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Abstract

The Superfund, established by the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA) of 1980, seriously underestimated both the
number of severely contaminated sites and the associated cleanup cost. The magnitude
of projected cleanup costs, coupled with shrinking federal budgets, necessitated the
development and use of risk-based prioritization models among some federal agencies.

Among these tools, the DOD prioritization models are meant to give priority to
sites posing the greatest threat to human health. Their failure to properly rank sites could
incorrectly shift the focus from those that pose substantial risk to sites of lesser risk.

The DOD site ranking models addressed in this study are the Relative Risk
Evaluation Method (RREM), and its predecessor, the Defense Priority Model (DPM).
RREM's site evaluation approach uses a quantitative assessment of contaminants and a
qualitative assessment of both pathways and receptors to group sites into a low, medium,
or high risk category. The RREM has been criticized as relying too much upon
qualitative factors that could, perhaps, create inconsistencies between users of the model.

The DPM, not used after 1993, used a combination of quantitative and qualitative
approximations to calculate pathway subscores combined to provide an overall site score
from 0 to 100. One criticism is that some of DPM's models appear theoretically weak.

The problem is that these two DOD approaches for prioritizing sites for
remediation have not been validated. The research objective was as an initial validation
effort for the RREM and the DPM models by comparing their rankings of a sample of
contaminated sites against those of a rigorous, quantitative risk assessment model.

The quantitative model used was the American Petroleum Institute Risk/Exposure
Assessment Decision Support System (DSS), software designed to assess risk associated
with exposure to petroleum contaminated sites. Site specific data obtained from study
reports for 15 petroleum contaminated sites was entered into DSS. DSS produced cancer
risk assessments for each site, allowing ranking and comparison with the DOD models.

For this sample of sites, the moderate to strong correlation between DPM and the
validation model suggested that DPM captures some key elements of a quantitative
approach. However, no to weak correlation between RREM and the validation model
suggested RREM rankings are questionable for this sample.

RREM's said benefit over DPM is that it is easily understood by stakeholders in
the restoration process. A drawback, however, is that the quality of site ranking
assessments may suffer, causing improper resource allocation. A better approach might
be to use DPM but make it more user friendly.
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A Comparison of Remediation Priorities Developed by the Defense Priority Model,
the Relative Risk Evaluation Method, and a Quantitative Risk Assessment Approach

1.0 Introduction

1.1 General Issue

The Comprehensive Environmental Response, Compensation, and Liability Act

(CERCLA) of 1980 initially established a $1.6 billion Superfund program to assess

hazardous-waste sites, determine those responsible for site contamination, and provide

fmancing for cleanups when necessary [13:29]. Over the past decade or so, it has

become apparent that the original assumption ofjust a few sites needing remediation was

incorrect. During the late 1970's the Environmental Protection Agency (EPA) reported

hazardous contamination at only around 400 sites; they now expect the National Priority

List (NPL), a list of the most severely contaminated sites, to soon reach 2000 in number.

In the early 1980s, the average cost of cleaning up an NPL site was estimated at $3.6

million. In 1990, EPA reported an average cost of $26 million per NPL site, translating

to a total cost of around $27 billion [13:29]. Other cost estimates place the cost of the

EPA program alone at closer to $100 billion [13:30]. The shear magnitude of the

projected cleanup cost has necessitated the development of risk-based prioritization

models among some of the federal agencies. The capabilities of these models as

adequate tools for site ranking has been questioned [13:135-176;17:1-2].

Both the EPA and the Department of Defense (DOD) prioritization models are

professed to be "worst-first" ranking methods, giving priority to sites posing the greatest

potential for human health threat. In general, the models try to capture the key elements



of a site-specific risk assessment using only the initial, somewhat limited site

investigation data. Their function is to act as "predictors" of what might be verified by a

complete risk assessment of the site. A complete, site-specific risk assessment, at an

expense of hundreds of thousands of dollars or more, is not feasible at every site.

Therefore, the prioritization models are meant to indicate sites in greatest need of further

analysis/cleanup efforts. Their failure in this purpose could incorrectly shift the focus

from sites that pose substantial health risks toward those of lesser risk.

1.2 DOD Remediation Prioritization Models

The Defense Priority Model (DPM) uses a combination of quantitative data and

qualitative approximations and calculates subscores for adverse effects on human and

ecological receptors from surface water, groundwater, air and soil pathways. It then

combines them into an overall numeric site score, from 0 to 100, intended to represent

the relative potential threat that a contaminated site poses [14:2]. Information called for

by the DPM when it considers potential receptors, for example, includes the population

size within a certain radius of the contaminated site (e.g., 0.5, 1, 2, and 4 miles). DPM

also calls for various geologic parameter estimates from which the model makes

qualitative predictions on the migration potential of contamination.

The stated objective of the DPM was "to assist decision makers in identifying

priorities for remedial action and to aid in future year budget development [14:xiii]."

Because the DPM does not evaluate all factors related to risk and unrealistically high or

low DPM scores could be assigned to a site, the DPM score was to be considered along
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with additional management concerns, such as regulatory agreements, in establishing

cleanup priorities [14:xiii].

However, the DPM was criticized in a recent National Research Council (NRC)

report [13:135-176]. The NRC's Committee on Remedial Action Priorities for

Hazardous Waste Sites was asked to examine the principle ranking methods being used

by the federal agencies to rank contaminated sites for cleanup. This study effort began

around 1991. The DOD, one of the project supporters, requested and received an interim

report (in 1992) assessing the DPM. Some of the criticisms of DPM included the fact

that 65% of the 284 sites evaluated in 1991 had DPM scores between 13 and 37, with

such a narrow interval suggesting that DPM's ability to discriminate between sites may

be limited [13:9]. Another criticism was that some of the fate and transport algorithms,

toxicologic and exposure assumptions, and methods embedded in the DPM have weak

theoretical foundations. Also, it was brought out that DPM had never been validated

[13:174]. Prior to the release of final NRC comments, the DOD announced that the DPM

would no longer be used as a site ranking tool.

The Relative Risk Evaluation Method (RREM) replaced the DPM as the site

ranking tool for the DOD. The RREM uses site-specific information regarding

contaminants and their toxicity, migration pathways, and potential receptors to group

sites into High, Medium, and Low relative risk categories. Pathways considered include

groundwater, surface water and sediment, and surface soils. The RREM does not

consider the air pathway.
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Evaluation of site contaminants under the RREM is somewhat quantitative in

nature, whereas potential pathways and receptors are only addressed qualitatively [15:5].

Also, the RREM provides less information, in a sense, as it results in the placement of

sites into groups (high, medium, and low risk) rather than providing for complete ranking

of the sites as the DPM allows.

Under the DPM, a groundwater pathway score intended to indicate contaminant

migration potential is developed by qualitative use of various concepts of contaminant

transport and fate. For instance, hydraulic conductivity of the vadose zone, infiltration

potential, and various other factors affecting contaminant migration potential into the

groundwater are "scored" (as 0, 1, 2 or 3) depending on the range of established values

they fall in. These scores are combined and manipulated to establish a groundwater

pathway score, that in-turn becomes an input into the final calculation of a site score

[14:85].

The RREM takes a different approach with the groundwater migration pathway

factor characterized as "evident," as "potential," or as "confined," based on the judgment

of the site evaluator(s). This subjective rating is factored into the final risk category

(low, medium, or high) for groundwater exposure[15:26].

However, this type of qualitative approach is generally criticized by Garetz

(1993), a member of the Center for Environmental Statistics Development Staff, EPA, as

promoting "inflationary scoring" that can produce rankings that are inequitable with

regard to allocation of restoration funds. He suggests that such an approach "has no

limits to the manipulation possible [5:28-29]." Further support to this argument is

4



provided in the NRC (1994) report stating that the disadvantage of non-scientifically

based approaches is that ". . . places with the largest political influence ... are likely to

receive a share [of funding for restoration efforts] disproportionate by nonpolitical

criteria [13:47]."

