility Study Develop and evaluate potential
remedies; select cost-effective
mitigation action; Achieve
consensus among EPA, state, and
local authorities.

Remedial Design Design the selected mitigation
action

Remedial Action Construct remedial action
technology

Site Closeout Determine all actions have been
taken to protect human health and
the environment.

(USAF, 1992:3.17, 5.13, 5.19, 5.23, 5.35, 5.51, 5.73, 5.90, 5.90)
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At any point in the CERCLA process, a site could be

determined harmless to human health and the environment

thereby removing the site from further consideration.

CEM vs. EPA's CERCLA Risk Management Process. Once

the Preliminary Assessment/Site Inspection is completed, the

risk analyst should have the information the EPA requires to

score a site with the Hazardous Ranking System (HRS). The

HRS is not a mitigation prioritization model; however, the

HRS is a system developed by the EPA to make binary

decisions to determine which sites will be placed on the

national priorities list (NPL). Mandated by Congress in

CERCLA in Section 105(8) to consist of 400 sites on the NPL,

the EPA compared HRS scores and determined that a score of

28.5 or higher would place the required number of sites on

the NPL (Zarogoza, 1993). In September 1990, the EPA had

placed approximately 32,000 sites on its automated

evaluation list called Comprehensive Environmental Response,

Compensation and Liability Information System (CERCLIS), and

the NPL list had swelled to 1,236. The EPA estimates that

NPL will grow by about 100 sites a year reaching a total of

2,100 sites by the year 2000. The average clean-up cost to

mitigate an NPL site costs around $26 million (EPA, 1990:2-

3, 7). The NPL represents the nation's worst contaminated

sites that can compete for superfund dollars.

Once a site is placed on the NPL, the EPA (and DOD if

site is DOD property) follow(s) a study process described in

Table 2 called a Remedial Investigation/Feasibility Study
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(RI/FS) (Arbuckle and others, 1991:478). The output of the

RI/FS is a characterization of the risk and exposure

pathways, as well as a description of considered feasible

mitigation alternatives.

The EPA employs the results of the RI/FS process to

prioritize environmental sites for mitigation. After the

RI/FS has characterized the risks and mitigation

alternatives at a site, the regional EPA (and DOD if the

site is DOD property) in concert with state environmental

authorities qualitatively prioritize the sites. Taken into

consideration in the prioritization process to establish a

cleanup level decision are the nine evaluation criterial

located in 40 CFR 300.430(e)(9)(A-I). For convenience,

these criteria are listed in the control options section

later in this chapter (Zarogoza, 1993). The result of this

risk management process is a decision on the remedial

action, if any, called the record of decision (ROD) for NPL

sites or decision document (DD) for non-NPL sites. Upon

releasing the proposed ROD/DD, the Superfund Amendment and

Reauthorization Act of 1986 (SARA) mandates public

participation and comment (Arbuckle and others, 1991:479).

EPA's CERCLA process fails the first evaluation

criteria; by CERCLA's definition, the EPA CERCLA process is

limited to cleaning up hazardous substances released into

the environment--not reducing risk in broad categories of

hazardous sites. Contrast this limited application tool

with the universal and relevant uses of the CEM to all risk
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management applications. The CEM can rank across a broad

spectrum of hazardous sites associated with cancerous risk.

Furthermore, the EPA CERCLA process fails the second

evaluation criteria for three reasons. First, according to

Zarogoza, HRS is not a model designed to precisely

distinguish the relative risks of environmental sites; for

example, HRS can not differientiate between one site with an

HRS score of 35 and another site with a score of 30 (1993).

Insufficient precision to differentiate relative risks makes

it very difficult to rank contaminated sites and

differentiate degrees of risk reduction per dollar spent.

The CEM, on the other hand, facilitates differentiation of

entities associated with risk based on cost-effectiveness

ratios.

The second reason why the EPA CERCLA process fails the

second criteria is EPA's goal to mitigate sites

characterized by the largest risks instead of mitigating

sites characterized by the largest CERs. This goal impedes

the desired effect of saving the most lives with limited

funding. A risk management goal to eliminate the largest

risks may not reduce the overall population risk

effectively. The following illustration demonstrates this

point. Exposure to site NA" to a population results in a

cancer risk of 10'. If the population size is one million

people, then 1,000 people could expect to develop cancer

sometime during their lifetime. Consider exposure to a

second site "B" results in a lifetime risk of 10-', or ten
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times less risk than site "B". Exposure to site "B" by the

same population would result in an expected 100 cancers.

The EPA would mitigate site "A" if state environmental

authorities, local authorities, and the general public

agreed. Consider some added information--a one million

dollar budget can lower the risk of site "A" to 9.5 x 10-'

or lower the risk of site "B" to 1.0 x 10-6. The expected

lives saved would be 50 if site "A" is mitigated or 99 if

site "B" is mitigated. This illustration clearly

demonstrates that sites should be ranked for cleanup funding

based upon CERs (lives saved per dollar), not the size of

risk. The size of a risk from any one site is not as

important an the estimated number of lives saved.

The third reason the EPA CERCLA process fails the

second evaluation criteria is due to political influences on

the ranking process. Over-ruling the risk characterized by

a site has become public concern about the site. As was

previously mentioned in the Unfinished Business ReRort

published by the EPA, EPA efforts to clean up the

environment mirror public opinion of the risks, not the

actual relative risk (EPA, 1987c:95).

CEM vs. the Defenge Priority Model. The Defense

Priority Model (DPM) is DOD-owned automated software

designed to rank Installation Restoration Program (IRP)

sites based on relative risk to human health and the

environment.
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After the completion of the RI/FS, military risk

analysts input information from this and other studies into

the DPH in two general steps. First, a data input package

characterizing an IRP site is assembled. The input

information consists of point scores determined by answering

questions about the IRP site. Second, the information from

the data input package is entered for variables of the DPM

software (Office of Deputy Assistant Secretary of Defense

(Environment), 1992:xiii).

Once the DPM scores IRP sites after the RI/FS step, DOD

allocates available funds to projects with the highest score

considering also regulatory and program efficiency (Office

of Deputy Assistant Secretary of Defense (Environment),

1992:5). Unfunded projects wait for end-of-year fallout

money or wait for next fiscal year funding.

Although the DPM is a model that discriminates relative

risks, it fails both evaluation criteria compared to the

CEM. First, by the nature of the program, the DPM is

strictly limited to ranking IRP sites for funding whereas,

the CEM is applicable to all projects where risk can be

quantified. The DPM fails the second evaluation criteria of

achieving the largest CERs because its basic goal is to

mitigate DOD's worst sites first (Office of Deputy Assistant

Secretary of Defense (Environment), 1992:xiii). As

illustrated in the previous section, the goal to mitigate

sites presenting the largest risks does not necessarily

result in the largest number of lives saved per dollar
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(large CERs). The worst sites may take significant portions

of DOD's cleanup funds and at the same time reduce little

risk. When funds are limited as in government today,

society must reach for the "low fruit" and mitigate those

sites that lower the total number of population cancers with

these limited funds.

Vulnerabilities of the CEM

The CEM is not without its own vulnerabilities. First,

numerical estimates of risk are required to apply the CEM.

This requirement will probably require a more in-depth risk

assessment than the PA/SI step if the site conditions are

not well understood from this study. The risk analyst will

most likely require risk estimates from RI/FS. Waiting for

the RI/FS may delay cleanup actions if a provision in the

CEM does not allow for removal action (remediation of a

eminent or occurring threat).

The second, more significant, area of vulnerability of

the CEM is uncertainty. The CEM is one of the more

sensitive prioritization models to uncertainty. This

sensitivity is particularly true where there are differences

in the amount of uncertainty in risk estimates among sites.

If all sites contained the same degree of uncertainty, then

this vulnerability would be minimized.

To illustrate this second vulnerability, consider two

sites (A and B) with equal calculated risks. Let site "A"

contain risk agents where there is strong evidence in humans
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of their carcinogenicity resulting in well understood risk

and slope factors characterized with little extrapolation.

The exposure concentrations are well understood because

these estimates are the result of direct measurements at the

point of exposure. Let site "B" contain risk agents where

there is only weak evidence in rats of the potential

carcinogenicity of these risk agents. The slope factors of

these risk agents were derived from large extrapolations of

large doses to small doses expected for humans resulting in

great uncertainties in the estimates of the risk agent slope

factors. Exposure from site "B" could not be directly

measured, so exposure concentrations were modeled to

estimate human doses resulting in exposure concentration

estimates of great uncertainty. Because of the great degree

of uncertainty corresponding to site "B", the risk estimate

will be extremely conservative (overestimated) compared t,3

site "A". Because the risk estimates of these two

hypothetical sites are calculated to be equal, the actual

risk of site "B" is likely to be significantly less than the

risk of site "A". The CEM is highly sensitive to differing

degrees of conservatism in the ris): estimate of sites

whereas, other prioritization models consider the likelihood

of exposure that implies a degree of risk to the potentially

exposed population.

Since knowledge of the nature of uncertainty is

critical in applying the CEM, the next section will discuss

the origins of uncertainty more thoroughly and methods to
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limit the differences in the degrees of uncertainty between

sites.

Sources of Uncertainty in the Risk Assessment Process

Before mitigation projects can be prioritized with any

risk management methodology, analysts must conduct a risk

assessment to characterize the risk and its uncertainty.

ý'here is uncertainty in all parts of the risk assessment

process identified in Figure 1 in Chapter I. Analysts must

attempt to quantify risks to reduce the amount of subjective

characterization.

The following discussion is an analysis of the risk

assessment process (hazard identification, exposure

assessment, exposure-response characterization, and

characterization of the risks) to develop an understanding

of the sources of uncertainty and its significance in risk

assessment.

Hazard Identification. Hazard identification

determines if a detected substance has the potential to be

cause cancer in a human population. Analysts evaluate

pathways substances can enter the body and target organs

susceptible to the toxicant. Carcinogens can cause

mutations in cell DNA and are suspected of causing cell

malfunctions eventually resulting in cancer (Masters,

1991:193-196).

The EPA executes the hazard identification step by

classifying cancer-causing agents relying on the weight of
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carcinogenicity evidence in risk studies. The EPA has

identified substances into five weight-of-evidence groups:

Group A - Carcinogen in humans (known human

carcinogen). There is enough evidence in

human studies to indicate the substance

causes cancer in humans.

Group B - Probably carcinogenic in humans. There is

either insufficient evidence in humans or

sufficient evidence in animals that the

substance causes cancer.

Group C - Possibly carcinogenic in humans. No

evidence of carcinogenicity in humans and

insufficient evidence in animals.

Group D - Not classifiable--no data.

Group E - Evidence of non-carcinogenicity in humans.

(EPA, 1992:2.2-2.3)

There is uncertainty inherent in the classification of

substances into these categories. Evidence of

carcinogenicity decreases and uncertainty increases on the

classification scale starting at group A and proceeding

through groups B, C ad D. Even though a substance is

classified in Group A (known carcinogen), there is still

uncertainty whether the substance is a carcinogen. For

example, an epidemiologic study may be biased and therefore

contain uncertainty, because confounding factors such as

smoking may not have been taken into cunsideration (Masters,

1991:199-200).
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Of the hundreds of chemicals that may be detected at a

site, some chemicals may fall into the Group C or D. These

chemicals may contribute to increased risk of the site;

however, they are not considered in risk assessment.

Because the carcinogenicity of some chemicals is not known,

the cancer risk may be underestimated in this situation.

For source/release assessment at a local site, the

analyst estimates the amounts, frequencies, and locations of

releases. Tools at the analyst's disposal to assess the

release of a risk agent are monitoring, accident

investigation and performance testing, statistical methods,

and modeling. Because monitoring is limited to measures

past and present releases, it can introduce significant

uncertainty to projected future release estimates. In

addition to timing, the accuracy of monitoring equipment can

increase uncertainty. Accident and performance testing can

introduce uncertainty, because it entails simulations and

predictions of system performance such as safety equipment

for a nuclear power plant. Statistical methods used to

predict future occurrences introduce uncertainty, because

future events are based on probabilities. Data input into

models is characterized with uncertainty, resulting in

output predictions also characterized with uncertainty. The

uncertainty originates from errors in model assumptions as

well as uncertainty in input data (Cohrssen and Covello,

1989:55-64).
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ExDosure Assessment. Exposure assessment consists of

direct and indirect procedures to measure human exposure to

risk agents.

Risk analysts use two direct exposure assessment

methods--personal monitoring (eg. radiation detection

badges) and ambient air monitoring (eg. toxic gas measuring

devices in mines). Uncertainties can result in personal

monitors when people forget to wear or tamper with the

monitor. Ambient air monitoring errors occur because people

characteristically will move in and out of the monitored

area resulting in uncertainty in exposure levels. Other

sources of error occur in poorly planned samples such as

monitoring at times or locations not representative of the

true situation (Cohrssen and Covello, 1989:67).

Indirect methods to estimate exposure consist of

analogies and modeling. Analysts use these methods when

direct measurements are not available. In using analogies,

analysts c-mpare hazardous substances with other similar

chemical structures using structure-activity relationships

(similar molecular structure and characteristics) to predict

exposure pathways. Cohrssen and Covello characterize

analogies with other risk agent predictions as introducing

more uncertainty than direct measurements of environmental

concentrations. Exposure models simulate the transport of

hazardous risk agents to receptors. One factor influencing

the accuracy of model outputs depends on the applicability

of the model to the particular site. Another factor
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affecting accuracy is the uncertainty of the input data for

the model. Uncertainty also occurs because transport models

tend to over simplify complex environmental systems.

Analysts typically use five types of models to simulate risk

agent exposure: atmospheric models, surface-water models,

groundwater/unsaturated-zone models, multimedia models, and

food chain models (Cohrssen and Covello, 1989:66-73).

Compared to inter-species extrapolation discussed in the

next section, exposure assessment is associated with less

uncertainty (Whipple, 1989:1114).

Dose-Response Characterization. In essence, this

element of risk assessment establishes a linear relationship

(slope factor) between the dose received by the exposed

population and the carcinogenic effect. The determination

of risk agent dose to a human population is a complex

undertaking. There are two measures of dose. First,

absorbed dose is the amount of risk agent absorbed into the

body. The second measure, effective dose, is the amount of

risk agent reaching the target organ experiencing the damage

effect. Absorbed dose characterization applies several

standard adjustment factors specific to age, sex, and other

characteristics to environmental concentrations of risk

agents (see Table 3). Total dose takes into consideration

all factors shown in Table 4. There is variability and

uncertainty originating in each factor of Table 4 (Cohrssen

and Covello, 1989:75-79).
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Table 3

Factors Used in Determining Dose

1. Direct Ingestion Through Drinking

-Amount of water consumed each day.
-Fraction of contaminant absorbed through wall of
gastrointestinal track.

-Average human body weight.

2. Inhalation of Contaminants

-Air concentrations resulting from showering,
bathing, or other uses of water.

-Variation in air over time.
-Amount of contaminated air breathed during those
activities that may lead to volatilization.

-Fraction of inhales contaminant absorbed through
lungs.

-Average human body weight.

3. Skin Absorption from Water

-Period of time spent washing and bathing.
-Fraction of contaminant absorbed through the skin
during washing and bathing.

-Average human body weight.

4. Ingestion of Contaminated Food

-Concentrations of contaminant in edible portions of
various plants and animals exposed to contaminated
groundwater.

-Amount of contaminated food ingestion each day.
-Fraction of contaminant absorbed through wall of
gastrointestinal tract.

-Average human body weight.

5. Skin Absorption for Contaminated Soil

-Concentrations of contaminant in soil exposed to
contaminated groundwater.

-Amount of daily skin contact with soil.
-Amount of soil ingested per day (by children).
-Absorption rates.
-Average human body weight.