In addition, a few among many specific criticisms aimed directly at the RREM

include: 1) the framework generally relies too heavily on qualitative factors; 2) many of

its definitions are unclear, such as how it defines a receptor; and 3) it is unclear how

much rigor will be put into the analysis [18:1]. One overall recommendation included

that "... the process define a more quantitative, rigorous approach to characterizing

sites; and, that more variables (pathways and receptors) be included [18:1]."

1.3 Quantitative Risk Assessment

Fundamentally different than both the RREM or the DPM are the tools employed

in strictly quantitative, rigorous risk assessment. Characteristics of such an approach

are precise determination of pathways, rigorous contaminant fate and transport modeling,

and quantitative assessment of risk for each chemical [161. Specific guidance for the

quantitative risk assessment approach, including suggested exposure scenarios, can be

found in the EPA's Risk Assessment Guidance for Superfund (RAGS), Volume 1 (Dec

9), and the Superfund Exposure Assessment Manual (Apr 88).

1.4 Research Problem

As suggested by reviewers of current prioritization approaches, present models

for ranking contaminated sites for remediation are disputable. The problem, therefore, is
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that the current DOD approach, the RREM, and its predecessor, the DPM, have not been

validated.

1.5 Research Obiective

This objective of this research is to serve as an initial validation effort for the

RREM and the DPM models by comparing their rankings of a sample of contaminated

sites against those established using a rigorous, quantitative risk assessment model to

evaluate each site.

1.6 Scope of Study

The NRC (1994) report suggested the following approach as a DPM validation

effort: "An appropriate validation study -- comparing model results with what they

should be -- would involve perhaps 10 to 30 sites and the comparison of scores and

rankings from the DPM with those from another approach, assumed a priori more likely

to yield the right answer... [13:167]." This is the general method planned, with the

quantitative risk assessment approach assumed beforehand most likely to be a better

indicator of site risk.

Naturally, this study effort will consider only those contaminated sites that have

been evaluated under both the RREM and the DPM. In addition, sites must have

associated with them sufficient contaminant and hydrogeologic data to allow application

of quantitative chemical fate and transport models, use of toxicity information, and

postulation of exposure scenarios to arrive at quantitative measures of human-health risk

at each site. As the quantitative risk assessment model to be used is designed for
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petroleum contamination, sites will be limited to storage tank and spill sites where

chemical constituents of petroleum (e.g., benzene, ethylbenzene, toluene, etc.) are the

chemicals of concern.



2.0 Literature Review

2.1 Site Risk Assessment

The National Research Council defines risk assessment as "... the characterization

of the potential adverse health effects of human exposures to environmental hazards....

Risk assessment also includes characterization of the uncertainties inherent in the process

of inferring risk[11:8371." Risk assessment serves as a tool for understanding the health

and environmental hazards associated with hazardous waste management decisions

[11:839].

The baseline risk assessment is an analysis of the possible adverse health effects

caused by hazardous substance releases from a site in the absence of any actions to

control or mitigate these releases [20:1-6]. It contributes to the site characterization and

the development of cleanup alternatives, if needed. The results of the baseline risk

assessment can help determine what remediation efforts, if any, are necessary at the site

and serve to document the magnitude of risk at a site, and the primary causes of that risk

[20:4-1].

Baseline risk assessments are site-specific. They may vary in both detail and the

extent to which qualitative and quantitative analyses are used, depending on the

complexity and particular circumstances of the site[20:1-6].

As stated previously, the DOD prioritization model outputs are either numeric

values or qualitative levels (e.g., high, medium or low risk) that indicate a risk level
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which can be compared with other sites. This allows ranking of a group of sites

according to the estimated magnitude of risk. Though these prioritization models are not

designed to replace complete baseline risk assessments, in general, the approach to site-

specific risk assessment (which the models try to emulate) includes the following four

key steps: data collection and analysis; exposure assessment; toxicity assessment; and

risk characterization [20:1-6]. Each step is described briefly in the following.

2.1.1 Data Collection and Analysis

Data collection and analysis involves gathering and analyzing the site data

relevant to the human health evaluation and identifying the substances and their

concentration levels present at the site that are the focus of the risk assessment process.

It may also include identification of a more narrow set of chemicals of potential concern

than those initially identified by comparison with background levels or consideration of

concentration and/or toxicity levels of identified substances.

2.1.2 Exposure Assessment

The detailed exposure assessment process begins after the chemical data have

been collected and validated and the chemicals of potential concern have been selected

[20:6-1,2]. An exposure assessment is conducted to estimate the magnitude of actual

and/or potential human exposures, the frequency and duration of these exposures, and the

pathways by which humans are potentially exposed. In the exposure assessment,

reasonable maximum estimates of exposure are developed for both current and future

land-use assumptions. Reasonable maximum estimates of exposure are subjective

9



estimates of the maximum exposure the receptor in question could receive over each

pathway under study, keeping in mind that this receptor likely would not receive

maximum exposure through all pathways. Current exposure estimates are used to

determine whether a threat exists based on existing exposure conditions at the site.

Future exposure estimates are used to provide decision-makers with an understanding of

potential future exposures and threats to include a quantitative estimate of the likelihood

of such exposures occurring [20:1-6]. Generally, Superfund exposure assessments are

concerned with both current and future exposures [20:6-1].

Conducting an exposure assessment involves studying contaminant releases

(Table 1); identifying exposed populations and all potential pathways of exposure (Figure

1); estimating exposure point concentrations for specific pathways (based on both

environmental monitoring data and predictive chemical modeling results); and estimating

contaminant intakes for specific pathways. The results of this assessment are pathway-

specific intakes for current and future exposures to individual substances [20:1-61.
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Table 1
COMMON CHEMICAL RELEASE SOURCESAT SITES IN THE ABSENCE OFREMEDIAL ACTION [20:6-10]

Receiving Release Release
Medium Mechanism Source

Air Volatilization Surface wastes - lagoons, ponds, pits,
spills
Contaminated surface water
Contaminated surface soil
Contaminated wetlands
Leaking drums

Fugitive dust generation Contaminated surface soil
Waste piles

Surface water Surface runoff Contaminated surface soil

Episodic overland Lagoon overflow
flow Spills, leaking containers

Ground-water seepage

Ground water Leaching Surface or buried wastes
Contaminated soil

Soil Leaching Surface or buried wastes

Surface runoff Contaminated surface soil

Episodic overland flow Lagoon overflow
Spills, leaking containers

Fugitive dust Contaminated surface soil
generation/deposition Wastes piles

Tracking Contaminated surface soil

Sediment Surface runoff, Episodic Surface wastes - Lagoons, ponds, pits
overland flow spills

Contaminated surface soil

Ground-water seepage Contaminated ground water

Leaching Surface or buried wastes
Contaminated Soil

Biota Uptake (Direct contact, Contaminated soil, surface water,
ingestion, inhalation) sediment, ground water or air

Other biota
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Figure I LU.ST7RATION OFEXPOSURE PATHWAYS [20:6-9]

The exposure assessment proceeds with the following three steps: (1)

characterization of exposure setting; (2) identification of exposure pathways; and (3)

quantification of exposure [20:6-2,4]. First, the exposure setting is characterized with

respect to the general physical characteristics of the site such as: area climate and

meteorology; geologic setting; site vegetation; soil type; and ground-water hydrology

[20:6-5]. Also, the populations on or near the site are characterized with respect to

location relative to the site, activity patterns, and the presence of sensitive subgroups.

Sensitive subgroups are subpopulations such as children or the elderly, that may be at

increased risk from chemical exposures due to increased sensitivity, behavior patterns

that may result in high exposure, and/or current or past exposures from other sources.
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This involves determining the distance and direction of potentially exposed populations

from the site and identifying those populations that are closest to or are actually living on

the site which, therefore, may have the greatest potential for exposure. It also requires

consideration of populations that could be exposed in the future to chemicals that have

migrated from the site [20:6-6].

The second step in the exposure assessment process is the identification of

exposure points and routes. Any point of potential contact with a contaminated medium

is an exposure point. Those exposure points where the concentration that would be

contacted is the greatest are sought. If the site is currently used, has unrestricted access,

or if contact is possible under an alternate future land use, inclusion of contaminated

media or sources on site as a potential exposure point may be appropriate [20:6-11].

After exposure points are determined, probable exposure routes (i.e., ingestion, dermal

contact) are identified based on the media contaminated and the anticipated activities at

the exposure points [20:6-17].

The third and final step in the exposure assessment process, quantification of

exposure, involves quantifying the magnitude, frequency and duration of exposure for the

populations and exposure pathways selected for quantitative evaluation. This is done by

first estimating exposure concentrations, and then quantifying pathway-specific intakes.

The three types of variables that are used to estimate pathway-specific intake are: (1)

chemical-related variables (e.g., exposure concentration); (2) variables that describe the

exposed population (e.g., contact rate, exposure frequency and duration, and body

weight; and (3) assessment-determined variable (e.g., averaging time) [20:6-19].

13



As described above, the objective of the exposure assessment is to estimate the

type and magnitude of exposures to the chemicals of potential concern that are present or

migrating from the site. The results of the exposure assessment are then combined with

chemical-specific toxicity information to characterize potential risks [20:6-1].

2.1.3 Toxicity Assessment

The toxicity assessment portion of the baseline risk assessment considers: (1) the

types of adverse health effects associated with chemical exposures; (2) the relationship

between magnitude of exposure and adverse effects; and (3) related uncertainties such as

the weight of evidence of a particular chemical's carcinogenicity in humans [20:1-6].

Typically, the Superfund site risk assessments rely heavily on existing toxicity

information developed on specific chemicals [20:1-6].

Toxicity assessment for contaminants found at Superfund sites is usually

completed in two steps: hazard identification and dose-response assessment [20:1-6].

First, the hazard identification is the process of determining whether exposure to an agent

can cause an increase in the incidence of a particular adverse health effect (e.g., cancer,

birth defect) and whether this adverse health effect is likely to occur in humans. Hazard

identification involves characterizing the nature and strength of evidence of causation

[20:7-1]. The second step, dose-response evaluation, is the process of quantitatively

evaluating the toxicity information and characterizing the relationship between the dose

of the contaminant administered or received and the incidence of adverse health effects

in the exposed population. From this quantitative dose-response relationship, toxicity
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values (e.g., reference doses and slope factors) are derived that can be used to estimate

the incidence or potential for adverse health effects as a function of human exposure to

the agent. These toxicity values are then used in the risk characterization step to estimate

the likelihood of adverse effects occurring in humans at different exposure levels [20:7-

1]. The EPA's Integrated Risk Information System (IRIS) is the database containing the

toxicity data used in site risk assessments [20:7-13].

2.1.4 Risk Characterization

The last step in the risk assessment process, risk characterization, summarizes and

combines outputs of the exposure assessments (e.g., intakes for all exposure pathways

and land uses and for all relevant substances) and toxicity assessment (e.g., toxicity

values for all exposure routes and relevant substances) to characterize baseline risk, both

in quantitative expressions and qualitative statements. During risk characterization,

chemical-specific toxicity information is compared against both measured contaminant

exposure levels and those levels predicted through fate and transport modeling to

determine whether current or future levels at or near the site are of potential concern

[20:1-6]."

2.2 Concept of Risk

An important distinction is whether risk is background, incremental, or total risk.

Background risk is what people are exposed to in the absence of the particular source of

risk being studied, incremental risk is that caused by the source, and total risk is just the

sum of the two. For example, approximately 25% of the US population will experience
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cancer in their lifetime. This is an example of background risk [11:838]. The EPA target

for Superfund sites of I X 10-6 excess lifetime cancer risk represents an incremental risk

-- the probability of a person developing cancer from exposure to contaminants from a

Superfund site is 1 X 10-6 (or "one in a million") in excess of that person's risk of cancer

from all other sources combined [11:838].

At present the EPA has defined acceptable risks for carcinogens as within the

range of 1 0 -4 and 10"6 excess lifetime cancer risk and for non-carcinogens as a hazard

index (discussed below) of less than 1.0. The EPA uses 10-6 as a point of departure,

meaning that a higher risk may be considered acceptable only if there were special

extenuating circumstances [11:865].

2.2.1 Determination of Carcinogenic Risk

For carcinogenic contaminants, a slope factor (plausible upper-bound estimate of

the probability of a response per unit intake of a chemical over a lifetime) is used to

convert estimated daily intakes averaged over a lifetime to a value expressing

incremental risk [19:240]. For Superfund risk assessments, cancer risks from various

exposure pathways are assumed to be additive, as long as the risks are for the same

individuals and exposure period [20:8-16]. When a baseline risk assessment indicates

that an individual's cumulative risk, derived using reasonable maximum exposure

assumptions for either current or future land use, exceeds 10
4 (i.e., 1 in 10,000 chance of

developing cancer), action is generally warranted at the site. However, as mentioned

previously, the EPA has expressed a preference for remediation to achieve the more
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protective end of the target risk range (10-6 or a 1 in 1,000,000 excess chance of

developing cancer)[ 19:240].

2.2.2 Determination of Noncarcinogenic Risk

The potential for noncarcinogenic effects on health is evaluated by comparing an

exposure level with a reference dose (toxicity value for evaluating noncarcinogenic

effects resulting from exposures at Superfund sites). This ratio of exposure to toxicity is

called a hazard quotient. The hazard quotient assumes that a level of exposure exists

(i.e., reference dose (RFD) ) below which it is unlikely for a receptor to experience

adverse health effects. If the exposure level (E) exceeds this threshold (i.e., if E/RID

exceeds unity), the potential exists for noncarcinogenic effects to develop [19:2411.

2.3 Need for Risk Assessment Modeling

Quantifying potential exposure concentrations can be attempted through actual

monitoring of levels performed at points of anticipated exposure or through modeling,

which simulates risk agent behavior to allow the user to predict exposure concentrations

in a medium at a point.

Monitoring results can provide only a measure of the existing extent of

contamination. Also, monitoring data alone may not allow the analyst to determine the

contributions of specific sources (where multiple sources exist) to measured

contamination. In all assessments, some degree of modeling contaminant movement in

environmental media is necessary to predict the associated exposure over a 70-year
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lifetime. Thus a combination of monitoring and modeling techniques are necessary to

conduct an analysis of contaminant fate for exposure assessment purposes [21:36].

2.4 Quantitative vs. Qualitative Modeling

The concept of risk has a long history of influencing environmental policy

making. However, the initial efforts were based more on intuition than on the scientific

principles of toxicology, chemistry, and fate and transport modeling intrinsic to modem

risk assessments [11:839]. For example, qualitative assessments of groundwater flow

(key in modeling contaminant transport) have been often based on the assumption that

subsurface hydrologic gradients (which determine flow directions and rates) approximate

surface topography, an approach that is unreliable and should be used only in the absence

of hydrogeologic data. Groundwater flow is influenced by many factors including the

hydraulic conductivity of soils, the hydraulic gradient in the area of concern, and the

presence of discharge areas [21:40].

Only in the past few years has a science-based risk assessment played a major role

in environmental decision making. The EPA has used the term quantitative risk

assessment to describe the process of using scientific principles to calculate quantitative

estimates of risk [11:839].

2.5 Site Characterization

Most of the information needed to prepare a risk assessment is generated during

the site characterization process. The extent and degree of contamination, the potential

receptors, the migration and exposure pathways, and the potential exposure levels are all
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determined through a detailed, site-specific characterization study. A lack of detail in

the site characterization process results in a speculative risk assessment, which, in turn,

necessitates the use of conservative or worst-case assumptions when establishing cleanup

levels. As a result, the levels will be more stringent and will likely significantly increase

the cost of remediation [8:286].

A detailed and site-specific characterization, therefore, is essential to the

development of a realistic and appropriate assessment of risk [8:300]. The initial

characterization of the physical setting that defines the risk assessment for a

contaminated site, however, involves many professional judgments and assumptions

[20:8-18]. One common example is the assumption of subsurface material with uniform

properties throughout. Realistically, subsurface materials are almost always anisotropic

(soil properties vary with direction) and heterogeneous (soil properties vary with

location). To strictly account for this heterogeneity and anisotropy theoretically requires

an infinite amount of data. Therefore, for the purposes of analysis of groundwater flow it

is usually necessary to assume that a formation, or a portion of a formation, is

homogeneous [11:149].