(Cohrssen and Covello, 1989:77)

Analysts use extremely complex physiologically-based

pharmacokinetic (PB-PK) models to simulate the transport and
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metabolism of risk agents to estimate effective dose. PB-PK

models use vast amounts of data on body functions, such as

Table 4

Example of Data and Assumptions Necessary to Estimate

Contaminant Dose to People

Item Human Factors

Mass of standard humans
Man 70 kg
Woman 60 kg
Child 20 kg

Skin surface area
Totally exposed (man 180 cm 1.8 m2

tall)
Clothed with short-sleeved 0.8 m2

shirt, pants, shoes
Clothed with long-sleeved 0.1 m2

shirt, pants, shoes, gloves

Respiration Man Woman Child
Resting rate (1/min) 7.5 6 4.8
Light activity rate (1/min) 20 19 13
Volume of air breathed (m3 /day) 23 21 15

Food Consumption (all humans) 1,500 gm/day

Factors Used in extrapolation

Weight rat 0.35 kg
mouse 0.03 kg

Food consumption rat 17.5 gm/day
mouse 3.9 gm/day

(Cohrssen and Covello; 1989:78

"partitioning of risk agents into specific tissues and

fluids, rates of decay and metabolism, and biochemical

interactions between risk agents and tissues" (Cohrssen and

Covello, 1989:78). Much of this information originates from

animal experiments. Difficulties arise in attempts to
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characterize human absorbed dose using extrapolations from

test animals where biological differences are not well

understood. Cohrssen and Covello maintain that PB-PK models

overcomes much of the difficulties where, "the typical risk

assessment equates effective dose with absorbed dose (or

even environmental concentrations)." (Covello, 1989:79)

There are two significant problems in the dose-response

characterization step that introduce much of the uncertainty

in risk assessment process. One of the greatest problems

with using bioassay experiments (animal tests) is their

insensitivity to detect increases in cancer risk. Bioassay

experiments induce extremely high doses to a minimum of 600

rodents; however, these experiments can detect cancer risks

increases of only five in one hundred (Masters, 1991:199).

A quotation of Environmental Magazine by Master states,

"Bioassays designed to detect lower risks require many

thousands of animals and, in fact, the largest experiment

ever performed involved over 24,000 mice and yet it was

still insufficiently sensitive to measure less than a one

percent increase in tumor incidence" (Masters, 1991:199).

Experimental procedures can detect cancer risk increases as

small as only one in one hundred, but protection of human

health has been considered warranted in the range of one in

ten thousand to one in ten million (Crump, 1985:281).

Whipple characterizes the application of animal bioassays to

predict human risk as "a major source of uncertainty in risk

assessment for toxic substances" (Whipple, 1989:1114). An
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illustration of the difficulty to infer carcinogenicity

across species concerns 1,1,2-Trichloroethane. According to

the Integrated Risk Information System (IRIS) (Jan 93),

bioassays demonstrate this chemical causes carcinomas in one

strain of mice, but carcinogenicity has not been shown in

rats, a closely related species. However, the evidence in

mice forms the basis of a "C" classification (possible

human carcinogen) in a distantly related species--man

(Whipple,1989:1114).

Risk analysts use extrapolation models to predict

cancer risk at low doses from the high doses administered to

animals in experiments as described in the previous

paragraph (EPA, 1992:2.13). These extrapolation models

attempt to conservatively predict (overestimate rather than

under estimate) risk in this small area of interest.

Figure 6 illustrates that much of the uncertainty of risk

originates in the extrapolation process in the area of

interest (Masters, 1991:203). In this area of interest,

there are no data points, so extrapolation models try to

predict the behavior of the dose-response at low doses.

Extrapolation model outputs (slope factors) are useful to

test the sensitivity of varying exposure scenarios.

Risk analysts choose the appropriate extrapolation

based on their hypothesis of the biological mechanism in

which cancer develops. Cohrssen and Covello identify three

types of models based on three different theories of cancer

formation: mechanistic models, threshold distribution
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models, and time-to-tumor models (Cohrssen and Covello,

1989:81).
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Figure 6. Models Fit to the Experimental Data

(Title Added) (Masters, 1991:204)

Mechanistic Models. Mechanistic models are based

on the theory that there are certain biological steps in the

development of cancer. Two models, one-hit and multi-hit,

are based on the belief that there are a certain number of

hits (attacks from a risk agent) to a cell to transform it

into a cancerous cell. The multistage model, which is the

most commonly used model by the EPA, assumes a progression

of steps are part of the formation of cancer tumors

(Cohrssen and Covello, 1989:81).
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Threshold Distribution Models. In contrast to the

mechanistic models, threshold distribution models are based

on the theory that people have differing resistances to risk

agents. This resistance provides people with the ability to

ward off cancer. These resistance characteristics are

distributed in the population as a probability distribution.

The models characterizing these distributions are the

probit, logit and Weibull extrapolation models (Cohrssen and

Covello, 1989:81).

Time-to-Tumor Models. In contrast to the

previously mentioned models, these try to incorporate an

added ingredient into dose-response relationship--tumor

latency or time. Exposure to risk agents usually does not

cause cancer immediately; Cancer development has sometimes

long latency periods. Analysts try to characterize this

factor with time-to tumor models (Cohrssen and Covello,

1989:81).

According to Cohrssen and Covello, there is no

scientific basis to determine which dose-response model is

the most accurate (1989:81). The EPA, in recent years, is

now favoring the linearized multistage model, a modification

of the mechanistic multistage model (Masters, 1991:203-204).

This model will now be discussed more in detail.

49



Multistage model. The multistage model shown as

Equation 2 portrays the relationship between dose (d) and

lifetime risk P(d) as (Masters, 1991:203)

P(d) =l-exp[-(qo+qjd+q2d3+...q.d")1 (2)

where L - the ith positive constant with selected to best

fit the dose-reaponse data

it - the ith oolynomial exDonential selected to fit the

curve to data

n - exponent values of ith polynomial selected to fit

the data

Figure 6 demonstrates the fit of the multistage model

compared to the one-hit model. The multistage model will

always fit the experimental data, but the EPA prefers to err

on the side of conservatism and overestimate the risk of

cancer. Therefore the EPA uses a modified multistage model,

called the linear multistage model, to determine its

guidelines. This linear multistage model allows only a five

percent statistical chance of underestimating risk (Masters,

1991:203-205).

Characterization of Risk. This final step of risk

assessment ties the risk assessment steps together into a

characterization of risk (Masters, 1991:215). The risk

characterization step contains two parts: calculation of the

risks, and a characterization of the uncertainty and
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assumptions originating in the risk assessment (Cohrssen and

Covello, 1989:84-85; EPA, 1992:2.21).

Three risks are usually characterized: individual

lifetime risk (excess cancer risk due to the risk agent),

population risk (annual number of cancers resulting from one

year of exposure), and relative risk (risk of exposed

population compared to risk of unexposed population)

(Cohrssen and Covello, 1989:85).

To characterize the effects of uncertainty on risk,

risk analysts apply sensitivity analysis. During

sensitivity analysis, factors that affect the risk estimate

are varied to test the effect they have on risk. Varying

these factors simulates the uncertainty characterized in the

risk estimate (Cohrssen and Covello, 1989:91). Sensitivity

analysis can also test for the model's vulnerability to

uncertainty in its input variables.

The risk characterizations are used by many groups of

people. At the regulatory level, decision-makers weigh risk

characterizations with other costs and benefits to society

in some form of cost-benefit analysis when enacting

legislation. At the risk management level of mitigation

project prioritization, risk managers use the risk

characterizations as well as legislative requirements to

prioritize mitigation projects. The public uses risk

characterizations to determine the suitability of proposed

risk management actions. All concerned parties need to
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understand the "extraordinary leaps of faith" risk analysts

have to make to derive a risk estimate (Masters, 1991:215).

Provagation of the Uncertainties. As this chapter

has demonstrated, there is uncertainty throughout the risk

assessment process and especially significant is the

uncertainty inherent in the slope factor due to the

insensitivity of bioassays and dose-rerponse extrapolation

in the dose-response step. An uncertainty originating in

the source/release step will carry through from later

calculated exposure assessment step, and later affect the

dose estimate, and finally the risk estimate. Uncertainty

is cumulative in nature and rapidly raises the uncertainty

of the input product for risk management--the risk estimate

to the particular population (Cohrssen and Covello,

1989:94). For example, equations to calculate the chronic

daily intake (CDI) and risk are equations consisting of

multiplication operations. Equations for the CDI and risk

may be found in step 1, task 5 of the CEM procedures

outlined in Chapter III. The generic equations for the CDI

and risk are:

CDI = (C x CR x EFD)/(BW x AT)

Risk = CDI x SF

Where CDI - chemical concentration (e.g. mg/liter water)

CR = contact rate; amount of contaminated medium

contacter per unit time or event (e.g. liters/day)

EFD = exposure frequency and duration (days)

BW = body weight (kg)
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M - averaging time (days)

SF - slope factor e.g. units (mg/kg/day)"'

The variance or uncertainty of the product of two

independent variables is characterized by Equation (2):

O 0 (* 01) + (01* P) + (a2 * (2)

where: z - x * y (product random variable)

x - a random independent variable

y - a random independent variable

02 - variance of the subscript random variable(s)

p = mean of the subscript random variable

Analysia of Equation (2) illustrates that the behavior of

the variances in the product of two random variables grows

much faster than the product of the variances. Applying

Equation 2 to the equation for risk, the magnitude of

uncertainty would be characterized by the following:

a, = oarn *O2,s + o02C * p2sF + a2s, * p2•Z

Where z - cancer risk - CDI * SF

CDI - chronic daily intake

SF = cancer slope factor

The process of adding risks characterized by

uncertainty across exposure pathways factors becomes an

expression characterized as a linear combination of expected

risk values. For linear combinations, as independent random

variables are added together, the variance of the sum will

in effect increase by the sum of the random variable's

variances (Devore, 1991:213-214). Therefore, as the pathway
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risks are added together, the uncertainty of each pathway

risk will add to get the uncertainty of the total risk

calculated. The end result is that uncertainty of the total

risk is much greater than any one of the pathway risks.

Though uncertainties still exist, there comes a point

where the studying must stop and the clean-up start. Risk

managers must not lose their focus, which is to clean up the

environment. Analysts cannot feasibly spend the time and

money to study contaminated sites until they completely

understand all there is to know about it. Compromises on

data quality are sacrificed so risk management actions can

proceed (USAF, 1992:5.39). These compromises, in addition

to all other scurces of uncertainty, create major

difficulties in risk characterization to reduce the variance

to the point that a risk estimate is useful to the decision

maker. Reduction of variance is done by reasonably omitting

sources of uncertainty from the calculations (Cohrssen and

Covello, 1989:94).

Requirement of Methodological Consistency. To

lacilitate the comparability of risks and mitigation costs

between mitigation projects, Covello et al. list eight

guidelines to follow in risk assessment. The goal is to

normalize the treatment of mitigation alternatives and risk

to eliminate methodological bias. These are paraphrased,

excluding most references to benefits, as the following:

1. Similar operating design modes (e.g., expected vs.
ideal contamination movements and cleanup rates)
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considered of competing alternatives should be
used (Lawless and others, 1986:169).

2. Similar technology time frames should be used to
normalize the costs of mitigation projects
(Lawless and others, 1986:169). The exception
would be those sites that are closed out early
because they were rendered harmless due to the
mitigation.

3. Compare alternatives through the same project
life-cycle phase so all alternatives will compete
on an equal basis (Lawless and others, 1986:169).
Generally, alternatives should be compared through
completion of mitigation of contaminants to non-
harmful levels or closeout of the project. Some
comparable alternative may need to be decided for
mitigation project operations with near unlimited
cleanup times.

4. Risks, and costs of each alternative option should
be analyzed through the same impact levels--
primary, secondary, tertiary (Lawless and others,
1986:169). Primary costs result directly from the
mitigation project alternative. Secondary costs
are "multiplier and investment effects" that
dollar values can be placed upon such as increased
or decreased economic growth. Tertiary costs are
real costs, dollar values cannot be assessed such
as public sentiment or aesthetic view (Aldrich,
1993:60).

5. Similar discount rates should be applied to future
risks and costs for each option (Lawless and
others, 1986:169). When working with the time
value of money, equal interest and inflation rates
must be used to ensure comparability of mitigation
projects.

6. Multidimensional, rather than single-facet,
measures should be used to compare the benefits,
risks, and costs of each option; e.g., consider
all health effects, not just mortality (Lawless
and others, 1986:169). CEM will consider
analytically mortality and cost; whereas, it will
consider chronic health effects and benefits
subjectively.

7. Equivalent tests of uncertaint, should be applied
in evaluating the estimates of alternative risks
and costs (Lawless and others, 1986:169). To
normalize the data for comparative risk purposes,
use standardized or adjusted standardized

55



variables to ensure pre-mitigation and post-
mitigation risks are relatively representative of
the true risks. Every attempt must be made to
remove methodological bias.

8. Simplifying assumptions that exclude from the
analysis important differences among competing
alternatives should be avoided, e.g., different
citizen risk perceptions (Lawless and others,
1986:169). Over simplification of the
circumstances surrounding a site could introduce
bias into the risk assessment process.

Following the above guidance removes significant bias

under the control of the risk analyst and moves a risk

analysis closer to reaching two goals--methodological

consist:,ncy and comparability of risks. If the risks are

not comparable and normalized, then significant bias can be

introduced into the risk assessment procedures.

Risk Management Process

The risk management process uses the information

obtained in the risk assessment process in conjunction with

information of a technical, social, economic, and political

nature to evaluate mitigation actions, if any. Design and

implementation strategies/policies also take form in this

process (Cohrssen and Covello, 1989:8).

Risk Characterization. As shown in Figure 2 in Chapter

I, the risk management process consists of four steps. The

first, risk characterization, overlaps with risk assessment

and was discussed in the previous section.

Control Options. The second step of risk management is

determine the control options available for the decision
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maker. In the mitigation of contaminated sites, this step

is called the Feasibility Study (FS). The FS evaluates the

feasibility of all alternatives using the following nine

criteria:

-Overall protection of human health and
environment

-Compliance with ARARs (Applicable or Relevant
and Appropriate Requirements)

-Long-term effectiveness and permanence
-Reduction of toxicity, mobility or volume
-Short-term effectiveness
-Implementability
-Cost
-State acceptance
-Community acceptance

(NCP, 40 CFR 300.430(e)(9)(A-I)

Non-Risk Analysis and Regulatory Decision. Decision

makers in the services do not want a rigid model which will

tie their hands on a decision; "they want to retain ultimate

flexibility in allocating resources". (Read, 1993) To give

decision makers flexibility, a model must allow the decision

maker to consider subjective factors that can not be

evaluated in a model.

In the CEM, once the risks have been characterized and

control options assessed concerning feasibility and cost,

decision makers consider subjective factors such as public

concerns and available funds to decide mitigation actions.

Conclusion

This background chapter discussed the information

needed to understand the development and application of the

cost-effectiveness methodology. First, this chapter

supported the CEM as the methodology of choice for ranking
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mitigation projects in risk management and then compared CEM

to other regulatory decision frameworks as well as

mitigation project ranking methodologies using the two

evaluation criteria. Next, this chapter characterized the

uncertainty inherit in the risk assessment process to

develop an understanding of the sources of uncertainty and

its significance in risk assessment. Once the origins of

uncertainty were addressed, this chapter discussed risk

management steps and the associated considerations with each

step.
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III. Methodoloqy

Overview

This chapter provides guidelines to apply the cost

effectiveness methodology (CEM) for ranking mitigation

projects at any administrative level of risk management.

The CEN ranks mitigation projects on the basis of highest

risk reduction per dollar spent. In this chapter,

methodology will be provided to rank sites with both

chemical and radiation carcinogens. First, this chapter

outlines the procedures of the CEM. Second, guidance is

provided to oversee contractor risk-assessment actions.