The extent to which the hydrogeologic properties (e.g., hydraulic conductivity,

porosity, bulk density, fraction organic carbon, productivity) of the aquifer(s) are

characterized may have a significant effect on the risk assessment. The ability to

estimate future exposure concentrations depends on the extent to which hydrogeologic

properties needed to evaluate contaminant migration are quantified [20:4-12].
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The types of site data needed for a baseline risk assessment include the following:

contaminant identities and concentrations in the key sources and media of interest;

characteristics of sources, especially information related to release potential; and

characteristics of the environmental setting that could effect the fate, transport, and

persistence of the contaminants [20:4-2].

In addition to information developed during the site characterization, the physical

and chemical characteristics of the contaminant must be established. The more

information that is available on the contaminant, the easier the risk assessment process

will be [8:286]. Among activities that should be conducted to reduce the number of

chemicals of concern at a site are considering: the concentration and toxicity of the

chemicals; their mobility, persistence, and bioaccumulation (e.g., a highly volatile and

mobile chemical such as benzene); and considering special exposure routes (e.g., some

highly volatile chemicals may pose a significant inhalation risk due to the home use of

contaminated water, particularly for showering) [20:5-20].
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Table 2 iMPORTANTPHYSICALICHEMICAL AND ENVIRONMENTAL FATE PARAMETERS [20:6-12]

K¢ provides a measure of the extent of chemical partitioning between organic carbon
and water at equilibrium. The higher the K,, the more likely a chemical is to bind to soil
or sediment than to remain in water.

Kd provides a soil or sediment - specific measure of the extent of chemical
partitioning between soil or sediment and water, unadjusted for dependence upon organic
carbon. To adjust for the fraction of organic carbon present in soil or sediment (foe), use
Kd = Ko x fo,. The higher the Kd, the more likely a chemical is to bind to soil or sediment
than to remain in water.

KIw provides a measure of the extent of chemical partitioning between water and
octanol at equilibrium. The greater the K.o, the more likely a chemical is to partition to
octanol that to remain in water. Octanol is used as a surrogate for lipids (fat), and Kow can
be used to predict bioconcentration in aquatic organism.

Solubility is an upper limit on a chemical's dissolved concentration in water at a specified
temperature. Aqueous concentrations in excess of solubility may indicate sorption onto
sediments, the presence of solubilizing chemicals such as solvents, or the presence of a
non-aqueous phase liquid.

Henry's Law Constant provides a measure of the extent of chemical partitioning between
air and water at equilibrium. The higher the Henry's Law constant, the more likely a
chemical is to volatilize than to remain in the water.

Vapor Pressure is the pressure exerted by a chemical vapor in equilibrium with its solid or
liquid form at any given temperature. It is used to calculate the rate of volatilization of
pure substance from a surface or in estimating a Henry's Law constant for chemicals with
low water solubility. The higher the vapor pressure, the more likely a chemical is to exist
in a gaseous state.

Diffusivity describes the movement of a molecule in a liquid or gas medium as a result of
differences in concentration. It is used to calculate the dispersive component of chemical
transport. The higher the diffusivity, the more likely a chemical is to move in response to
concentration gradients.

Bioconcentration Factor (BCF) provides a measure of the extent of chemical partitioning at
equilibrium between a biological medium such as fish tissue or plant tissue and an external
medium such as water. The higher the BCF, the greater the accumulation in living tissue is
likely to be.

Media-specific half-life provides a relative measure of the persistence of a chemical in a
given medium, although actual values can vary greatly depending on site-specific
conditions. The greater the half-life, the more persistent a chemical is likely to be.
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The greatest amount of contaminant movement in soils is a function of liquid

movement. Therefore, net groundwater recharge rates as well as contaminant solubility

are important parameters to establish in the site characterization to estimate contaminant

migration [21:40].

Site-specific meteorological conditions should be obtained (e.g., from the

National Weather Service) during site characterization as they are necessary if air

modeling is to be conducted [20:4-15]. The EPA states that Gaussian dispersion models

can and have been successfully applied to the types of sources encountered at Superfund

sites [11:211].

2.6 Contaminant Fate and Transport

The fate of contaminants is related to their persistence in the environment, which

is a measure of how long a chemical will exist in a specific medium. The persistence of

contaminants is reduce through biochemical degradation, oxidation, and volatilization.

Volatile (VOC) and semi-volatile organic (SVOC) compounds are susceptible to

biological degradation. Unlike organic compounds, metals are not degradable through

biological or chemical actions and can be considered to be indefinitely persistent in the

environment [9:5-3].

Solubility, advection, hydrodynamic dispersion, and adsorption of contaminants

onto soil surfaces all effect the transport of dissolved contaminants in groundwater.

Solubility is the maximum concentration that dissolves in pure water at a specific

temperature and pH. Very soluble chemicals can be rapidly leached from wastes and
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contaminated soil, and are usually mobile in groundwater. Advection is transport of

contaminants by movement with flowing groundwater. Hydrodynamic dispersion

includes diffusion and dispersion. Diffusion is a process causing molecular spreading of

contaminants from areas of greater to lesser concentration. Dispersion is mechanical

mixing caused by uneven movement of groundwater through an aquifer [9:5-9].

Substances are attracted to the surface of soil particles through the process of

adsorption. Sorption of an organic compound onto the organic fraction or mineral

fraction of a soil retards contaminant migration causing a contaminant to migrate at a

rate far less than the average groundwater velocity [9:5-3].

The fate and transport of contaminants in the environment is dependent on their

chemical and physical characteristics. Some chemical and physical properties affecting

the transport and fate of a chemical in the environment include aqueous solubility,

volatility, Henry's Law Constant, specific gravity, organic carbon-water partitioning

coefficient (K,,c), and half-life [9:5-1].

The volatilization rate of a chemical depends in part upon temperature, vapor

pressure of the substance, and the difference in the concentration between the liquid and

gas phases[ 11:136-37]. Volatilization can lead to venting from site soil into the

atmosphere [9:5-2].

Henry's Law Constant is a good measure of a chemical's ability to move from

water or moist soil to air, and provides an indication of the air/water partition at

equilibrium [9:5-2]. Compounds with Henry's Law Constants greater than 10-3

atmospheres-cubic meter per mole can be expected to readily volatilize from water.
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Those compounds with values ranging from 10-3 to 10-5 atm-m3/mole exhibit moderate

volatilization. Compounds with values less than 10-5 atm-m 3/mole show limited ability

to volatilize from water or moist soil [9:5-2].

Specific gravity refers to the density of a given chemical in comparison to the

density of pure water and, therefore, indicates its tendency to either sink or float in water.

Those chemicals with specific gravities less than one will partition, if present in

sufficient quantities, to the upper layers of the aquifer or body of water [9:5-2].

The Ko (organic carbon-water partitioning coefficient) value indicates the

tendency of a chemical to adsorb to organic matter. Almost all of the adsorption of

organic chemicals by a soil is due to the organic carbon content of the soil. The organic

carbon-water partition coefficient, Koc, is defined as:

Koc=Cc/ C (1)

where

Cc = concentration adsorbed (ptg adsorbed/ kg organic carbon)

C = concentration in water (pg/L).

The normal range of K. values is 1 to 107 milliliters per gram (mL/g), with larger values

indicating greater sorption potential. Chemicals displaying strong sorption will show

more limited mobility through the environment [9:5-2].

A half-life is the time required for the concentration of a substance to decrease

from its starting level to one-half that level. Half of the original chemical amount or

mass will have been altered (e.g., through natural biological degradation into by-

products) in some manner over the half-life of the original chemical [9:5-2].
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2.6.1 Volatile Organic Compounds Fate and Transport

Due to their physical characteristics, VOCs can be expected to be moderately to

highly mobile in the environment. VOCs exhibit the ability to volatilize to the

atmosphere and leach to groundwater. They have relatively low molecular weights and

are often used as fuels or fuel components and as solvents. VOCs also have fairly high

degrees of water solubility, vapor pressure, and air/water partition at equilibrium

(Henry's Law Constant), and have a lower K, value. These properties that give VOCs

their mobility also increase their degradability. Relative to chemicals in the other

categories, VOCs show shortened half-lives in all environmental media [9:5-4].

The transport of VOCs in groundwater is primarily dependent upon both the

organic content of the saturated soil and the solubility of the particular contaminant [9:5-

5]. For example, some published data has shown that benzene (water solubility of

1.78E+3 mg/L) is highly mobile in groundwater/soil systems and that toluene (solubility

of 5.15E+2 mg/L) is only moderately mobile [9:5-5].

2.6.2 Semi-volatile Organic Compounds Fate and Transport

SVOCs show low to moderate mobility in the environment. They usually have

higher molecular weights than VOCs. Also, SVOCs have lower values for solubility,

vapor pressure, and air/water partition, and show an increased tendency to sorb to organic

matter (raised Ko,) [9:5-5]. Though the mobility of SVOCs is reduced in comparison to

VOCs, their persistency as a class is slightly increased. These compounds have longer
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half-lives in soil, surface water, and groundwater than do VOCs with approximately

equivalent atmospheric half-lives [9:5-5].

Polycyclic aromatic hydrocarbons (PAHs), one of the most commonly detected

groups of SVOCs, generally have little mobility in the environment because of their high

Ko¢ values, 103 to 106 mL/g, and low aqueous solubilities. This class of SVOCs,

therefore, would not be expected to migrate in groundwater from a source area [9:5-5].

2.7 Scope (Current & Future Risk)

Site risk assessment is concerned both with any currently contaminated media to

which individuals may be exposed or through which chemicals may be transported to

potential receptors and with any currently uncontaminated media that may become

contaminated in the near future due to contaminant transport [20:4-10].

As part of the exposure assessment portion of the site risk assessment, the

assessor seeks to determine potentially exposed populations to include: present

population in the vicinity of the site, future population in the vicinity of the site, and sub-

populations of special concern (e.g., young children in the case of lead contamination)

[11:849].

In evaluating current land use, land use patterns that will be applicable most often

at Superfund sites are: residential; commercial/industrial; and recreational. Using

basically a "common sense" evaluation, identify human activities and activity patterns

associated with each land use based on a general understanding of what activities occur
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in residential, business, or recreational areas [20:6-6]. This should help to estimate such

exposure parameters as exposure frequency, duration, and intake rate.

Determine if the current use activities are likely to be different under an alternate

future land use or if land use of the site itself could change in the future. Because

residential land use is most often associated with the greatest exposures, it is generally

the most conservative choice to make when deciding what type of alternate land use may

occur in the future. An assumption of future residential land use, however, may not be

justifiable if the probability that the site will support residential use in the future is very

small [20:6-7]. The development of scenarios involves making assumptions and includes

subjective decisions. Ideally, this should produce credible scenarios; but in an effort to

ensure conservative risk assessments, unrealistic scenarios have been used at some

hazardous waste sites [11:851].

2.8 Uncertainties

Some doubt exists as to how well an exposure model or its mathematical

expression (e.g., groundwater transport model) approximates the true relationships

between site-specific environmental conditions. At a minimum, it is important to

identify key model assumptions (e.g., linearity, homogeneity, steady-state conditions,

equilibrium) and indicate the potential impact of each assumption (and any data gaps) on

risk with respect to both direction and magnitude, as shown in Table 3 [19:8-18,19].
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Table 3
EXAMPLE OFAN UNCERTAINTY TABLE FOR EXPOSURE ASSESSMENT [20:6-51]

EFFECT ON EXPOSURE
Potential Potential Potential
Magnitude Magnitude Magnitude
for Over- for Under- for Over-or Under
Estimation of Estimation of Exposure Estimation of
Exposure Exposure

ASSUMPTION
Environmental Sampling and Analysis
Sufficient samples may not have been
taken to characterize the media being Moderate
evaluated, especially with respect to
currently available soil data.

Systematic or random errors in the Low
chemical analyses may yield erroneous
data.

Fate and Transport Modeling
Chemicals in fish will be at equilibrium Low
with chemical concentration in water.

Use of a Gaussian dispersion model to Low
estimate air concentrations offsite.

Use of a box model to estimate air Low
concentrations onsite.

Use of Cowherd's model to estimate Moderate
vehicle emission factors.

Exposure Parameter Estimation
The standard assumptions regarding Moderate
body weight, period exposed, life
expectancy, population characteristics,
and lifestyle may not be representative
of any actual exposure situation.

The amount of media intake in Moderate
assumed to be constant and
representative of the exposed
population.

Assumption of daily lifetime exposure Moderate to
for residents. High

Use of "hot spot" soil data for upper- Moderate to
bound lifetime exposure High
a As a general guideline, assumptions marked as "low" may affect estimates of exposure by less than one

order of magnitude; assumptions marked "moderate" may affect estimates of exposure by between one and
two orders of magnitude; and assumptions marked "high" may affect estimates of exposure by more than
two orders of magnitude.
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2.9 The Defense Priority Model

2.9.1 Background

As mentioned previously, the DPM was used by the Air Force and DOD to

prioritize IRP sites for remedial action based on the relative risk to human health and the

environment. Site specific data collected during the PA/SI and RJ/FS provide input into

the DPM, which in turn provides a method to generate a score that can be viewed as a

"common measuring stick," representing the relative environmental risk of a site [4:17].

Development of a methodology for ranking Air Force contaminated sites began in

the mid-1980's. Ongoing efforts in model development/use lead to the development of

the DPM, officially adopted in November 1987 as the Air Force site ranking model

[4:18]. DPM has undergone several revisions since then -- the latest being automated

DPM Quick (ADPM) in the beginning of fiscal year 1994. Soon after the latest DPM

release, the DOD announced that the DPM would no longer be used as a site ranking

tool. It was abandoned due to both NRC criticisms and because it was considered by

DOD officials to be too complicated, making stakeholder understanding and participation

in the process difficult [3].

2.9.2 Model Structure Overview

The DPM uses a combination of quantitative data and qualitative approximations

and calculates subscores for adverse effects on human and ecological receptors from

surface water, groundwater, air and soil volatiles, and air and dust pathways [4:19]. The
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numerical subscores are calculated for each of eight combinations of potential transport

pathways and receptors. Each score is intended to represent relative risk and is based on

the following three factors: (1) the characteristics, concentration and mobility of

contaminants found at the site (hazards), (2) the potential for contaminant transport

through the environmental media (pathways), and (3) the presence of potential receptors

of site contamination. All three factors are required in order to score a site under the

DPM [4:19].

The structure of DPM scoring is shown in Figure 2 [14:3]. The final score is

obtained by weighing and combining the subscores using a weighted "root-mean-square"

algorithm, an exponential algorithm intended to increase the importance of a single high

pathway-receptor subscore on the final risk score [14:133]. As illustrated in Figure 2,

subscores are first calculated for each pathway, intended to rate the potential for

contaminants from a site to enter each pathway given the physical characteristics of the

pathway [14:1]. These various physical characteristics are typically given a score to

represent the numerical range the particular characteristic falls (or likely is) within. In

other words, the actual parameter value (e.g., hydraulic conductivity) is not used in

calculations, but rather a score (e.g., 0, 1, 2, or 3) representing the range the parameter

falls within. This level of information on each characteristic is manipulated in overall

scoring calculations. For the surface water pathway, some physical characteristics

include: distance to surface water, net precipitation, erosion potential, hydraulic

conductivity, average rainfall intensity, and flooding potential [14:11]. For the

groundwater pathway, some characteristics considered include: distance from bottom of
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the waste to seasonal high groundwater, permeability of the unsaturated zone, infiltration

potential, and ranges of various geochemical properties of the unsaturated zone (e.g. clay

content, organic content, and pH) [14:35]. For the air/soil volatiles and air /soil dust

pathways, physical characteristics include: average summer soil temperature, net

precipitation, wind velocity, soil porosity, and level of site activity [14:49].
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Besides consideration of the physical characteristics for each of the pathways mentioned

above, another component of developing the pathway scores is the "waste containment

effectiveness factor," which takes on a value between zero and one and is designed to

adjust the pathway score to account for the effectiveness of engineered barriers or clean-

up actions in reducing the potential for contaminant transport along a particular pathway

[14:26].