Because most risk assessment steps are always contracted out

in the PA/SI and the RI/FS, guidance will not detail

contractor responsibilities. Finally, guidance is provided

on the application of the CEM. The RI/FS or related

document becomes a source of incremental risk data. The CEM

guidance develops tasks to evaluate feasible control

options. This step deviates from the current method in

which the FS evaluates the alternatives, so detailed steps

will be discussed. Because other factors may influence the

desired mitigation alternative, guidance is provided to

evaluate non-risk subjective factors specific to the site.

In the final step of the CEM, all required information is

provided to decision makers for the ranking of mitigation

projects. The two major advantages of following this
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methodology are the wide applicability of the model and the

prioritization of mitigation projects that saves the most

lives per mitigation dollar.

Cost-Effectiveness Methodoloay Development

The following discussion expands each procedure of the

cost-effectiveness methodology in detail and suggests

possible sources of needed information.

Figure 2 diagrams the broad steps of the risk

assessment and risk management process; this diagram will be

followed to develop the CEN for this research. The CEM was

derived after reviewing the available literature on risk

analysis and risk management subjects. Generally,

contractors accomplish the entire risk assessment and

evaluate the control options. These areas will be touched

upon to alert the risk analyst of key steps and tasks in

these processes. The statement of work (SOW) describing

requirements of the contractors should be modified to

facilitate the CEM process. This methodology will suggest

these suggested modifications in the guidance. The CEM

begins after the contractors complete the risk assessment

and evaluate all feasible mitigation alternatives. Because

current contractor output formats do not facilitate

integration of data into the CEM, some tasks will be added

to transform the data. The CEN model consists of four
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Step Risk manaymmnt Task

Characedze the Risk 1. Characterize the uncetainties
2. DEtxnure presentatie Standard

__________________ values for CDI Calculation
3. Calculate CDIR and Ris for Pathoays

4,
Evaluate Control Otldns 1. Evaluate feasibility of sitigation

alternatives for each site using
the nine VCP eval criteria and CED.

*2. Calculate CU. For Feasible Aito

.3. Conduct Sensitivity Analysis

4,
andd Nw~s~maaftI -Identif y subjective f actors speif icI ~n.~Nu~hsmaki 1.to tane site

4,
Prsent to Dedislon *. Rank projects based on incremental
Makers for FbmRkg CEN.

2. Consider subjective factors

3. Sold public meeting

.4. Final ranking of projects

. Denotes difference of CEK to Current Ranking MIthodologies

Figure 7 Cost-Effectiveness Methodology
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primary steps with subcategory tasks within each step as

shown in Figure 7.

Risk Assessment Process

The contractor generally has the responsibility to

accomplish the majority of the risk assessment process. The

remedial project manager's (RPM) responsibilities usually

cover discovery of the environmental site, notification to

the EPA, and supervision of the contractor's risk

assessment.

From the time the contractor begins the risk

assessment, the RPM must ensure the contractors follow

procedures that enhance methodological consistency,

comparability of risks of various types of sites, and the

applicability of CEM across varied classes of environmental

hazards. Without this important step, the CERs would be

meaningless for prioritization purposes. All eight

guidelines as suggested by Lawless et al. apply to CEM.

These guidelines are listed at the end of Chapter II.

Step 1: Hazard Identification. The first step of the

risk assessment, that the contractor is responsible for, is

the hazard identification step.

Task 1: Identify significant Chemicals. When

comparing environmental risks between hazardous sites, one

must identify suspect toxic agents of concern for each site

to properly determine exposure routes and exposure

concentrations. Most of the time, the contractor will
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identify the existence of potentially hazardous chemicals or

radiation sites through any of the following sources:

- Interviews with employed or retired personnel
- Historical records searches of past waste

generation and site management practices
- Historical aerial photographs
- Inspection of potential sites
- Environmental Compliance Assessment and Management

Program (ECAMP) audit results
- Base historian
- USDA soil surveys
- USDI Geological Survey map guadrangles
- USEPA Region Freedom of Information Officer, RCRA

and CERCLIS Facilities list
- FEMA National Flood Insurance rate maps
- National Priorities List
- State leaking petroleum storage tank corrective

action list
- Chemical Information Service CERCLIS database
- Interviews with adjacent private property owners
- Water well records
- Any previous sampling results
- Regulatory agency files on pervious base

inspections, telephone contacts, etc.
- Community property transition and zoning records

(USAF, 1992:5.21-5.22)

Step 2: Exposure Assessment. In this step, the

contractor must eatablish pathway exposure concentrations;

this step is accomplished in conjunction with step 3 as

illustrated in Figure 2 of Chapter 1. There are three

primary exposure routes (ingestion, inhalation and dermal)

resulting in the following potential pathways: ingestion of

drinking water, ingestion of soil, ingestion of sediment,

ingestion of fruits, ingestion of vegetables, inhalation of

vapors while showering, inhalation of indoor air, inhalation

of ambient air, dermal exposure to soil, dermal exposure to

sediment, dermal exposure to water while showering, dermal
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exposure to surface water, and dermal exposure to leachate

seep water (Engineering-Science, Inc., 1992:6.3.3-6.3.4).

Determining exposure routes is a difficult task

containing a significant element of uncertainty. As

discussed in Chapter II, there are two primary methods to

quantify exposure durations and drLcrmine exposure dose:

monitoring and modeling. Either method is acceptable;

however, according to Cohrssen and Covello, monitoring

provides more accurate data than modeling and often serves

as a benchmark for exposure models (1989:67). Uncertainty

is therefore decreased using monitoring over modeling.

Step 3: Dose-Response Assessment. Step 3 consists of

the contractor actions to determine the carcinogenicity of

the suspected risk agents. Once the chemicals of interest

have been identified, the contractor will establish each

suspect hazard agent's slope factor by reviewing either the

IRIS or HEAST database. In the mitigation process, the

actual dose-response assessment is accomplished as basic

research to determine slope factors of risk agents that are

useful to establish risk of contaminated sites. This

process is discussed in detail in Chapter II.

Step 4: Risk Characterization. When overseeing the

contractor in this step, it is critical that the contractor

follow procedures that will enhance methodological

consistency and comparability of risks, and this step

consists of the following tasks described below.
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Task 1: Determine Representative Standard Values

for CDI Calculations. Table 5 contains some of the EPA

recommended values for calculations of Chronic Daily Intake.

Table 5

&.PA Recommended Standard Values For CDI Calculations

Parameter Standard Value

Average body weight, adult 70 kg

Average body weight, child 10 kg

Amount of water ingested daily, adult 2 liters

Amount of water ingested daily, child 1 liter

Amount of air breathed daily, adult 20 in

Amount of air breathed daily, child 5 M3

Amount of fish consumed daily, adult 6.5 g

If lifetime exposure, use 70 years

(Masters, 1991:206.

These standard values are used by the contractor to

determine the dose received from environmental contaminant

concentrations. See task 2 of the contractor's third step

for Equations 3 through 10 that use these inputs. Standard

exposure values are located in the Exoosure Factors

Handbook, and more detailed procedures to determine

exposures are located in the Superfund Public Health

Evaluation Manual, both published by the EPA. Although

these values are standardized by the EPA, they may need to

be tailored if different conditions exist to meet the

circumstances of a particular site. This is one of the

tasks where normalization of the methodology is critical.
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For example, the average American spends 75% of his/her life

in the home. If a population exposed to a contaminant

located in the home spends a different amount of time in the

home, the 75% figure can be adjusted. Normalizing the

factors helps make the risks comparable by reducing bias.

Task 2: Calculate CDIs and Risks for Pathways.

Before risks can be calculated for chemicals only, the

contractor calculates the lifetime average daily dose,

otherwise known as chronic daily dose (CDI), for each

chemical. CDI values for chemicals are estimated using the

formulae listed below (Source from RAGS, Dater 6.21,

6.35-6.48):

A generic equation for calculating chronic daily intakes

Intake = (C X CR x EF (3)

(BW x AT)

Residential exposure (ingestion of chemicals in drinking

water)

Intake (mg/kg-day) = (CW x IR x EF x El)(
(BW x A) (4)

Residential exposure (ingestion of chemicals in surface

while swimming)

Intake (mg/kg-day) = (CW x CR x ET x EF x E2) (

Residential exposure (dermal contact with chemicals in

water)

Abs Dose (mg/kgq-day) = (CWx SA xPC xETx EF xED x €
(BW x AT)

(6)
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Residential exposure (ingestion of chemicals in soil)

Intake (mg/kg-day) = (CS x IR x CF x FI x Ef x EL(
(BWXA7) (7)

Residential exposure (dermal contact with chemicals in soil)

Abs Dose (mg/kg-day) = (CS x CF x SA x AF x ABS x EF x Ex
(BW x A7)

Residantial exposure (inhalation of airborne vapor phase()

chemicals)

Intake (mg/kg-day) = (CA x IR x ET x EF x E (
(BW x AT) (9)

Residential exposure (food pathway ingestion of contaminated

fish and shellfish; ingestion of contaminated fruits and

vegetables; ingestion of contaminated meat, eggs and dairy

products)

Intake (mg/kg-day) = (CF x IR x FI x EF x El)
(BW x A7) (10)

(EPA, 1989:6.21,6.35-6.48)

where Intake - Absorbed Dose = CDI

C - chemical concentration; the average concentration

contacted over the exposure period (e.g. mg/liter

water)

CR = contact rate; the amount of contaminated medium

contacted per unit time or event (e.g. liters/day)

EFD = exposure frequency and duration; describes how

long and how often exposure occurs. Often

calculated using two terms (EF and ED)
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EF = exposure frequency (days/year for ingestion,

inhalation or events/year for dermal contact or

meals/year for fish or meals/year for food)

ED = exposure duration (years) (Table 5)

BW = body weight (kg) (Table 5)

AT = as.eraging time; period over which exposure is

averaged (70 years x 365 days/year) (days)

(Table 5)

CW = chemical concentration in water (mg/liter)

IR = ingestion rate (liters/day for drinking water or

mg soil/day for soil nr kg/meal for fish or

kg/meal for food) (Table 5)

ET = exposure time (hours/event for swimming or

hours/day for dermal contact or hours/day for

inhalation)

SA - skin surface area available for contact (cm2)

PC = chemical-specific dermal permeability constant

(cm/hr)

CF - volumetric conversion factor for water

(1 liter/1000 cm3 ) for dermal contact with water

or 10-' mg/kg for contaminant concentration in

food or 10-' kg/mg for ingestion of soil or 10-'

kg/mg for dermal contact with soil or 10-' for

ingestion of fisk

CS = chemical concentration in soil (mg/kg)

FI - Fraction ingested from contaminated source

(unitless)
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AF - soil to skin adherence factor (mg/cm)

ABS - absorption factor (unitless)

CA = contaminant uoncentration in air (mg/m 3 )

IR - inhalation rate (m3/hour)

CF - contaminant concentration in fishi or food (mg/kg)

(source - RAGS, date:6.21,6.35-6.48)

Once the chronic daily intakes for eac'. che-ical have

been determined, cancer risk estimates may be calculated

using the following equation (Masters, 1991:206):

R = CDI x SF (11)
where R - Cancer risk over a 70 year lifetime period

CDI - Chronic Daily Intake (mg/kg/day for chemicals)

SF - Cancer Slope Factor (mg/kg/day)-p

To calculate the cancer risk from exposure to

radionuclide, the following equations are applied:

For inhalation of radionuclides (including radon) in

air:

R = SF x CA x IR x ETx EF x ED (12)

For ingestion of radionuclides in water:

R = SF x CWx IR x EF x ED (13)

For ingestion of radioiiuclides in soil:

R = SF x CS x IR x FIx EF x ED (14)
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For external exposure to radiation in the soil:

R = SF x CS x SD x EDx ED (15)

(EPA, 1991:C.1-C.7)

(Note: Equations were modified to standardize with other

equations in this research.)

where R - lifetime risk

SF - slope factor [risk each day per pCi/m3 (air

inhaled) or risk each dal per pCi/m3 (water

ingested) or risk each day per pCi/g (soil

ingested) or risk each year per pCi/m2 (external

exposure to soil)]

CA - concentration (in pCi/mr) in air

CW - concentration (in pCi/L) in water

CS - concentration (in pCi/g) in soil

ET = exposure time (hours/day)

IR - inhalation rate (m3/hour)

EF - exposure frequency (days/year for ingestion,

inhalation or events/year for dermal contact or

meals/year for fish or meals/year for food)

ED - exposure duration (years)

SD - effective surface density of the soil

[depth (m) x soil density (kg/m3) - (kg/m 2)]

The most common equation to calculate risk from

exposure to indoor radon is an adjusted form of the

Biological Effects of Ionizing Radiation (BEIR IV) model to

estimate lung cancer risk caused by radon. This model is a

relative risk model that proportions the risk from radon

70



found in homes with the risk observed in four major cohort

studies of underground miners. The practical application of

the equation requires a computer program and the use of

several binders of the 1980 U.S. age-specific mortality

rates. Application of the BEIR IV model is too cumbersome

for the scope of this research; therefore, the radionuclide

cancer risk equations previously mentioned will be applied

to calculate risk from radon. Estimates of cancer risk from

the radionuclide cancer risk equations are well within the

estimated uncertainty range of the BEIR IV model.

After the determination of pre-mitigated risks, post-

mitigated risks are calculated. The best method to predict

post-mitigation contaminant levels is to model the changed

conditions. Many times, an RI/FS will not include estimates

of post-mitigation contaminant levels. The risk analyst may

have to predict these contaminant levels using effectiveness

estimates of each mitigation alternative. These estimates

are used to calculate the reduction of risk as a result of

mitigation to determine the value of the numerator of the

CER for each alternative. For very large ground or water

medias, the contractor will compare the expected

concentration after mitigation with the background

contamination levels. If the background contamination levels

are higher than the calculated reduction, the contractor

will should adopt this concentration as the post-mitigation

contaminant concentration. An illustration demonstrates

this point. Taking salt out of sea water and releasing

71



fresh water into the sea does not decrease the saltiness of

the ocean. Unless the contamination is confined to a very

small contained area (eg. a building), it is impossible to

clean up the ground or water beyond the background

contamination level.

Once the risk for each chemical corresponding to each

pathway, the contractor adds pathway risk to determine the

total risk to a population, first for the pre-mitigation

risk, then for the post-mitigation risk. Martin Marietta

Energy Systems, Inc., maintains that adding risks across

pathways is valid if the following assumptions can be made:

- Doses are low;

- No synergistic/antagonistic interactions occur;and

- Similar endpoints are evaluated. (1992:6.5-2)

Summing the risk across the pathways results in the

estimated total individual lifetime risk. After the

contractor sums the pathway risks for both pre-mitigation

and post-mitigation risks, the contractor subtracts the

post-mitigation risk from the pre-mitigation risk to

estimate the incremental individual lifetime risk reduced

attributable to the hazardous environmental site

remediation. To estimate the number of people in the

population that may develop cancer from a site, the

contractor will multiply the incremental individual risk

with the population size. The result predicts the number of

lives saved as a result of mitigation.
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Task 3: Characterize the Uncertainties. For this

task the contractor subjectively characterizes the sources

of uncertainty and the relative size of the uncertainties if

possible. This is no change to the current RI/FS process.

Risk Management Process

Although the risk management process of CEM contains

many of the same tasks characterized by current hazardous

waste prioritization methodologies, there are some key

differences in the CEM. The tasks containing these

differences are highlighted with asterisks in Figure 7

located rear the beginning of the chapter. In addition, the

following discussion will provide detail of those processes

unique to the CEM and provide general guidelines to those

processes similar to current risk management processes.