The final component considered in the development of pathway scores is the

"waste quantity factor," which is the amount of contaminant associated with the site.

The DPM Manual suggests that "the goal is to simply differentiate between a small,

moderate or large amount [of waste] [ 14:26]."

After pathway subscores are developed, the contaminant hazard subscores for

each pathway are calculated. These subscores are intended to rate the human and

ecological hazards of site contaminants. As partially illustrated in Figure 3, subscores are

calculated for each of eight combinations of potential transport pathways and receptors.
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Surface Water = Surface Water X Surface Water X Surface Water /10,000
Human Health Score Pathway Score Human Health Human Receptor

Hazard Score Score

Surface Water = Surface Water X Surface Water X Surface Water /10,000
Ecological Score Pathway Score Ecological Hazard Ecological Receptor

Score Score

Ground Water = Ground Water X Ground Water X Ground Water /10,000
Human Health Score Pathway Score Human Health Human Receptor

Hazard Score Score

Ground Water = Ground Water X Ground Water X Ground Water /10,000
Ecological Score Pathway Score Ecological Ecological Receptor

Hazard Score Score

Air/Soil Volatiles = Air/Soil Volatiles X Air/Soil Volatiles X Air/Soil Volatiles /10,000
Human Health Score Pathway Score Human Health Human Receptor

Hazard Score Score

Air/Soil Volatiles 2 = Air/Soil Volatiles X Air/Soil Volatiles X Air/Soil Volatiles /10,000
Ecological Score Pathway Score Ecological Ecological Receptor

Hazard Score Score

Air/Soil Dust = Air/Soil Dust X Air/Soil Dust X Air/Soil Dust /10,000
Human Health Score Pathway Score Human Health Human Receptor

Hazard Score Score

Air/Soil Dust 2 = Air/Soil Dust X Air/Soil Dust X Air/Soil Dust /10,000
Ecological Score Pathway Score Ecological Ecological Receptor

Hazard Score Score

The higher of these two scores is used in the final computation.
2 The higher of these two scores is used in the final computation.

Figure 3: ALGORITHM TO CALCULATE DPM SCORES [14:24]

For media in which contamination has been detected, the DPM employs the

concept of Average Daily Intake (ADI) for scoring human health hazards. The detected

concentration of a contaminant is first converted to a daily intake and then divided by the

benchmark ADI (analogous to the reference dose) associated with the contaminant. A

quotient (hazard quotient) is calculated for each contaminant and then summed to provide
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a score for the surface water and air/soil pathways. A hazard quotient greater than one is

considered to indicate a threat. This procedure also applies to the groundwater pathway,

except the quotients are divided by derived retardation factors calculated for the

respective contaminants before being summed to provide the human health hazard score

[14:71]. The method of calculating this retardation factor, described in the DPM User's

Manual, requires the soil bulk density, effective porosity, and the fraction of organic

content [14:73].

All contaminants known to be present at a site (detected above background

levels) are considered in calculating the total human health and ecological hazard scores

for both surface and groundwater pathways [14:85]. The contaminant hazard scores are

set to zero for no detectable concentrations of contaminants for the air/soil volatile and

air/soil dust pathways [14:61].

The final factor addressed under the DPM involves the development of receptor

scores. The receptor portion of DPM rates the potential for human and ecological

receptors to be exposed to contaminants released from the site under study. The eight

types of receptors scenarios considered are both human and ecological receptors to the

following: surface water contaminants, groundwater contaminants, and lastly, air/soil

contaminants. For the air/soil pathways, only the more conservative of the two receptor

scores (air/soil dust and air/soil volatile pathways) is used in final site scoring, reducing

the number of pathway-receptor subscores used in the final scoring to six. Factors such

as the size and proximity of nearby populations and the use of surface and groundwater

are considered in developing receptor scores [14:111].
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After the receptor scoring is complete, the pathway, hazard, and receptor scores

for each pathway-hazard-receptor combination are multiplied to provide the subscores.

These subscores are normalized on a 100-point scale and equally weighted [14:133].

The final site score is a combination of the six pathway-receptor subscores that are

aggregated using a weighted (human health subscores weighted five times more than

their respective ecological subscores) root-mean-square algorithm to obtain the final site

score[14:133]. This root-mean-square methodology is an exponential algorithm. When a

score for a single pathway-receptor is high, the algorithm will subsequently result in a

high score. If additional subscores are high, the final score will increase, but not linearly.

This methodology is intended to increase the importance of a single high pathway-

receptor subscore on the final risk score [4:25]. Further information on this

methodology may be found in the DPM User's Manual (May 1992).

2.9.3 Criticisms of the DPM

The DPM, however, was criticized in a recent NRC report [13:135-176]. The

NRC's Committee on Remedial Action Priorities for Hazardous Waste Sites was asked to

examine the principle ranking methods being used by the federal agencies to rank

contaminated sites for cleanup. This study effort began in 1990. Among other issues, the

committee was asked to consider ". . . the method's assumptions; the appropriateness of

the assumptions for the method's intended purposes; the sources, magnitude, and

treatment of significant uncertainties in each method [13:3]..."

The DOD, one of the NRC project supporters, requested and received an interim
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report (1992) assessing the DPM. Some of the criticisms of DPM included the fact that

65% of the 284 sites evaluated in 1991 had DPM scores between 13 and 37, with such a

narrow interval suggesting that DPM's ability to discriminate between sites may be

limited [13:9]. Another important observation of the NRC report was that "the extensive

scientific peer review, public participation, and public comments that are needed for

establishing credibility and acceptability of a model to be used in priority-setting have

not been conducted with the DPM [13:174]."

Further review by the NRC revealed that the DPM User's Manual provides

instructions on how to run the DPM but does not explain the science or rationale for the

various model algorithms. Furthermore, the manual does not detail the objectives,

assumptions, and intended use of the model, leaving it unclear why and how DPM's

scores for potential threats are combined with the threat's magnitude, immediacy, and

probability [13:146]. Such information "... is necessary for evaluating whether a

particular type of risk is being quantified consistently and checking whether the model's

default values are chosen consistently with some explicitly stated policy [13:146]."

The DPM makes use of pathway algorithms that are based on various concepts of

contaminant transport and fate. These algorithms attempt to qualitatively capture the

dependence of the contaminant concentration, at a given distance from the source, on

various physicochemical and transport parameters. All contaminant transport and fate

is modeled qualitatively in the DPM, except for the air and soil pathways. A major

deficiency for the surface water and groundwater pathways, however, is that the

qualitative algorithm does not allow consideration of the magnitude of the pollutant
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release rates or concentrations at the receptor site in arriving at the pathway scores

[13:146]. Consideration of such contaminant information seems an essential element of

any meaningful statement of potential site risk to the public.

Further NRC review of the DPM revealed that the algorithms used for the surface

water, groundwater, and air and soil pathway factors are not entirely consistent with

accepted theory. For example, the pathway algorithm uses a summation formula,

whereas theory suggests that a multiplicative formula or summation on a logarithmic

scale would be the preferable approach for scoring the pathway potential [ 13:147].

As the DPM has not been validated and has been viewed by some to be

scientifically questionable, this thesis effort will attempt an initial validation effort

against a quantitative baseline model, that is assumed a priori to provide the correct site

rankings.

2.10 Relative Risk Evaluation Method

2.10.1 Background

In a Government Accounting Office (GAO) report entitled Environmental

Cleanup: Too Many High Priority Sites Impede DOD's Program (3 May 1994), the GAO

concluded that the current method by which regulators and the DOD prioritize sites for

cleanup results in "(1) too many similar priorities where too little gets done, or (2)

instances where DOD's worst sites are not getting priority attention [15:41." The report

further stated that the current approach based solely on regulation-driven rather than risk-
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driven requirements leads to significant cost growth that strains limited resources and

forces difficult choices.