Step 1: Risk Characterization. This step overlaps with

the risk characterization step discussed in the risk

assessment process methodology. Here, the RPM should review

the drafts of the risk assessment to ensure it meets the

requirements listed in the contract statement of work.

Step 2: Evaluate Control Options. This step contains

three tasks to evaluate the alternatives and is usually

accomplished by a contractor in a study such as the

feasibility study of the CERCLA process. Those tasks unique

to the CEM should be added to the RI/FS statement of work

(SOW).
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Task 1: Evaluate Feasibility of Mitigation

Alternatives for Each Site Using the Nine Evaluation

Criteria listed in the National Contingency Plan. Once

risks have been characterized, the contractor evaluates all

possible mitigation actions for each hazardous site to

determine the feasibility of the alternative to the site's

location and CERs. The National Contingency Plan (NCP)

establishes the following nine criteria to evaluate

mitigation alternatives:

- Overall protection of human health and environment
- Compliance with ARARs (Applicable or Relevant and

Appropriate Requirements)
- Long-term effectiveness and permanence
- Reduction of toxicity, mobility or volume
- Short-term effectiveness
- Implementability
- Cost
- State acceptance
- Community acceptance

(Ref to NCP, 40 CFR 300.430(e)(9)(A-I)

Many EPA publications are excellent sources to

determine the effectiveness of many mitigation techniques.

Task 2: Calculate the CERs For All Feasible

Mitigation Alternatives For All Environmental Sites.

Once incremental risk reductions and incremental costs of

mitigation have been determined, the calculation of

incremental CERs is somewhat straight forward. This task

should be written into the RI/FS SOW so CERs can be

calculated during the feasibility analysis. Because

contractors do not currently determine CERs in risk

assessments, this report will include detailed CER
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calculations for illustrative purposes. CER calculations

are eased with the use of a spreadsheet. Table 6

demonstrates a simple spreadsheet application to determine

the risk of drinking water contaminated with arsenic.

If appropriate for accuracy required, the analyst may

simplify calculations by identifying the hazardous agents

which pose the a majority of the risk. Given the levels of

magnitude inherit in most risk estimates, this

simplification is a legitimate procedure and can streamline

calculations when many sites are being ranked.

To begin CEM calculations, the risk analyst constructs

a spreadsheet table such as the one in Table 6. Then the

analyst orders all feasible mitigation alternatives from

least expensive to most expensive. To determine the

expected number of incremental lives saved between

mitigation alternatives, the analyst takes the product of

the incremental risks between site cleanup alternatives and

the number of people exposed to the risk agents. The

incremental cost is the difference in mitigation cost to

implement the next higher-cost feasible alternative.

Finally, the CER is the incremental estimated number of

lives saved divided by the incremental cost to implement the

next more-expensive mitigation alternative.
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Table 6

Demonstration Table of Risk Calculations for

Ingestion of Arsenic in Drinking Water

Chemical Conc of Ingestion Events
Water Rate Per Exposure
(mg/l) (1/day) Year Duration

_(day/yr) (yrs)

Arsenic .02 2 350 70

Body Wt Averaging Chronic Slope Cancer
(kg) Time Daily Factor Risk

(days) Intake (1/mg/kg-
(mg/kg- day)
day)

70 kg 125,550 5.48 x 10-1 1.75 9.6 x 10-'

where: CDI - CW x IR x FI x EF x ED/(BW x AT)
Risk = CDI x SF

The risk analyst plots all CERs as illustrated in

Figure 8. The independent variable is the cost of the

alternative, and the dependent variable is the CER. After

all CERs have been plotted, it will be obvious which

alternatives and mitigation projects provide the largest

CER. The highest data points on the plot represent

alternatives with the largest CERs. In step 4, the decision

maker will use Table 7 and Figure 8 to rank the mitigation

project alternatives between sites.
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Table 7

Example Spreadsheet Application to Calculate CERs

Post- Incre. Nitigat. Incre.
Nit Est. Cost Cost CER

Env Site Alto Risk Lives
Saved*

Do
Landfill Nothing 1.0x10-3 0 0 0 0

""Cap 5.0x10-4  5 10,000 10,000 5.0x10-4

Cap &
Air

strip 4.OxlO- 1 100,000 90,000 1. x10-5

Cap;
Air

strip
Act char 3.9x10-4 .1 130,000 40,000 2.5x10"'

*Assume an exposed population of 10,00 people.

Al

CER A2 AA33

93B2

B3

Mufigotle Cost

Figure 8. CERs of Cleanup Alternatives

Task 3: Conduct Sensitivity Analysis. To complete

this task, the contractor establishes the sensitivity of the
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final risk estimate to variations of the input variables.

This will demonstrate where the model is most vulnerable to

uncertainty.

before the risk analyst can begin sensitivity analysis,

the analyst must determine viable ranges of the input

variables of the risk estimates as well as the mitigation

cost estimates. If a computer spreadsheet software is used

to calculate the CERs, the analyst should enter wild card

dummy variables to serve to vary the input variables. The

variables subject to the most uncertainty are the slope

factors and exposure concentrations. The analyst can test

the sensitivity of site CERs to uncertainty of the input

variables. Sensitivity analysis can give insight into

potential range of the CERs.

Step 3: Conduct Non-Risk Analysis. This step consists

of one task.

Task 1: Evaluate subiective factors specific to

the site. In this task, the risk analyst compiles all

significant subjective information which might have an

impact on the site or should be considered in the ranking

decision. Exposed population size is not a subjective

factor, because it is already inherently considered in the

use of expected deaths instead of lifetime risk metric. A

non-exhaustive list of some factors to consider are the

following:

- Close proximity of site to sensitive human

populations.
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- Proactive potential to spend little money now to

prevent the increased expenditure of funds later.

- Location of site near endangered or threatened

species.

- Close proximity of site to water supplies.

- Future potential for risk to increase.

Step 4: Present to Decision Makers for Ranking.

Information should be generalized for the decision maker who

will allocate mitigation moneys to risk mitigation projects

in this step.

Task 1: Rank Projects based on Incremental CERs.

The decision maker will receive from the risk analyst,

tables such as Table 7, and graphs such as Figure 8.

First, the decision maker will rank the mitigation

projects solely on the basis of incremental CERs. To rank

the projects, the risk analyst shoula follow the algorithm

shown below. The project alternative funded will be the

alternative increment that is larger than other site

alternatives' CERs.

Algorithm to Prioritize Mitigation Projects:

1. Enter the do nothing alternative into a table such as
Table 7.

2. Choor the unfunded alternative with the largest CER to
fund.

3. Write in the cost and subtract the cost from the budget
balance.
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4. Compare the budget balance with the alternative with the
next largest CER; is there enough money to fund it?

-If yes, choose this alternative to fund and proceed to
step 3.
-If no, eliminate that site from further consideration
and proceed down the list until a smaller cost
alternative can be funded with the remaining balance.
Proceed to step 3.

In the application of the above algorithm, the decision

maker will develop a table such as Table 8. This table

tracks the remaining funds for mitigation.

Table 8

Results of CER Algorithm

Alternative Total Cost Budget Balance

Do Nothing 0 $500,000

Al $10,000 490,000

Bi $150,000 $340,000

A2 $90,000 $250,000

A3 $130,000 $120,000

B2 $110,000 $10,000

Once Table 8 is completed, the results are transformsed

into the preliminary results illustrated in Table 9. The

do-nothing alternative and mutually exclusive alternatives

are left off of the table and applicable funds considered

for other unfunded mitigation projects. An example of

mutually exclusive alternatives at a fuel spill site are the

removal of soil and capping.
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Table 9

Preliminary Ranking Results for Funding

Prioritized
Mitigation

Prioritized Site Alternative Funded Amount

Landfill Al $10,000

Leaking
Underground
Storage Tank BI $150,000

Landfill A2 $90,000

Landfill A3 $130,000

Leaking
Underground
Storage Tank B2 $110,000

Task 2: Consider Subjective Factors and Adiust

Ranking If NecessaKy. The decision maker will also receive

subjective information as shown in Table 10 in addition tG

previously illustrated tables and figures received from the

risk analyst. While taking into consideration legislative

mandates as well as subjective factors, decision makers may

choose to modify the order of the prioritized list. It is

imperative that adjustments be held to a minimum and

justification statements accompany every deviation to

ranking by absolute CERs. Wide-scale adjustments would

result in similar problems inherit in current prioritization

methodologies--encroachment of politics into the process and

the spending of significant funds on insignificant risks

resulting in increased risk to the public.
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Table 10

Example Subjective Considerations for Landfill

Cleanup Site

Alternative Subjective Impacts

Do nothing -Mudrun creek will remain
contaminated and exceed
ARARs by 200%.
-Pollution could threaten
30 white tail deer.
-Algae plumes will grow in
Bass Lake and cover 25% of
lake.

Cap landfill Effluent will be reduced by
60% and exceed ARARs by
85%.
-Mudrun creek could support
deer population. Deer
population would experience
slight chronic effects
during low water flows.
-No effect on Bass Lake

Cap landfill and air strip -Effluent would meet ARARs.
effluent -Deer population would not

be effected.

Cap; air strip and -Water quality of effluent
activated charcoal for would be nearly to
effluent. background groundwater.

Task 3: Hold Public Meeting. As required in CERCLA,

the decision maker holds a public meeting to inform the

public of the proposed prioritized list. The decision maker

solicits inputs and questions from the public.

Task 4: Final Ranking of Projects. In task 4, the

decision maker reviews the prioritized list once more to

take into consideration public inputs. The same cautions

apply to widespread changes to cleanup project ranking

changes as stated in step 4, task 2. The decision maker
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completes the record of Decisions (RODs) and Decision

Documents (DDs) as appropriate based on the final ranking of

mitigation projects for funding.

Summary of CEM ARDlication

This chapter developed the CEM to prioritize any

mitigation project when the risks and mitigation costs are

known. First, this chapter discussed contractor involvement

in the risk assessment process and some of the RPM's

responsibilities in contractor oversight. Secondly, the CEM

was developed in this chapter to provide risk analysts with

a model characterized with wide applications of various

types of risk agents and increase the number of lives saved

per mitigation dollar spent. Where CEM deviated

significantly from present risk management processes,

significant detail was provided to explain, as well as

illustrate, the application of the CEM.

Chapter IV will validate this methodology by applying

it to two mitigation projects for two different types of

carcinogen threats.
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IV. Application of the CEM

Overview

In this chapter the CEM, developed in Chapter III, is

validated by applying it to two environmental projects at

WPAFB--mitigation of high levels of radon gas in military

family housing (MFH) and the mitigation of Landfills 8 and

10. The application of the CEM in this chapter will

accomplish two goals. First, the application of the CEM

will validate the general applicability of the CEM across

classes of risks. Second, the application of the CEM will

validate the CEM's ability to favor projects with the

highest CERs. Other projects at WPAFB which would have been

desirable to include in the application of the CEM are in

their beginning stages of risk assessment, so their

associated risks are not yet well understood. This chapter

follows the methodology set forth in Chapter III and

illustrated in Figure 7. For enhance logical flow, the risk

assessment for radon in MFH will be addressed first and then

the risk assessment for the landfills. When the analysis

begins to compare the two sites during the risk management

process, the discussions will be combined.

Because they are located near the Air Force Institute

of Technology (AFIT), hazardous environmental sites at

Wright-Patterson AFB (WPAFB) were selected to demonstrate

the application of the CEM and validate CEM's methodology.

84



The Risk Assessment for Radon in MFH

The risk assessment for radon was accomplished entirely

by contract. GEOMET Technologies, Inc. conducted the Radon

Assessment and Mitigation Program (RAMP) detailed assessment

titled Radon Assessment of the Base Housing and Other

Selected Structures at Wright-Patterson Air Force Base on

all residential military family housing (MFH) from the end

of September 1989 to the end of September 1990 to measure

the extent of radon contamination.

Hazard Identification Step for the Radon Problem.

GEOMET Technologies, Inc. accomplished the hazard

identification step by participating in the first two phases

of a three phase RAMP process. Beginning the hazard

identification, GEOMET Technologies, Inc. executed the

initial screen phase that identified if WPAFB has a radon

problem. In the second phase, the detailed assessment

phase, the contractor identified the buildings having

elevated radon concentrations. The third phase of RAMP, the

post mitigation phase, will not start until base facilities

are mitigated (GEOMET Technologies, Inc., 1991:v).

The primary source of indoor radon contamination is

from seepage of air from the soil. Sometimes house

construction materials can contribute a smaller amount of

radon to indoor radon concentrations. Radon from water

contributes to less than 5% of the total radon concentration

(EPA, 1992:2.13).
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The EPA sets the guideline for the maximum radon

concentration in homes at a level below 4.0 pCi/L (EPA,

undated:1.16). Being proactive, Lieutenant General Carl R.

Smith, Assistant Vice Chief of Staff of the United States

Air Force, directed Air Force Major Commands to implement

the RAMP (Smith, 1987). The HQ USAF Implementation Plan for

the RAMP describes actions, assigns responsibilities, and

sets milestones for support commanders to implement the

plan. There are two goals of the RAMP: (1) identify all

Air Force buildings wich radon levels of 4 pCi/L and

(2) mitigate those buildings with elevated radon levels.

The first goal of RAMP establishes the hazard identification

step.

RAMP requires bases, such as Wright-Patterson Air Force

Base (WPAFB), to test all buildings on base and to mitigate

those with radon levels equal or exceeding 4.0 pCi/L. WPAFB

has completed testing and identified 416 military family

housing (MFH) units with radon levels of at least 4.0 pCi/L.

WPAFB plans to reduce radon levels in all buildings with

contamination levels above 3.1 pCi/L to be 95% confident

that all base housing meets the Air Force requirement; the

target level of 3.1 pCi/L increases the number of homes

requiring mitigation to 658 (GEOMET Technologies, Inc.,

1991:Appendix H).

The confirmation of high radon levels in several

hundred MFH at WPAFB points to a requirement to mitigate a

home. Reducing radon in homes is important because radon is
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a group A carcinogen, and the EPA estimates that between

7,000 and 30,000 people die from radon-caused lung cancer in

the United States each year (EPA, 1992:2.1,2.3). According

to the EPA, people who live in homes with radon levels of 4

pCi/L for 70 years have a 1% to 5% chance of developing lung

cancer from radon present in their homes (EPA, 1986:9).

This level (4 pCi/L) is the cut-off action level at which

the EPA recommends homeowners mitigate their home for radon.

Homes with high radon concentrations pose an obvious health

risk to people, but the difficulty is how to put the risks

from hazards such as radon in proper prospective with other

environmental hazards competing for mitigation funds.

Exposure Assessment Step for the Radon Problem. For

the radon problem at WPAFB, the contractor evaluated

exposure using alpha track detectors placed in homes for an

entire year to determine an average annual exposure rate in

each home (GEOMET Technologies, Inc., 1991:1.4). The radon

exposure results may be found in Figure 9. Base officials

and GEOMET Technologies, Inc. expended considerable effort

to ensure the integrity, proper placement, and retrieval of

the radon detectors (GEOMET Technologies, Inc., 1991:2.4-

2.16).

Other factors that determine exposure to home radon is

time spent at home and equilibrium factor of radon

daughters. The EPA assumes that people in the United States

spend about 75% of their time in the home, based on a study

by GEOMET (EPA, 1992:2.13, 2.33).
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Dose-Response Assessment Step for the Radon Problem.

GEOMET Technologies, Inc. was not tasked to accomplish a

dose-response assessment step. For radon contaminated MFH,

GEOMET accomplished only the hazard identification and

exposure assessment to assess the concentrations of radon

found in the housing. The Air Force needed only radon

concentration levels in MFH. The dose-response assessment

step is assimilated here for demonstration purposes.

In the radon risk assessment, EPA estimates of lung

cancer incidence are based on data obtained from underground
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miners. Cancer risk in miners has been detected with

cumulative exposures as low as 40-70 Working Level Months

(WLM). A WLM is defined as exposure to the equivalent of

100 pCi/L for 170 hours. Extrapolation models used to

extrapolate extremely high doses in animals to low doses in

people are not required to determine the slope factor of

radon. Only small extrapolations are needed to bridge the

small gap between high uranium miners exposures to

residential exposures. According to the EPA, the average

cumulative U.S. exposure to home radon is 18 WLM or 1.25

pCi/L concentration. Determining the cancer rate of people

living in homes contaminated with 4 pCi/L concentrations of

radon requires no extrapolation procedures because these

residents are exposed to a 74-year lifetime exposure of 57

WLM (EPA, 1992:2.13-2.14).

Based on radon epidemiological studies of underground

minors, the EPA assumes a linear exposure-response

relationship for home radon concentrations. This assumption

is reinforced by similar assumptions by the International

Commission on Radiological Protection (ICRP) Committee and

Biological Effects of Ionizing Radiation IV (BEIR IV)

Committee, in addition to the EPA Science Advisory Board's

recommendation to continue to assume a linear exposure-

response relationship. For use with the BEIR IV model for

estimating cancer risk, the EPA applies a risk factor for

radon of 3.05 X 10-1 lung cancer deaths/person-WLM (EPA,

1992:2.14, 2.16).
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Currently, the EPA prefers an adjusted form of the BEIR

IV model to estimate lung cancer risk caused by radon. The

BEIR IV Committee developed this relative xisk projection

model based on four major cohort studies of underground

minors. The BEIR IV excess radon-caused cancer risk

equation is written as the following:

Radon Excess Cancer Risk=ro(a)*P*y(a)*(W1 +O.5W2 ) (16)

where RECR = rate of lung cancer mortality at a specific

attained age (a) from elevated radon

concentrations above ambient concentrations

r 0 (a) 2.24 X 10" deaths/person-WLM = the age-

specific baseline lung cancer mortality rate

(corrected for background radon exposure).

This value for radon is analogous to cancer

slope factors of chemicals.

= .0175 = the relative risk coefficient for

radon-induced lung cancer and adjusted to

home environment from mine environment

y = age-specific adjustment to the relative risk

coefficient for radon

y(a) = 1.2 when (a) < 55 years

- 1.0 when (a) is 55-64 years

= 0.4 when (a) >= 65 years
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W, - cumulative exposure occurring from 5 to 15

years beforj age (a)

W2 - cumulative exposure up to age (a - 15) years

A unique characteristic of the BEIR IV model is its

incorporation of epidemiologic study observation where lung

cancer incidence decreased from exposures in the distant

past. This adjustment for time is incorporated in the 0.5

W. element of Equation 16.

The understanding of radon risks has changed

significantly since 1987, when the Radon Reference Manual

was published. The effect has been to reduce the

uncertainty in the calculations of risk. At the time of the

publication of the Radon Reference Manual, the EPA advocated

the Relative Risk model. Since then, the EPA adopted an

average of the International Commission on Radiological

Protection model that was developed in 1987 and the BEIR

model developed in 1988. These events demonstrate the

change in perception of cancer risk since 1987. Table 11

illustrates the change in understanding of radon over time

and also demonstrates a level of uncertainty in this

understanding.

Though BEIR IV is the preferred model to estimate radon

risk, the model requires the development of an elaborate

program and the use of several volumes of the 1980 U.S.

Vital Statistics containing death rates and lung cancer

rates for a specified age person for a specified exposure
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Table 11

EPA's Radon Risk Estimates

Range of
Estimated Annual

Date of Lung Cancer
Model/Approach Estimate Deaths (90% Conf)

EA RelaieRsEPA Relative Risk 1986 5,000 - 20,000
Model ____

Average of ICRP 50 andBEIR IV 1988 8,000 - 43,000

BEIR IV Model
(as adjusted by EPA) 1992 7,000 - 30,000( a s dj u s ed b E P A I (E PA , 19 32 : 11.3 5

concentration and exposure duration. For this reascn and to

enhance comparability of risks, the simple slope factor

identified in the HEAST will be incorporated into the risk

assessment. HEAST table slope factor-, are EPA-approved

slope factors just as those slope factors listed in the IRIS

database. The HEAST table slope factor used in Equation 12

from Chapter III will tend to overestimate the risk

slightly, because radon exposures in the distant past are

not reduced by 50% as in the BEIR IV model. The incremental

differences of risk in CER calculations should not be

affected significantly, because the pre-mitigation risk and

post-mitigation risk are both inflated to the same degree.

The Risk Assessment of Landfills 8 and 10

At landfills 8 and 10, 0. H. Materials Corporation

conducted the PA/SI titled Preliminary Site-Specific Risk

Assessment for Landfills 8 ar." 10. Wright-Patterson AFB,

Ohio (August 13, 19911 and Engineering-Science, Inc.
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conducted the RI/FS titled Off-Source Remedial Investigation

Report For Landfills 8 and 10 at Wright-Patterson Air Force

Base (June 1993)/Focused Feasibility Study For Landfills 8

and 10 at Wright-Patterson Air Force Base, Ohio (August

19921.

Hazard Identification Step for Landfills 8 and 10.

Landfills 8 and 10 are located near each other in Area B of

WPAFB. Landfill 8 consists of 13 acres and received waste

from 1955 to 1962. Landfill 10 consists of 10 acres and

received waste from 1965 to 1968 (O.H. Materials Corp.,

1990:vi).

After closure, the area containing Landfill 8 was

converted into a neighborhood park. Later, leachate (water

which has seeped through the landfill debris) oozed out of

the ground in the park, causing foul odors. Hazardous

chemicals were detected in the leachate so the park was

closed and fenced off. The closed landfills border 317 MFH

where approximately 1000 people live in addition to several

private homes along National Road and Zink Road (Engineering

Science, 1993:1.6). Environmental health hazard warning

Signs are posted along the fence bordering the back yards of

the MFH (O.H. Materials Corp., 1990:vi). Though these

landfills are not classified as hazardous waste landfills,

they do contain significant amounts of hazardous waste in

addition to general refuse (O.H. Materials Corp., 1990:vi,

6.1). Tables 12 and Table 13 indicate quantity estimates of

hazardous waste believed to be buried in these landfills.
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The hazard potential was deemed significant enough to be

placed on the NPL.

There are 16,000 open and closed landfills in the

United States. In addition to polluting the environment,

these landfills are also contaminating aquifers used for

drinking water (EPA, 1987c:77). The EPA estimates that 40

people in the United States die annually from cancer due to

exposure to cancer causing chemicals emanating from

landfills (EPA, 1987c:77).

Table 12

Estimated Quantities of Hazardous Materials Landfilled

During the Active Life of Landfill 9 (1955-1962)

1 Estimated

Material Landfilled Quantity

Nickel acetate 1,300 gal

Cadmium oxide powder, sodium cyanide, 6,240 gal
caustic soda

Trichlorethylene (TCE) Unknown

TCE degreaser sludge 2 drums

Paint remover 11,200 gal

Carbon remover, PD-680, hydraulic fluid, 5,600 gal
paint thinner

Paint strippings 2,200 gal

Enamel Paints 133 drums

Solvent wastes, paint wastes, thinners 16 drums

Miscellaneous chemicals 2,400 lb

Plating solutions 400-800 gal

(O.E. Materials Corp., 1990:2-5)
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Table 13

Estimated Quantities of Hazardous Materials Landfilled

During the Active Life of Landfill 10 (1965-1968)

Estimated

Material Landfilled Quantity

Nickel acetate 800 gal

Cadmium oxide powder, sodium cyanide, 3,120 gal
caustic soda

Trichloroethylene (TCE) Unknown

TCE degreaser sludge 1 drum

Paint strippers, contaminated thinners, 220 gal
waste paint

Paint remover 5,600 gal

Carbon remover, PD-680, hydraulic fluid, 2,800 gal
paint thinner

Paint strippings 1,100 gal

Enamel Paints 67 drums

Solvent wastes, paint wastes, thinners 8 drums

Miscellaneous chemicals 1,200 lb

Plating solutions 150-300 gal
(0. H. Materials Corp., 1990:2-7)

Exposure Assessment Step for Chemicals Emanating from

Landfills 8 and 10. Indirect assessment of a population's

exposure to chemicals such as those emanating from landfills

through models introduces much more uncertainty than direct

measurements of indoor radon (EPA, 1992:2.12; Cohrssen and

Covello, 1989:67). Engineering-Science, Inc. determined

that ingestion, inhalation, and dermal exposure were the

main routes of exposure to the population near the landfills

resulting in the following significant exposure pathways:
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Ingestion of: -Drinking Water
-Soil
-Sediment
-Vegetables and Fruits

Inhalation of: -Vapors generated during showering
-Indoor air
-Outdoor air

Dermal exposure to: -Soil
-Sediment
-Water during showering
-Surface water
-Leachate water

In the RI/FS, Engineering-Science, Inc. made several

assumptions concerning exposure. First, they assumed there

were three potentially exposed populations: close proximity

resident child, close proximity resident adult resident, and

a close proximity resident adolescent trespasser. Current

and future land use scenarios were used. Current close

proximity residents are assumed to be Woodland Bills

residents drinking from private wells, though most residents

drink city water. The contractor in the RI/FS assumed that

the people living around the landfills were exposed to

landfill chemicals 6 years as a child and 24 years as an

adult. Current trespassers are assumed to ingest on-site

soil and sediment 26 days per year. Future residents are

assumed to live along the boundary of the landfills drinking

from private wells also located along the border of the

landfills. Future trespassers are assumed to be exposed to

surface water and leachate water 175 days per year

(Engineering-Science, Inc, 1993:6.3.1-6.3.1).
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Several models were used to estimate exposure to

chemicals. The contractor modeled shower air via the

Andelman model. The Industrial Source Complex Long-term

Dispersion Model (air dispersion model) was used to estimate

exposure to residents, assuming they all lived on the border

of the .ndfills. To simulate ground water and solute

movement through and away from the landfills, the contractor

used the SUTRA model. The model accounts for the

dispersion, sorption, and decay of contaminants. Another

model, Groundwater Loading Effects of Agricultural

Management Systems (GLEAMS) developed by the USDA

Agricultural Research Service, simulated the movement of

contaminants through the upper root zone for crops. This

model was used to predict chemical uptake in fruits and

vegetables.

Dose-Response of Landfill Chemicals. Engineering-

Science, Inc. obtained its slope factors in the priority

order of the IRIS first and the HEAST Tables second. If the

slope factors were not available in IRIS, then the

contractor used the BEAST Tables. The slope factors for the

hazardous chemicals found to be emanating from Landfills 8

and 10 are located in Appendix B.

The pitfall to using these slope factors is the

significant amounts of uncertainty added to the estimated

risk compared to the slope factor of radon. Most slope

factors originate from bioassays of rodents where

experimental data were gathered from subjects in small
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populations exposed to high concentrations of chemicals.

These data are then used in a mathematical extrapolation

process to predict low dose effects in large populations.

The risk analyst's understanding the effect of

uncertainty on risk will be useful during the CEM steps that

evaluate subjective information. If well-understood risks

lead to low CERs while poorly-understood and conservatively

artificially inflate risks and CERs, the decision maker may

consider re-adjusting project to compensate for this

phenomena.

Risk Management Process

The risk management phase is the process where CEM

deviates from current risk prioritization methodologies. In

this discussion, the risk management process concerning the

radon problem in WPAFB MFH and chemical contaminant problem

at landfills 8 and 10 will be discussed simultaneously in

this section.

Step 1: Characterize the Risk. Because the risk

characteriza- ion step is the same step for the risk

assessment process as well as the risk management process,

this section will suffice for both processes. The risk

characterization step for radon was not accomplished by

GEOMET Technologies, Inc.; however, the risks from exposures

to radon at WPAFB MFH will be calculated here to demonstrate

the CEM.
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Task 1: Determine Representative Standard Values

for CDI Calculations. The risk equation variables for radon

and the landfill chemicals will be standardized to enhance

comparability of the risks. The only exception is the

inhalation rate (IR); the IR for radon is an indoor value,

while the IR for the landfills is an outdoor value. The

standardized radon values assumed are listed in Table 14.

These values were generally taken from the RI/FS for the

landfills to normalize the data and enhance comparability.

Table 14

Standardized and Normalized Variables for Radon CER

Calculations

Standard Description Value

Effective Indoor Inhalation 15.16 L/day
Rate (6 yrs as a child and
24 yrs as an adult)

Conversion Factor (CF) 1000 L/m 3

Exposure Frequency (EF) 360 days/yr

Exposure Duration (ED) 30 yrs

Inhalation Slope Factor for 1.1 x 10-11 lung
Radon cancers/pCi

The standard values assumed for the landfills are in

Appendix C. The effective intake rates and effective body

weights were determined by proportional weighting (6 years

as a child and 24 years as an adult). For example, the
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calculation for effective body rate would proceed as the

following:

(6 yrs * 15 kg) 4 (24 yrs * 70 kg) / 30 yrs - 59 kg

Task 2: Calculate CDIs and Risks for Exposure

Pathways. CDIs and cancer risk calculations of radon and

landfill risk agents were strait-forward for chemicals

emanating from the landfills. For example, landfill-related

CDIs were calculated using Equations 4 through 10, and

landfill-related cancer risks were calculated using Equation

11 located in Chapter III. Radon exposure has no CDI

calculations, because radiation cancer affects are based on

cumulative exposure, not average daily exposure; however,

radon-caused cancer rates were calculated using Equation 12

located in Chapter III. Because there is more than one

exposure pathway characterized by the landfills, the pathway

risks were summed to determine a total risk from exposure to

the landfills. Table 15 shows the cancer summary estimates

calculated from these equations.
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Table 15. Summary of Landfill Risks by Pathway Medium

Medium: Ground Water Pathways

Present Future
Pathway Risk Risk

Ingestion of Drink'g Water (Pri Well) 4E-04 4E-04

Inhalation of Vapors While Showering 1E-07 9E-07

Dermal Exp. to Water During Showering 1E-06 1E-04

Totals 4E-04 5E-04

Medium: Surface Water Pathways

Current Future
Pathway Risk Risk

Dermal Exposure to Surface Water 9E-05 4E-04

Dermal Exposure to Leachate Water 1E-06 5E-06

Totals 9E-05 4E-04

Medium: Soil Pathways

Current Future
Pathway Risk Risk

Ingestion of Soil 3E-07 1E-05

Ingestion of Sediment 9E-07 3E-05
Dermal Exposure to Soil 5E-06 7E-05

Dermal Exposure to Sediment 5E-06 7E-04

Ingestion of Fruits 8E-08 5E-06

Ingestion of Vegetables 6E-07 1E-05

Totals 1E-05 2E-04

Medium: Air Pathways_

Current Future
Pathway jRisk Risk

Inhalation of Indoor Air OE+00 OE+00

Inhalation of Ambient Air 1E-04 1E-04

Totals 1E-04 IE-04

Total Site Risk 6E-04 1E-03
(Engineering Science Inc., 1993:Table 6.5.29,6.5.30)
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Figure 10 summarizes the specific risks of homes with

radon concentrations by increments of 1/10 of a pCi/L. The

X-axis represents the continuum of alternatives ranging from

the house that measured 17.6 pCi/L on the left side to 0

pCi/L on the right side of the axis. The solid line in the

figure represents risk resulting from exposure to the radon

concentrations. An individual's cancer risk ranges from 3.3

x 10-2 when living 30 years in a house contaminated with

radon concentrations of 17.6 pCi/L to 1.9 x 10-4 when living

30 years in a house contaminated with radon concentrations

of .1 pCi/L.