On 14 Apr 94, the Office of the Deputy Under Secretary of Defense

(Environmental Security)(DUSD[ES]) directed each service within DOD to begin

developing their environmental restoration program using a relative risk evaluation

framework. Implementation procedures were developed and issued during summer 1994

[15:4].

Some said benefits of the RREM are: it is simple and easy to understand; it does

not rely on "Black Boxes" for evaluation; it establishes a common approach for

categorizing sites across DOD Components; and it serves as a basis for discussing

relative site risks with stakeholders [15:C10].

According to the Relative Risk Site Evaluation Primer (summer 1994), the goal of

the RREM is "to ensure that sites with higher risk (relative to other sites) are generally

considered first in the priority setting process [15:2]." The function of the framework is

to categorize sites into High, Medium, and Low categories based on relative risk [15:2].

2.10.2 Model Structure and Overview

Under RREM, the categorization of sites into relative risk groups is based on

evaluation of contaminants, pathways, and human and ecological receptors in

groundwater, surface water and sediment, and surface soils. Each of these environmental

media are evaluated using the following three factors: (1) the Contaminant Hazard

Factor (CHF), a combined measure of contaminant concentrations in a given
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environmental medium; (2) the Migration Pathway Factor (MPF), a measure of the

movement or potential movement of contamination away from the original source; and

(3) the Receptor Factor (RF), an indication of the potential for human or ecological

contact with site contaminants [15:ES].

Community representatives and stakeholders at an installation provide input to

the DOD for these site evaluations. The results will be used by the DOD, along with

other risk management concerns (e.g., regulatory agreement status of sites, public health

recommendations), to help sequence site cleanup [ 15:ES].

Relative risk site evaluations should be based on currently available information

on contaminants, migration pathways, and receptors; additional data gathering activities

are not required [15:5]. Information required to complete relative risk site evaluations

should be obtained from existing restoration documents. Examples of such documents

include completed site inspections, remedial investigations, feasibility studies,

engineering evaluations/cost analysis studies, records of decision, decision documents, or

equivalent types of information [ 15:17).

RREM utilizes available site information to evaluate groundwater, surface water

and associated sediments, and surface soils, preferably from a depth of 0-6 inches (if

such samples are not available results from depth up to, but not exceeding, 24 inches can

be used) [15:6].

Each of the three media is evaluated using the three factors mentioned previously:

the CHF, MPF, and RF. Each of these factors is given a rating (e.g., Significant,

Moderate, or Minimal for CHF) based on available site information for a given media.
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For each site, ratings are combined in an overall category of High, Medium, or Low

[15:6]. This site-specific process is illustrated schematically in Figure 4. Figure 5

expands on Figure 4, and illustrates the decision points for media-specific relative risk

site evaluations. Figures 6 through 8 provide definitions of the factor ratings for

groundwater, surface water/sediment, and surface soils, respectively.
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The CHF rating is determined based on the ratio of the maximum concentration

of a contaminant in the media to a risk-based concentration standard for that

contaminant. For human health under the RREM, the concentration standard for

carcinogens will be the concentration that presents a 1 in 10,000 risk of increased cancer

incidence, which is the remedial action threshold for carcinogens defined by the EPA in

QSWER Directive 9355.0-30. For non-carcinogens, the concentration standard will be

the concentration that provides an exposed individual with the daily reference dose

(RfD), which is the estimated daily exposure level of a contaminant to a human

population below which adverse non-cancer health effects are not anticipated [ 15:7].

Concentration standards used by the RREM for various contaminants in soil and

water are based on the most current information in the Integrated Risk Information

System (IRIS) and Health Effects and Assessment Summary Tables (HEAST). The

original concentrations for carcinogens (based on a one-in-one-million risk of increased

cancer incidence) were multiplied by 100 for use in the CHF calculation [15:7].

For media containing more than one contaminant, the ratios from the individual

contaminants are added. A CHF rating of significant (greater than 100), moderate (from

2 to 100), or minimal (less than 2) is assigned on the basis of the magnitude of the ratio

or sum of ratios [15:13].

When conducting relative risk evaluations for sites contaminated solely with

petroleum, oils, and lubricants (POL), only the concentrations for benzene, toluene,

ethylbenzene, and xylene (BTEX) compounds in each media are used, together with
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corresponding BTEX standards, to calculate the CHF [14:17]. Calculation of the CHF is

illustrated in Figures 9 and 10.
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Information about migration pathways of contamination for a site is summarized

as the MPF. Ratings of evident, potential, or confined are made by matching available

site information on the pathways with the three definitions about the likelihood of

contaminant migration provided in Figures 4 through 6. Site evaluators should determine

the MPF on the basis of professional judgment and consideration of available site

information [15:13].

Information about the present or future likelihood of receptors for each site is

summarized as the RF. Ratings of identified, potential, or limited are made by matching

available information on receptors at sites with the definitions provided in Figures 4

through 6. Like those for the MPF, these statements should be considered based on

available information and professional judgments about the site. For groundwater,

human receptors include downgradient water supplies used for human consumption or in

food production. For surface water/sediment, receptors include down gradient water

supplies and recreational areas used for drinking water, irrigation of food crops, watering

of livestock, aquaculture, and/or recreational activities as fishing. For surface soil,

human receptors include workers, residents, schools, and daycare [15:13].

The CHF, MPF, and RF ratings for each medium at a site are combined using the

relative risk flowchart as shown in Figure 3 to obtain a risk designation of High, Medium,

or Low. The highest media designation of the three is chosen as the risk designation for

the site [15:14].
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2.10.3 Criticisms of the RREM

As discussed previously, specific criticisms of the RREM include: 1) the

framework relies too heavily on qualitative factors; 2) many of its definitions are

unclear, such as how it defines a receptor; and 3) it is unclear how much rigor will be put

into the analysis [18:1]. One overall recommendation included that"... the process

define a more quantitative, rigorous approach to characterizing sites; and, that more

variables (pathways and receptors) be included [18:1]."

2.11 American Petroleum Institute's Risk/Exposure Assessment Decision Support

System (DSS)

2.11.1 Introduction

The exposure/risk assessment process involves site characterization, contaminant

fate and transport modeling, toxicology, environmental chemistry, and data analysis.

Both federal and state guidance encourage the use of site-specific risk assessments in

estimating risk (e.g. Risk Assessment Guidance for Superfund ) [2:1-1]. It is important to

develop a computerized framework to provide a consistent and cost-effective approach

for determining risk and cleanup levels at contaminated sites. The DSS seeks to ensure a

consistent approach to site risk assessment [2:1-1].

The DSS consists of the following four modules: 1) Development of Risk

Scenario, 2) Fate and Transport, 3) Chemical Intake and Risk Calculation, and 4) Risk

Presentation. Each module is discussed briefly below.

The Development of Risk Scenario module allows the user to develop a

conceptual model of the site for the purposes of risk assessment [2:1-4,5]. Key elements

52



of the conceptual model include the contaminated media, the chemicals of concern, the

types and locations of receptors and relevant routes of exposure, and the manner in which

the receptor point concentrations for each chemical are to be estimated (e.g., through

directly entered concentrations or contaminant transport modeling) [2:4-1 ]. The data

required to estimate the risk at a site depend on the conceptual model developed. Based

on these elements input by the user, the DSS summarizes all the data that will be

necessary to estimate the risk [2:4-7]. Specific values for these parameters can be

estimated based on a combination of site-specific field investigations, a literature search,

professional judgment, or default values included in the DSS databases [2:4-7].

The procedures used to compute intake in the DSS are consistent with those

described in EPA's Risk Assessment Guidance for Superfund (EPA, 1989a). This module

can be used to estimate chemical intake for the following routes:

1) Ingestion of contaminated water

2) Inhalation while showering

3)Dermal contact with contaminated groundwater

4) Ingestion of contaminated soil

5) Dermal contact with contaminated soil

6) Inhalation of air containing chemical vapors or particulates.