4. OE-02

3.5E-02

3. OE-02 .......----- ......-...

•' 2.OE-02

1.5E-02 -------------------

5. OE-03
5.3E-04

O.OE+W~ .... ....

Alternatives
_____ ____ ____ ____ ____2.1 pCi/L.

IRadon taLandfills 3. 1~/

Figure 10. Pre-Mitigation Risks of Radon

and Landfills 8 and 10
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For landfills 8 and 10, the remedial investigation

report estimates the risks to be 6 x 10-' and 1 x 10' for

current total pathway risk and future total pathway risk

respectively. From Table 16, the analysis of landfill

chemicals can be simplified to the study of three chemicals

for this thesis: Arsenic, Benzo(a)pyrene, and 1,1,2,-

trichloroethane. These three chemicals represent 88% of the

total risk associated with the landfills. Table 17 shows

the simplified landfill results of the cancer risk of each

chemical and pathway. In Table 17, the total current cancer

risk for this abbreviated list of chemicals totaled 5.3 x

10-' and is compared to the risk from radon exposure in

Figure 10. The risk from exposure to Landfill 8 and 10

chemicals consisted primarily of a 3.9 x 10- risk from

drinking arsenic contaminated water drawn from private wells

located near the landfill, a 7.3 x 10' risk from breathing

air containing 1,1,2-trichloroethane in outdoor air, and a

6.6 x 10' risk from dermal exposure to surface water

(Engineering-Science, Inc., 1993:6.5-9,6.8-2). These

estimates represent the most significant of those chemicals

that exceed the target risk levels of 10-1 to 10-4 set by the

EPA defining significant risk (Engineering-Science, Inc.,

1993:6.5.6). Exceeding the action level criteria may

establish the requirement to mitigate the landfills. Figure

10 puts the risk from exposure to Landfills 8 and 10 into

perspective with the risks from exposure from radon at

various concentrations.
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Table 16

Landfill Cancer Risk Percentages by Chemical

% of
Cancer Total

Chemical Risk Risk

Arsenic 3.9E-04 65

1,1,2-Trichloroethane 7.3E-05 12

Benzo(a)pyrene 6.8E-05 11

Benzene 1.5E-05 3

Benzo(k)fluoranthene 1.5E-05 2

Chromium VI 1.2E-05 2

Benzo(b)fluoranthene 9.5E-06 2

Beryllium 5.OE-06 <1

Trichloroethene 4.3E-06 <1

Methylene chloride 3.OE-06 <1

Aroclor-1254 2.9E-06 <1

Dibromochloromethane 1.2E-06 <1

bis(2-Ethylhexyl)phthalate 1.OE-06 <1

2378-TCDD 8.7E-07 <1

Chloroform 5.7E-07 <1

Dibenz(a,h)anthracene 5.4E-07 <1

Bromodichloromethane 5.1E-07 <1

Heptachlor 4.9E-07 <1

1234678-HPCDD 3.2E-07 <1

Aroclor-1260 3.OE-07 <1

Benzo(a)anthracene 2.5E-07 <1

Indeno(l,2,3-cd)pyrene 2.1E-07 <1

12346789-OCDD 2.OE-07 <1

Chrysene 1.3E-07 <1

Bromoform 1.OE-07 <1

Landfill Total Riski 6.1E-04 100
(Engineering Science Inc., 1993:Tabe 6.5.3)
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Table 17

Pre-mitigation Risks of Landfills 8 and 10

Chem Ingest. Ingest.
of Ingest. of Ingest. Ingest.
Drink'g of Sedi- of of
Water Soil ment Fruits Veg.

Ars 3.9E-4 1.6E-7 7.5E-7 4.4E-8 5.6E-7

Benzo 0.0 6.2E-9 5.9E-8 0.0 0.0

1,1,2-T 0.0 0.0 0.0 0.0 0.0

Tot.
Pathway 3.9E-4 1.7E-7 8.1E-7 1.OE-6 5.6E-7
Risk

Inhal. Dermal Dermal Dermal Dermal Dermal Total
of Exp. Exp to Exp to E::p to Exp to RiskAmb. to Sedi- Shower Surf. Leach. for
Air Soil ment Water Water Chem

1.8E-6 1.OE-7 4.7E-7 9.4E-7 1.4E-8 2.5E-8 3.9E-4

0.0 1.5E-7 1.5E-6 0.0 6.6E-5 0.0 6.8E-5

7.3E-5 0.0 0.0 0.0 0.0 0.0 7.3E-5

7.4E-5 2.6E-7 1.9E-6 9.4E-7 1 6.6E-5 2.5E-8 5.3E-4

Task 3: Characterize the Uncertainties. As

described in Chapter II, there are several sources of

uncertainty in the risk assessments. However, the degree of

uncertainty corresponding to the radon problem in MFH is

much smaller than the uncertainty corresponding to hazard

agents emanating from landfills 8 and 10.

Uncertainties Correspondinq to the Radon

Problem. Data reliability in the laboratory that read the

radon detectors was monitored using duplicate detectors
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placed side by side experimental radon detectors. Another

effort to ensure data reliability was sending spiked

detectors exposed to radon chambers of known concentrations

to the analytical laboratory. Lab results showed that the

precision of the duplicate detectors averaged +/- 10%, and

accuracy and precision for spiked detectors were +/- 15% and

+/- 10% or better respectively for all samples (GEOMET

Technologies, Inc., 1991:3.15-3.17). Although WPAFB

demonstrated great care in sampling, there is still some

uncertainty in any radon testing (EPA, 1992:2.13).

The uncertainty range of the 75% individual occupancy

rate is 65% to 80% (EPA, 1992:2.13, 2.33). Though this

average is representative of the typical home in the United

States, there is still some uncertainty introduced by using

these value (EPA, 1992:2.13).

The small amount of uncertainty which exists in radon

exposure results from some error in residential measurements

and the occupancy factor (EPA, 1992:2.13). Compared to

typical risk assessments for landfill contaminants, the

average radon exposure estimates are strongly representative

of the exposures. At WPAFB, the uncertainty of the average

exposure concentrations was reduced because radon detectors

were in place for a year, during which error may originate

from seasonal fluctuations and variable weather conditions

were included in the radon exposure estimates.

The EPA projects the central estimate of BEIR IV

determined cancer risk from radon could be 2.6 times larger
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or 1.6 times lower than estimated with the BEIR IV model.

The EPA central estimate for the BEIR IV slope factor

(224 x 10-'), low estimate for the BEIR IV slope factor

(140 x 10-'), and high estimate for the BEIR IV slope factor

(540 x 10-') will be applied to EPA's HEAST Table slope

factor during sensitivity analysis. The resulting

uncertainty range estimate projects a slope factor that is

.625 times smaller and 2.545 times larger (EPA: 1992:2.30).

Uncertainties Correspondinc to the Landfill

Problem. The uncertainty associated with slope factors of

landfills chemicals is much greater than the uncertainty

associated with the slope factor of radon, possibly orders

of ma- ituie larger. Table 18 portrays the evidence

available on each chemical and the relative degree of

confidence in the value. In IRIS, the EPA noted

particularly significant uncertainty concerning arsenic.

Comments in IRIS stated that risk due to exposure to arsenic

could be overstated and may be modified downwards by an

order of magnitude relative to the risks of other

carcinogens. If the risk analyst does reduce the slope

factor, the EFA requires documentation stating that the

slope factor was reduced (IRIS, Jan 1993). The effects of

varying arsenic's slope factor, as well as other risk

agents, will be studied in the sensitivity analysis.
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Table 18

Evidence and Relative Degree of Confidence in

the Slope Factors

Chemical Evidence For Degree of
Slope Factor Confidence in Slope

Factor

Arsenic 1 Human study Very Highly
(IRIS, Jan 1993) Uncertain

Benzo(a)pyrene 4 Studies of 4 Adequate
(IRIS, Jan 1993) rodents species Fairly Uncertain

and several Range est - 4.5 to
primates 11.7 per mg/kg/day

Radon 4 Human Cohort Estimate-224 x 10-6
(EPA, 1992:2.17, Studies of miners Low-140 x 10'/WLM
2.30) High=570 x 10-'/WLM

1,1,2- Modeling of 1 Highly Uncertain;
Trichloroethane animal data set. Modeling was done
(IRIS, 1993) Evidence in 1 on only one data

strain of mice set
but not rats.

The tables in Appendix D subjectively summarizes the

uncertainties associated with the RI. The uncertainty

associated with the mitigation cost is +50% to -30% of the

estimated amount (Engineering-Science, Inc, 1992:ES.3).

SteR 2: Evaluate Control Options. During this step,

the contractor will require flexibility when evaluating

alternatives. The varying nature of mitigation alternatives

and the number of alternatives requires this need to adapt

to the situation. The two sites being evaluated illustrate

this point.

Task 1: Evaluate the Feasibility of Mitiuation

Alternatives for Each Site Using the Nine Evaluation

Criteria listed in the National Contingency Plan. For
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mitigation of radon in existing housing without basements,

sub-slab suction is the preferred mitigation technique,

because it is both effective and energy efficient. The

radon contamination in MFH was measured in increments of 0.1

pCi/L in a range from 0 to 17.6 pCi/L. The decision maker

therefore faces a decision of what radon concentration level

to mitigate to; there are 176 possible radon contamination

levels to mitigate to between 0.0 pCi/L and 17.6 pCi/L.

Because the EPA has recommended mitigation of homes at 4

pCi/L or higher, all authorities would agree that this would

be the evaluation criterion. The nine evaluation criteria

do not apply to radon contamination, because they were

written for mitigation of hazardous waste. The 176

mitigation alternatives for radon contrasts to a few dozen

technology alternatives to mitigate the landfills.

Evaluation of all potentially viable landfill

mitigation technologies against the nine evaluation criteria

resulted in a compilation of several technologies into the

four alternatives listed in Table 19.

Table 20 lists the removal efficiencies expected from

alternatives 2, 3, and 4. Because the contractor account

for the affect of background contaminants on removal

efficiencies, the removal efficiencies listed in Table 21

were assumed in this research.
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Table 19

Description of Alternatives for Source Control

at Landfills 8 and 10

Alternative Actions

Alternative 1 No Action

Alternative 2 Access restrictions; deed restrictions;
air, explosive gas, and ground-water
monitoring; clay caps; landfill gas
extraction wells; enclosed ground flares,
leachate extraction wells; public water
supply, plus:
Leachate treatment using equalization,
biological treatment, metals removal,
chemical oxidation; and surface water
discharge.

Alternative 3 Access restrictions; deed restrictions;
air, explosive gas, and ground-water
monitoring; clay caps; landfill gas
extraction wells; enclosed ground flares,
leachate extraction wells; public water
supply, plus:
Leachate treatment using equalization,
biological treatment, metals removal,
granular activated carbon; and surface
water discharge.

Alternative 4 Access restrictions; deed restrictions;
air, explosive gas, and ground-water
monitoring; clay caps; landfill gas
extraction wells; enclosed ground flares,
leachate extraction wells; public water
supply, plus:
Leachate treatment using equalization,
biological treatment, metals removal, air
stripping, and activated carbon; and
surface water discharge.

Note: Differences are highlighted in bold print
(Engineering-Science, 1992:Table 4.2)
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Table 20

Contractor Estimate of Removal Efficiencies

of Landfill Alternatives

Chemical Removal Documentation
Percentages* Source

Arsenic 75% of effluent (Engineering-
Science,
1992:Tables
4.5,4.6,4.7)

Benzo(a)pyrene 90-100% of (Engineering-
effluent Science, 1992:

Table 4.4)

1,1,2- 89% in air (Engineering-
Trichloroethane Science, 1992:

Table 4.13)
*Alternatives 2,3, and 4 have identical removal efficiencies

Table 21

Estimate of Reduced Removal Efficiencies

of Landfill Alternatives Due to Affect of

Background Contaminants

Chemical Removal
Percentage* Rationale

Arsenic 25% in effluent, Soil concentration
sediment, fruits, estimate was 8
vegetables, mg/kg compared to
surface water; 3.1-12.3 mg/kg
0% in soil and air background

concentration.

Benzo(a)pyrene 95% in effluent, All organic
sediment, soil, contaminants were
surface water assumed to

originate for the
landfills

1,1,2- 89% in air All organic
Trichloroethane contaminants were

assumed to
originate for the
landfills

*Alternatives 2,3, and 4 have identica removal efficiencies
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Task 2: Calculate CERs for Feasible Alternatives.

To calculate the CERs, the removal rates must be applied to

pre-mitigation contaminant exposure concentration to

estimate the post-mitigation risks. After the post-

mitigation risk is estimated, incremental risks are the

difference between the pre-mitigation risk and the post-

mitigation risk. Figure 11 summarizes the risk reductions

resulting mitigation of the radon-contaminated MFH as well

as Landfills 8 and 10; It also compares the risk reductions

resulting in these two mitigation projects. To better

interprete risk reductions for Landfills 8 and 10, these

risk reductions are specified in Table 22.

There were several assumptions made for the

determination of CERs in addition to those already

identified. These assumptions were normalized over both

sites to enhance comparability of risks and CERs. The CER

calculations included the following assumptions:

- 4 people live in each household

- Mitigation alternatives for non-organic contaminants

could not lower contaminant levels below background

levels.

- All organic contaminants were assumed to originate

from the landfills; therefore, mitigation

alternative efficiencies did not consider background

levels of organic chemicals.
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Figure 11. Size of Risk Reduction as a Result of Radon and

Landfill 8 and 10 Mitigation

Tables 23 and 24 contain the results of CER

calculations. Figure 12 illustrates the large difference

between the size of the CERs between the two mitigation

projects. In Figure 12, the line for radon alternatives

represents the CER of mitigating each radon concentration

listed in Table 23 to 2 pCi/L. The highest CER is for the

radon concentration of 17.6 pCi/L. The location on the

graph where the CERs for radon is 0 represents

concentrations of 2 pCi/L or less. The four blocks near a

CER of 0 represent alternatives 1, 2, 3, and 4 and

correspond to CERs of 0, 1.12 x 10-1, 0, and 0 respectively.

The CERs for alternatives 3 and 4 are "0", because no
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additional risk reduction is achieved for additional cost.

From these tables and Figure 12, it is concluded that

mitigation of radon in the MFH at WPAFB saves many more

lives per dollar than the mitigation of landfills 8 and 10;

surprisingly, mitigation reductions from 2.1 pCi/L to 2.0

pCi/L produces a higher CER than all mitigation actions

planned at landfills 8 and 10.

Table 22

Risk Reduction Estimates for Landfills 8 and 10

(Reducing Mitigation Efficiencies to Account for Background

Contaminant Levels)

Ingest. Ingest.
of Ingest. of Ingest. Ingest.
Drink'g of Sedi- of of

Chem. Water Soil ment Fruits Veg.

Ars 9.7E-5 0.0 1.9E-7 1.1E-8 1.4E-7

Benzo 0.0 5.9E-9 5.6E-8 0.0 0.0

1,1,2-T 0.0 0.0 0.0 0.0 0.0

Tot.
Pathway 9.7E-5 5.9E-9 2.4E-7 2.6E-7 1.4E-7Risk

Inhal. Dermal Dermal Dermal Dermal Dermal Total
of Exp. Exp to Exp to Exp to Exp to Risk
Amb. to Sedi- Shower Surf. Leach. for
Air Soil ment Water Water Chem

0.0 0.0 1.2E-7 2.3E-7 3.5E-9 6.3E-9 9.7E-5

0.0 1.5E-7 1.4E-6 0.0 6.3E-5 0.0 6.5E-5

6.5E-5 0.0 0.0 0.0 0.0 0.0 6.5E-5
6.5E-5 1.5E-7 1.5E-6 2.3E-7 6.3E-5 -9 2.3E-4
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Table 23. CERs of Mitigation Alternatives for Radon in

WPAFB MFH Units (Mitigation to 2 pCi/L assumed)

Radon Radon Radon Radon
Conc . CER Conc. CER Coc CER Conc. CER

17.6 4.3E-5 7.9 1.6E-5 5.2 8.8E-6 2.5 1.4E-6

12.8 3.OE-5 7.8 1.6E-5 5.1 8.5E-6 2.4 1.1E-6

12.7 3.OE-5 7.7 1.6E-5 5.0 8.3E-6 2.3 8.3E-7

12.6 2.9E-5 7.6 1.5E-5 4.9 8.OE-6 2.2 5.5E-7

12.0 2.8E-5 7.5 1.5E-5 4.8 7.7E-6 2.1 2.8E-7

11.6 2.7E-5 7.4 1.5E-5 4.7 7.4E-6 2.0 0.0

11.4 2.6E-5 7.3 1.5E-5 4.6 7.2E-6 1.9 0.0

11.3 2.6E-5 7.2 1.4E-5 4.5 6.9E-6 1.8 0.0

11.0 2.5E-5 7.1 1.4E-5 4.4 6.6E-6 1.7 0.0

10.8 2.4E-5 7.0 1.4E-5 4.3 6.3E-6 1.6 0.0

10.5 2.3E-5 6.9 1.4E-5 4.2 6.1E-6 1.5 0.0

9.6 2.1E-5 6.8 1.3E-5 4.1 5.8E-6 1.4 0.0

9.5 2.1E-5 6.7 1.3E-5 4.0 5.5E-6 1.3 0.0

9.4 2.OE-5 6.6 1.3E-5 3.9 5.2E-6 1.2 0.0

9.3 2.OE-5 6.5 1.2E-5 3.8 5.OE-6 1.1 0.0

9.2 2.OE-5 6.4 1.2E-5 3.7 4.7E-6 1.0 0.0

9.0 1.9E-5 6.3 1.2E-5 3.6 4.4E-6 0.9 0.0

8.9 1.9E-5 6.2 1.2E-5 3.5 4.1E-6 0.8 0.0

8.8 1.9E-5 6.1 1.1E-5 3.4 3.9E-6 0.7 0.0

8.7 1.9E-5 6.0 1.1E-5 3.3 3.6E-6 0.6 0.0

8.6 1.8E-5 5.9 1.1E-5 3.2 3.3E-6 0.5 0.0

8.5 1.8E-5 5.8 1.1E-5 3.1 3.OE-6 0.4 0.0

8.4 1.8E-5 5.7 1.OE-5 3.0 2.8E-6 0.3 0.0

8.3 1.7E-5 5.6 9.9E-6 2.9 2.5E-6 0.2 0.0

8.2 1.7E-5 5.5 9.7E-6 2.8 2.2E-6 0.1 0.0

8.1 1.7E-5 5.4 9.4E-6 2.7 1.9E-6 0.0 0.0

8.0 1.7E-5 5.3 9.1E-6 2.6 1.7E-6
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Table 24

CERs of Mitigation Alternatives for Landfills 8

and 10 at WPAFB (Most Likely Post-Mitigation Levels

Considering the Influence of Background Contaminants)

Pr.- Post- Incr*
Kit Kit Incr Pop Est. Kit.* Cost
Risk Risk Risk # Lives Cost of

Alt (10-4) (10'4) Red. Exp Saved ($106) Alt.____ __ _ ___ _ __ ___ ___ ___ CER

1 5.3 5.3 0 1200 0 0 0 0

2 5.3 3.1 2.3 1200 .27 24.27 24.27 1.12x
10-8

3 3.1 3.1 0 1200 0 25.68 1.41 0

4 3.1 3.1 0 1200 0 26.03 .35 0
Rounded to the nearest .01

1 .2E-04

8. 0E-05 ------------------------------------------

w .0 E-05 ------------------------ ----------- ----

C-)

,j .., .- ,,5 ------------------ ....... .. -.. ... .4 .O E-05 -- ---------------------- ---

2.O E-05 --- - -- ---------- ------- ---

O.OE+00

0, 1.1E-08. o. o Altematives
respectively for 2.1 pCi/L
LF Alt 1o2.3 &4- Radon Alts m Landfill Alts3. pCi/L

Figure 12. CERs of Cleanup Alternatives to be ranked
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Task 3: Conduct Sensitivity Analysis. The

sensitivity analysis concentrated on the variability of the

slope factor. The sensitivity analysis on exposure

concentrations will be omitted, because the linear nature of

the formulae would produce similar results as varying the

slope factors. Sensitivity analysis is useful to establish

an understanding of how uncertainty affects the risk

estimates and CERs. It is especially important if the CERs

of alternatives are relatively close to each other. This

information may justify readjustment of rank standings

during the subjective evaluation.

For the sensitivity analysis, each slope factor was

multiplied by an uncertainty factor to test the effect on

the CER. Figures 13, 14, 15 and 16 illustrate the effect of

varying the radon slope factor and the landfill chemical

slope factors on the mitigation CER.

In reviewing Figures 13, 14, 15, and 16, two general

patterns can be seen in the sensitivity analysis. First, if

the exposure concentrations and the slope factors are large

enough to establish a significant risk, then varying the

slope factor has a substantial affect on the CER. This

relationship can be seen in several circumstances. The most

obvious example is variability of radon. The slope factor

of radon (1.1 x 10"11 per pCi/L of cumulative lifetime

exposure) and its corresponding exposure concentration are

large enough to equate to a significant cancer risk.

Figures 13 and 14 illustrate large fluctuations in the CERs
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Figure 13. Sensitivity Analysis to Test the Affect of
Decreasing the Radon Slope Factor by 27%

of radon mitigation as the radon slop factor is varied

within a small range. This same pattern is illustrated

Figure 15 and Figure 16 with the ingestion of arsenic,

inhalation of l,1,2-trichloroethane, and dermal exposure to

benzo(a)pyrene. Figure 15 and Figure 16 also illustrate a

second observation. Increasing the mitigation efficiencies

increases the sensitivity of the CER to uncertainty in the

slope factor.
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Variability in the slope factors does not siqnificantly

enter into the analysis of these two sites, because of the

CERs of radon mitigation are still larger than the CERs of

landfill mitigations even in the sensitivity analysis. If

the CERs of landfill mitigation had exceeded the CERs of

radon mitigation in the sensitivity analysis, then the

relationships would need closer study in the subjective

analysis.

1 .2E-04

1.OE-04 ------------------------ ---

8 .OE-05 ---------------------------------

LU 6.OE-05------------ ....... ......................--................

4.OE-05 -----------------------------------------

2.O E -05 -- ------------- -- ------- ---

O.OE+OOr A

0, 1.1E-08, 0, 0 Aternatives
respectively for 2.1 pCi/L
LF Alt 1,2,3 &4

-Radon Alts fa Landfill AltS3 .lpCi/L

Figure 14. 3'ensitivity Analysis to Test the Affect of
Increasing the Radon Slope Factor by 254%
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Figure 15. Sensitivity Analysis Testing the Affect of
Changing Landfill Slope Factors on CERs (Ignoring Influence

of Background Concentrations)

Key to Figure 15:

(1) = Ingestion route of Arsenic;

(2) - Ingestion route of Benzo(a)pyrene;

(3} - Inhalation route of 1,1,2-Trichloroethane;

(4) - Inhalation of Arsenic;

(5) - Dermal absorption of Arsenic;

(6) = Dermal Absorption of Benzo(a)pyrene.
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Figure 16. Sensitivity Analysis Testing the Affect of
Increasing Landfill Slope Factors on CERs (Most Likely

Mitigation Efficiencies)

Key to Figure 16:

(1) - Ingestion route of Arsenic;

(2) = Ingestion route of Benzo(a)pyrene;

(3) - Inhalation route of 1,1,2-Trichloroethane;

(4) = Inhalation of Arsenic;

(5) - Dermal absorption of Arsenic;

(6) = Dermal Absorption of Benzo(a)pyrene.
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Step 3: Conduct Non-Risk Analysis. This step has only

one task.

Task 1: Evaluate Subjective Factors Specific to

the Site. For this task, the contractor will assemble all

subjective factors applicable to the site. Tables 25 and 26

summarize the relevance of the subjective factors.

Table 25

Subjective Factors to Consider for Radon Mitigation Ranking

(Applies to All Radon Mitigation Alternatives)

Alternative Subjective Factors

Do Nothing - 15.5 additional cancers
expected
- Will not comply with EPA
recommendations to mitigate
- Will not comply with Air
Force directive under RAMP
to mitigate buildings over
4 pCi/L
- Will not alarm public as
much as man-made cancer
hazards

Mitigate to 3.1 pCi/L - Expect to save 13.6 lives
- Will not alarm public as
much as man-made cancer
hazards
- No ecological factors
- Relatively little
uncertainty

Mitigate to 2.0 pCi/L - Expect to save 15.5 lives
- There are no ecological
factors
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Table 26

Subjective Factors to Consider for Landfill 8 and 10

Mitigation Ranking

Alternative Subjective Factors

Do Nothing (Alt 1) - Expect .3 additional
cancer
- Degree of uncertainty is
very large
- May alarm the public
- Will continue to
contaminate the aquifer.
- EPA may over-rule
decision, because landfills
8 and 10 are on the NPL
- Alternative will not meet
any of the 9 NCP evaluation
criteria
- Alternative will not
protect the health of the
public

Implement Alternative 2 - Estimate to save .3 of a
life
- Degree of uncertainty is
very large
- Site will meet the 9 NCP
evaluation criteria.
- Small wetland on top of
landfill may decrease in
size
- Poses additional risks to
workers handling chemicals
during the chemical
oxidation process

Implement Alternative 3 - Same as alternative 2
except no risk to workers,
because there is no
chemical oxidation process

Implement Alternative 4 - Same as alternative 2
except no risk to workers,
because there is no
chemical oxidation process

Step 4: Present to Decision-Makers for Ranking. Step 4

consists of four tasks. If the SOW is properly written, all

123



of the CEM may be accomplished by the contractor up to this

step.

Task 1: Rank Projects Based on Incremental CERs.

During this task, the decision-makers rank the mitigation

projects by applying the selection algorithm, as described

in Chapter III, to Figure 12. In doing so, the decision-

makers choose mitigation alternatives by passing a plane

from the top of Figure 12. The alternative CERs which the

plane passes first are ranked first. The result of this

task is the creation of Table 27. For the purposes of this

Table 27

Illustrated Algorithm Output for Ranking

Site &

Alternative Incremental Cost Budget Balance

Do Nothing $0 $28,000,000

Mitigate Radon in $1,720,012 $26,279,988
MFH to 3.1 pCi/L

Mitigate Radon in $1,184,142 $25,095,846
MFH to 2.0 pCi/L

Implement Alt 2 $24,271,000 $824,846
to mitigate
Landfills 8 & 10

thesis, a 28 million dollar budget is assumed. From Table

27, Table 28 is created. This table summarizes the ranking

order resulting from the application of the ranking

algorithm in Chapter III.
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Table 28

Illustrated Preliminary Ranking Results for Funding

Prioritized Site Prioritized Mitigation Funding Amount
Alternative

Radon in WPAFB Mitigate MPH Units at $1,720,012
MFH 3.1 pCi/L or higher

Radon in WPAFB Mitigate MPH Units at $1,184,142
MFH 2.1 pCi/L or Higher

Landfills 8 £ 10 Alternative 2 $24,271,000

Task 2: Consider Subjective Factors. During this

task, the decision maker weighs the subjective factors

identified in step 3 and adjusts the ranking if necessary.

Any adjustments must be documented and thoroughly justifi.d

for future reference.

Task 3: Hold Public Meeting. CERCLA (Section 121)

requires the consideration of public comment prior to

selecting the mitigation alternative.

Task 4: Final Ranking of Projects. After

considering the CERs, subjective factors, and public

comment, the decision maker may readjust the mitigation

project ranking. Justification in writing of re-ranking is

advised for future reference.
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V. Conclusions and Recommendations for Further Study

Conclusion

The development of a methodology to rank mitigation

projects to meet the two evaluation criteria established in

Chapter 1 was achieved. The Cost Effectiveness Methodology

(CEM) offers the decision maker the flexibility to rank

projects across wide categories of risks (criteria 1) as

well as rank mitigation projects first with the highest CERs

(criteria 2).

In Chapter 2, the CEM was established as the best risk

management method to prioritize mitigation projects for

funding when compared to the two evaluation criteria.

First, the cost-effectiveness technique, the precursor to

the CEM, was compared to four other regulatory decision

frameworks. The cost-effectiveness technique was the only

model to meet both evaluation criteria. Furthermore, the

CEM was compared with two current ranking methodologies used

to rank hazardous waste sites. Again, the CEM was

established as the only methodology to meet both evaluation

criteria.

Next, Chapter 2 analyzed two vulnerabilities of the

CEM. First, the CEM requires a thorough risk assessment to

quantify site risks. This additional effort is a

disadvantage over the EPA's application of the HRS after the

Preliminary Risk Assessment. The Defense Priority Model
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shares this same disadvantage with the CEM. Second, because

the CEM relies entirely on quantified risk estimates, it is

vulnerable to errors when ranking mitigation projects with

unequal degrees of uncertainty. Because the CEM can be

applied to mitigation projects across wide categories of

risks, the amount of uncertainty in risk estimates and cost-

effectiveness ratios (CERs) is assured to vary.

The majority of the remainder of Chapter 2 studied

sources of uncertainty in the risk assessment process to

develop an understanding of the origins of uncertainty,

because the CEM is vulnerable to biased uncertainty. This

understanding of uncertainty is crucial if the risk analyst

hopes to facilitate the comparability of risks among sites

awaiting prioritization. Chapter II concluded with a brief

discussion of the risk management process which serves as a

road map for developing the CEM.

Once a foundation of understanding of the basic risk

assessment and risk management processes was laid, as well

as a development of understanding of the uncertainties

inherent in the process in Chapter 2, Chapter 3 developed

guidelines in applying the CEM. Designed into the CEM are

measures to enhance conformance to the two evaluation

criteria established in Chapter 1. These measures will help

facilitate broader applicability and better comparability.

To validate the CEM, Chapter IV applied the CEM

developed in Chapter III to two mitigation projects:

mitigation of landfills 8 and 10 and the mitigation of high
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levels of radon gas in military family housing. The CEM

recommended funding to mitigate radon in the military family

housing to 2 pCi/L before any mitigation of Landfills 8 and

10. The risk assessment confirmed the national consensus

that radon exposes more risk to people than landfills

(7,000-30,000 deaths from indoor radon v.s. 40 deaths from

exposure to landfill chemicals). In addition, the CEM

demonstrated that mitigation of radon in the MFH at WPAFB

can reduce the number of radon-caused cancers by 100 to 1000

times the number than mitigation of Landfills 8 and 10 will

reduce the number of landfill-caused cancers. Comparing the

size of the CERs of mitigation alternatives informs the

decision makers of this observation.

The application of the "EM confirmed the external

validity as well as the internal validity of the CEM. The

application of the CEM to such diverse mitigation projects

as mitigation of radon and mitigation of landfills adds

evidence of CEM's external validity. External validity is

the ability of generalize the experimental results to

broader applications (Emory and Cooper, 427-428). The two

sites were very much different from each other. The radon

problem consisted of hundreds of individual sites

contaminated from a naturally occurring radioactive element.

On the other hand, the landfills were two sites emanating

hazardous chemicals and considered a significant enough

threat to be placed on the nation's national priority list.

The application of the CEM to WPAFB does confirm that CEM
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prioritizes those mitigation projects that save the most

lives per dollar and thereby confirms CEM's internal

validity. Internal validity is achieved when conclusions

drawn from a demonstrated experimental relationship imply

cause (Emory and Cooper, 424-427). Inverting the CER

demonstrates the intuitiveness of the CEM. Inverting the

ratio changes lives saved per dollar spent to dollars spent

per life saved. A methodology that will guarantee fewer

dollars spent to save a life is a desirable goal.

Significance of CEM Development

The CEM, as developed in this thesis, is an excellent

management tool for decision-makers who have the

responsibility to choose mitigation actions for

environmentally contaminated sites, prioritize contaminated

sites for cleanup, and allocate funds to projects with a

limited budget.

The CEM approaches the mitigation prioritization

process with a new way of thinking. Where current

prioritization methods rank contaminated sites exposing the

most risk to a population, the CEM ranks those alternatives

first that save the most lives per dollar. This new

approach allocates mitigation funds in a more efficient

manner; thereby, reducing the total cancer risk to a

population more effectively. There are two benefits--less

total cancer risk to society and more money available to

spend cleaning up more sites.
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Also revolutionary in the application of the CEM is the

method by which the mitigation alternative for a site is

selected. Contrary to the traditional CERCLA process of

selecting the mitigation alternative after the RI/FS, the

decision-maker, in the CEM, selects mitigation actions from

a collection of unfunded competing projects. Those cleanup

projects not selected will compete in future years when more

funding become available. This procedure helps ensure that

mitigation funding will be applied where it will have the

most effect.

Recommendations for Further Study

The development of the CEM fosters many avenues for

further research. Further research can be applied to four

broad improvement areas: increasing the validity of the CEM,

improving the efficiency of applying the CEM, strengthening

inherent weaknesses of the methodology, and widening the

applicability of the CEM.

The first improvement area covers the realm of

improving the model validity. Although the application of

the CEM demonstrated some external validity of the model,

the CEM needs more and broader test applications to give it

more external validity and credibility. Perhaps some

applications to rank projects to mitigate sites

characterized by leaking underground storage tanks, fuel

spills, or asbestos in buildings may be good application

tests. Incorporation of simulation models to test CEM's
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capability to save lives with other prioritization

methodologies would best document the CEM's superior

prioritization results.

The second area with potential for improvement is

efficiency of model application. To facilitate the

efficiency of applying the CEM, several new techniques could

be incorporated into the methodology. To assist manual

analysis, new tables could be developed to expedite

calculating CERs. There may be a more efficient algorithm

for which to rank projects given their CERs. Significant

improvements in the efficiency of applying the CEM can be

realized by automating the analysis with a computer program.

A third area for further research is the development of

techniques to strengthen apparent weaknesses of the CEM.

The first weakness was the necessity to delay the

application of the CEM until the RI/FS was completed. Since

preliminary assessments (PA) generally project risks, the

CEM may be legitimately applied earlier in the risk analysis

process. The difficulty lies in the large degree of

uncertainty characterized in the PA risk estimate. As

previously discussed, the CEM is sensitive to differences of

uncertainty among mitigation projects. Large uncertainties

of PA risk estimates and smaller uncertainties of RA risk

estimates pose a challenge in applying the CEM earlier in

the risk assessment process. Uncertainty also exists after

the PA/SI concerning mitigation costs. Feasible mitigation

actions and costs will not be known yet. The second weakness
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concerns the sensitivity of the CEM to differences of

uncertainty among hazardous sites. Research is needed to

develop more techniques to enhance methodological

consistency and comparability of risks so bias can be

reduced to a minimum between sites. If site risks can be

rendered more comparable, then the CEM will be a more

accurate and useful ranking tool.

In addition to all of these areas for further research,

there is another very unique opportunity to apply the CEM--

ranking pollution prevention projects. This application

would follow a similar procedure as outlined in Chapter III.

Estimates of risk aversion could be correlated to pollution

prevention alternatives. Once a method could be

established, pollution prevention cost estimates would be an

elementary procedure. The ratio of risk averted to cost

would establish an CER. Pollution prevention projects could

then be ranked as mitigation projects were in this thesis.

Eventually, mitigation projects could compete for funding

using the CEM.
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A~pendix A: Definition of Terms

Air Staff - Headquarters, United States Air Force

Chronic Daily Intake - Average daily dose taken over an
assumed 70 year lifetime (Masters, 1991:204)

Conservative - Selection of assumptions, parameter
estimates, models, or procedures that are designed to ensure
that resulting estimates of health risks are unlikely to be
understated (Maxim, 1989:527)

Ecological Effects - Effects on natural ecosystems that
result in habitat modification and environmental pollution
(EPA, 1987c:6).

Ecosystem - The complex of a community and its environment
functioning as an ecological unit in nature (G. & C. Merriam
Company, 1975:360)

Hazardous Waste - A waste is considered hazardous if it
exhibits any of the characteristics such as ignitability,
reactivity, corrosivity, or EP toxicity (Wentz, 1989:89)

Health Effects Assessment Summary Tables (HEAST) - EPA
reference that contains cancer slope factors

Integrated Risk Information System (IRIS) - EPA database of
information on toxic substances (Masters, 1991:204).

MAJCOM - (Major Command) Air Force organizational structure
located above the base level and under the Headquarters,
United States Air Force.

Model - A representation of a system which is constructed
for the purpose of studying some aspect of that system or
the system as a whole (Emory and Cooper, 1991:63).

Micro-economics - Cost determination through the supply and
demand relationship is the basis of micro-economics
(Aldrich, 1992:6).

Mitigate - Procedure to correct or clean up an environmental
hazard

Non-cancer health risks - Numerous adverse health effects in
addition to cancer from toxic substances in the environment.
These adverse effects can range from acute to chronic
symptoms (EPA, 1987c:6).

pCi/L - Decay rate in picocuries per liter (1 pCi/L is equal
to 1 radon disintegration every 27 seconds in one liter of
air) (EPA, undated:G1-G12)
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Radon - A colorless, naturally occurring, radioactive, inert
gaseous element formed by radioactive decay of radium atoms.
Chemical symbol is Rn, atomic number is 86 (EPA, 1987b:12).

Risk - Chance of cancer developing due to exposure from an
environmental hazard during a specified period of time.
Time period is 70 years unless otherwise specified.

Risk Agent - Chemical substance, biological organism,
radioactive material, or other potentially hazardous
substance or activity (Cohrssen and Covello, 1989:371).

Risk Assessment - A component of risk analysis referring to
the strict technical assessment of the nature and magnitude
of risk (Cohrssen and Covello, 1989:5).

Risk Analysis - A process to technically assess the nature
and magnitude of risk plus methods to investigate the best
use of the resulting information (Cohrssen and Covello,
1989:1).

Risk Management - The use of information from risk
assessment and analysis together with information about
technical resources, social, economic, and political values,
and control or response options to determine means of
reducing or eliminating risk (Cohrssen and Covello, 1989:2).

Slope Factor - The slope of the dose-•esponse curve produced
by a risk estimating model. Slope factors can also be
interpreted as the risk produced by a lifetime average daily
dose of 1 mg/kg/day (Masters, 1991:204).

Welfare Effects - Includes a variety of damages to property,
goods and services or activities to which monetary value can
often be assigned. Damage occurs to natural resources,
recreation areas, materials, aesthetic values, and public
and commercial property (EPA, 1987c:6).

Working Level (WL) - any combination of short-lived radon
decay products that will result in the emission of 1.3 x 10
exponent 5 MeV of alpha energy per liter of air; the energy
released by 100 pCi/L of radon in equilibrium with its decay
products. (EPA, undated:Gl-G12)

Working Level Month (WLM) - originally defined as the
expected radiation absorbed by uranium miners during one
month of work. Now defined as exposure to the equivalent of
100 pCi/L for 170 hours (EPA, undated:G1-G12).
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Appendix B: Toxicity Values
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AR~endix B f Continuedl: Toxicity Values
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Avvendix B (Continued): Toxicitv Values

Wqb

v ~ ~ ~ w W.b, .• ,'

ovI

-34

i - a m :3 a

.6 C
Sj

(Enginering-cience, In.193Tal 641

IB-3



AR~endix B (Continued): Toxicity Values

. . .I* * . * .

g 
-

I* IV

e m

80,541,14 1

.E.

F_ 2 a -. ;:; ý w- :

(Egneig-cecIc.19:al 6.-.1

-B-4



Appendix B (Continued): Toxicity Values
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Appendix C: Assumed Exposure Values for
Landfills 8 and 10

Exposure Pathway: Ingestion of Drinking Water
(Current Land Use)

Parameter Off-Site Adult Off-Site Child

Resident Resident

Ingestion Rate (L/day) 2 1

Body Weight (kg) 70 15

Exposure Frequency
(days/yr)

350 350
Exposure Duration
(yrs) 24 6

Averaging Time (days) 25,550 25,550
(Engineering-Science, Inc., 993:Table 6.3.19)

Exposure Pathway: Ingestion of Soil
(Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Ingestion Rate
(mg/day) 480 N/A

Body Weight (kg) 70 N/A

Exposure Frequency
(days/yr)

26 N/A
Exposure Duration
(yrs) 8 N/A

Averaging Time (days) 25,550 N/A
(Engineering-Science, Inc., 993:Table 6.3.19
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Appendix C (Continued): Assumed Exposure Values for
Landfills 8 and 10

Exposure Pathway: Ingestion of Sediment
(Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Ingestion Rate

(mg/day) 480 N/A

Body Weight (kg) 70 N/A

Exposure Frequency
(days/yr)

26 N/A

Exposure Duration
(yrs) 8 N/A

Averaging Time (days) 25,550 N/A
(Engineering-Science, Inc., 993:Table 6.3.19)

Exposure Pathway: Ingestion of Fruits
Contaminated by Irrigation/Soil (Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Ingestion Rate (g/day) 42 9

Body Weight (kg) 70 15

Exposure Frequency
(days/yr) 350 350
Exposure Duration
(yrs) 24 6

Averaging Time (days) 25,550 25,550
(Engineering-Science, Inc., 993:Table 6.3.19)
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ApRendix C (Continued): Assumed Exposure Values for
Landfills 8 and 10

Exposure Pathway: Ingestion of Vegetables Contaminated
by Irrigation/Soil (Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Ingestion Rate (g/day) 80 17

Body Weight (kg) 70 15

Exposure Frequency
(days/yr) 350 350

Exposure Duration
(yrs) 24 6

Averaging Time (days)
25,550 25,550

(Engineering-Science, Inc., 993:Table 6.3.19

Exposure Pathway: Inhalation of Vapors
While Showering (Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Inhalation Rate

(m2/hour) .6 N/A

Body Weight (kg) 70 N/A

Exposure Frequency
(days/yr) 350 N/A

Exposure Duration
(minutes) 12 N/A

Exposure Duration
(yrs) 24 N/A

Averaging Time (days) 25,550 N/A
(Engineering-Science, Inc.,993:Table 6.3.19e
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Ag2endix C (Continued): Assumed Exposure Values for
Landfills 8 and 10

Exposure Pathway: Inhalation of Indoor Air
(Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Inhalation Rate

(m'/day) 15.6 13.4

Body Weight (kg) 70 15

Exposure Frequency
(days/yr) 350 350

Exposure Duration
(yrs) 24 6

Averaging Time (days) 25,550 25,550
(Engineering-Science, Inc., 993:Table 6.3.19

Exposure Pathway: Inhalation of Ambient Air
(Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Inhalation Rate

(m3/day) 4.4 3.3

Body Weight (kg) 70 15

Exposure Frequency
(days/yr) 350 350

Exposure Duration
(yrs) 24 6

Averaging Time (days) 25,550 25,550
(Engineering-Science, Inc., 993:Table 6.3.19
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Appendix C (Continued}: Assumed Exposure Values for
Landfills 8 and I0

Exposure Pathway: Dermal Exposure to Soil
(Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Contact Surface Area

(cn2 /event) 5,000 N/A

Body Weight (kg) 70 N/A

Soil-Skin Adherence
Factor (mg/cu2 ) 1.0 N/A

Exposure Time
(hrs/event) 4 N/A

Exposure Frequency
(events/yr) 26 N/A

Exposure Duration
(yrs) 8 N/A

Averaging Time (days) 25,550 N/A
(Engineering-Science, Inc.,1993:Table 6.3.19)
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A2pendix C (Continuedi: Assumed Exposure Values for
Landfills 8 and 10

Exposure Pathway: Dermal Exposure to Sediment
(Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Contact Surface Area

(cm2/event) 5,000 N/A

Body Weight (kg) 70 N/A

Soil-Skin Adherence
Factor (mg/cm2 ) 1.0 N/A

Exposure Time
(hrs/event) 4 N/A

Exposure Frequency
(events/yr) 26 N/A

Exposure Duration
(yrs) 8 N/A

Averaging Time (days) 25,550 N/A
(Engineering-Science, Inc.,1993:Table 6.3.19)
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A2pendix C (Continued): Assumed Exposure Values for
Landfills 8 and 10

Exposure Pathway: Dermal Exposure to Water
While Showering/Bathing (Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Contact Surface Area
(cm2 ) 20,000 7,200

Body Weight (kg) 70 15

Exposure Frequency
(events/yr) 350 350

Exposure Duration
(yrs) 24 6

Averaging Time (days) 25,550 25,550
(Engineering-Science, Inc., 993:Table 6.3.19

Exposure Pathway: Dermal Exposure to Surface Water
(Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Contact Surface Area
(cm2 ) 5,000 N/A

Body Weight (kg) 70 N/A

Exposure Time -

Splashing (hrs/event) 2.6 N/A

Exposure Frequency
(days/yr) 26 N/A

Exposure Duration
(yrs) 8 N/A

Averaging Time (days) 25,550 N/A
(Engineering-Science, Inc., 993:Table 6.3.19)
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Ap2endix C (Continued): Assumed Exposure Values for
Landfills 8 and 10

Exposure Pathway: Dermal Contact to Leachate Water
(Current Land Use)

Parameter Off-Site Adult Off-Site Child
Resident Resident

Contact Surface Area
(cm2 ) 5,000 N/A

Body Weight (kg) 70 N/A

Exposure Time
(hrs/event) 2.6 N/A

Exposure Frequency
(days/yr) 26 N/A

Exposure Duration
(yrs) 8 N/A

Averaging Time (days) 25,550 N/A

(Engineering-Science, Inc., 993:Table 6.3.19)

Effective Values

(Considering 6 yrs as a child & 24 yrs as an adult)

Effective Drinking Intake Rate (L/day) 1.8

Effective Fruit Intake Rate (kg/day) 0.0354
Effective Vegetables Intake Rate
(kg/day) 0.0674

Effective Ambient Air Inhalation Rate
(M3 /day) 4.18

Effective Whole Body Skin Area (cm') 17,440

Effective Body Weight (kg) 59
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Appendix D: Subjective Summarization of

Uncertainties Surrounding Study of Landfills 8 and 10
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Appendix D (Continued): Subjective Sumnmarization of
Uncertainties Surrounding Study of Landfills 8 and 10
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ARRnendix D (Continued)L: Subjective Summarization of
Uncertainties Surrounding Study of Landfills 8 and 10
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Appendix D (Continued): Subjective Summarization of
Uncertainties Surrounding Study of Landfills 8 and 10
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ApRendix D (Continued): Subjective Summarization of
Uncertainties Surrounding Study of Landfills 8 and 10
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ADpendix D (Continued): Subjective Summarization of
Uncertainties Surrounding Study of Landfills 8 and 10
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ADpendix D (Continued): Subjective Summarization of
Uncertainties Surrounding Study of Landfills 8 and 10

f il]

- -

I "lii Ij
IL

i i
*1I Z~ I

<> ii i

f - 96

Iz.

2OX1

(Engineering-Science, inc., 1993 :Table 6.8.1 )

D-7

mu • iio Im



Appendix D (Continued): Subj~ective Summarization of
Uncertainties Surrounding Study of Landfills 8 and 10
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