These are typically the most important routes of exposure at petroleum contaminated

sites [2:6-1].
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Exposure routes should be selected based on the receptor type and expected

location of the receptor. For example, if risks to an on-site resident are being estimated,

then all the above routes may be of concern. However, if an on-site worker is being

studied, the shower routes might be eliminated leaving just inhalation of soil emissions,

dermal contact with soil, soil ingestion, and the ingestion of groundwater as potential

routes of concern [2:4-4]. A general guideline for the DSS user is provided in Table 4.

Table 4
SUGGESTED ROUTES OF EXPOSURE FOR SELECTED RECEPTOR TYPE

AND CONTAMNA TED MEDIUM [2:4-5]

Receptor Type and Contaminated Possible Routes of Exposure
Location Media

1 2 3 4 5 6
On-site Resident Soil 0 0 0 0 0

Groundwater 0 0 0 ... ... ...
A ir --- . .. -- ---. --

Off-Site Resident Soil 0 0 0 0 ... ...
Groundwater 0 0 0 ... ... ...
Air --- . .. -- ---.. ...--

On-Site Worker Soil --- --- --- 0 •

Groundwater --- ---... .. ... ..
Air --- . .. -- -... ... --

Off-Site Worker Soil --- --- --- - ---

Groundwater --- ---... .. ... ..
A ir ---... -- ---.. ...--

Visitor Soil --- --- --- 0 •
Groundwater --- --- ---.. .. .. .
Air ---. .. -- ---. ...

I. Ingestion of water
2. Dermal absorption while showing
3. Inhalation while showering
4. Inhalation of emissions from soil
5. Dermal contact with soil
6. Ingestion of soil
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Models included are atmospheric emission and dispersion models, and unsaturated and

saturated zone contaminant transport models [2:1-4,5]. In some cases the fate and

transport models are linked together. For instance, the Jury model (a vadose zone model)

may be used to calculate contaminant mass loading to groundwater and volatile emission

rates, with both of these outputs used as inputs to other models. The loading to

groundwater is used as an input to the AT123D saturated zone model, and the volatile

emission rates are used as an input to an air dispersion model (if applicable to the

scenario under study) [2:4-6].

The Chemical Intake and Risk Calculation module uses the computed receptor

point concentrations (calculated in the fate and transport module) or user-entered

concentrations to estimate chemical intake by the human receptor for the exposure routes

mentioned previously. This module also estimates the carcinogenic risk and non-

carcinogenic effect (hazard index) due the these exposures. As shown in Figure 11,

receptor point concentrations from fate and transport modules (or user specified

concentrations) are used to calculate the intake of chemicals by human receptors for each

exposure route. Chemical intake is computed using equations that include variables for

exposure concentrations, frequency, duration and averaging time of exposure, body

weight, and the receptor contact rates with the contaminated media [2:6-1]. This intake

rate, expressed in milligrams per day of chemical taken into the body per unit body

weight (mg/kg-d), is then averaged over time to quantify the risk for each exposure route

[2:6-1].
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The Risk Presentation module presents as output the estimated chemical intake,

carcinogenic risk, and hazard index for each pathway [2:1-4,5].

Fate and Transport
Module

Receptor Point Concentrations
in each Media

Chemical Toxicity Chemical Intake and Risk Intake Parameters
Database Calculation Module Database

Intakes, Risks, and Hazard
Index for Each Chemical and
Exposure Route

Risk Presentation Module

Figure 11:
RELATIONSHIP OF THE CHEMICAL INTAKE MODULE TO OTHER MODULES AND DATABASES [2:6-2]

2.11.2 General Limitations of DSS

Some distinct limitations of DSS are listed below:

For any one analysis, the maximum number of chemicals is limited to five.

The DSS can only consider one receptor per exposure route for each run.

Exposure routes such as the ingestion of produce grown in contaminated soil and
the inhalation of indoor air in confined spaces are not addressed.
The EPA Biokinetic model for lead is not included in the software; DSS treats
lead the same way as other chemicals requiring slope factor or reference dose.

Risks and chronic effects are additive.

Certain fate and transport models assume steady-state and/or compositional
equilibrium between all phases at all times.
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Risk is to the maximum exposed individual -- population risks are not addressed.

Risks are carcinogenic only -- teratogenicity, mutagenicity, etc., are not
considered.

It is assumed that potency factors, RFDs apply to children as well as adults.

The fate and transport models can only simulate a single source, e.g. the only
contaminated medium at time = 0 is the soil [2:3-11,12].

2.11.3 Model Descriptions

The DSS contains modules that allow the user to develop a conceptual model of

the site under study through the selection of chemicals of concern, uptake routes, and

specific fate and transport models to estimate receptor point concentrations at the site.

2.11.3.1 Jury Unsaturated Zone Model

Concentrations in the surface soil over time can be estimated using the SESOIL

or the Jury model [2:5-5]. The SESOIL model, however, is quite complex dividing an

assumed heterogeneous unsaturated zone into layers for analysis. It also requires input

parameters not normally measured at sites nor easily estimated [7].

The model description that follows is found (in greater detail) in the American

Petroleum Institute Risk/Exposure Assessment Decision Support System (DSS) Version

1.0 (user's guide), Appendix B.

The Jury model, Jury et. al. (1990), is a screening level model that estimates the

chemical flux volatilizing from soil and the time-varying concentration profile within the

unsaturated zone. The latter can be used to estimate the contaminant mass loading to the
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water table. This model is based on the analytical solution to the differential mass

balance equation and the boundary and initial conditions presented below:

(OCT/at) + ACT = DE(02CT/z 2) - VE(aCT/&z) (2)

where

CT = total soil concentration (mg of contaminant/cm 3 of wet soil)

t = time (day)

A = first order decay rate constant (1/day)

DE =effective diffusion coefficient (cm 2/day)

z = depth measured positive downwards from the soil surface (cm)

VE effective contaminant velocity (cm/d).

The initial condition is:

CT(O < z < L, t--O) = C,

CT(z >= L, t = 0) = 0. (3)

These initial conditions imply that initially the contaminant is uniformly

incorporated to a depth L. For the case of a contaminant source buried under a clean fill,

the solution is obtained by superposition.

The upper boundary condition is:

-DE CT/&z + VECT = -HECT at z = 0. (4)
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This condition simulates the volatilization of chemical vapor to the atmosphere

through a stagnant air boundary layer above which the chemical concentration in air is

assumed zero.

The lower boundary condition is:

CT(z= a,allt) = 0 (5)

where

C, = initial total contaminant concentration in soil (mg/cm 3)

L = initial depth of contaminant concentration (cm)

HE = a mass transfer coefficient variable (cm/day).

The total soil concentration is assumed to be distributed between the solid,

aqueous and the vapor phase and is estimated using:

CT = PbCs + OwCi + OaCg (6)

where

Pb = the bulk density of soil (g of dry soil/cm 3 of wet soil)

C, = the adsorbed phase concentration (g of contaminant/g of dry soil)

0, = the volumetric water content (cm 3 of water/cm 3 of wet soil)

C1 = the dissolved phase concentration (g contaminant/cm 3 solution)

0 a = the air porosity (cm 3 gas in soil/cm 3 wet soil)

Cg = the dissolved phase concentration (g contaminant/cm 3 gas in soil).
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This precludes the use of this model in situations where immiscible liquids or

precipitates are present in the source zone [2:B-2].

The three individual phase concentrations C,, C1, and Cg are related by partition

coefficients as follows:

CS = Kd C1

Cg H Ci (7)

where

Kd = the chemical-specific soil-water partition coefficient = K, fo

H = the dimensionless form of the Henry's constant.

Assumptions underlying the Jury model are as follows: (1) the soil column is

assumed to be homogeneous and isotropic without any variations with depth, (2) the

infiltration rate is assumed to be uniform and steady, (3) the contaminant is initially

incorporated uniformly from the top of the soil column to a depth 'L' cm below the

surface or may be incorporated in a thickness 'D' below a clean soil layer, (4)

contaminant decay is assumed to follow first order decay rate, (5) the partitioning of

contaminant concentrations between the three phases, i.e., solid phase, dissolved aqueous

phase and the vapor phase is assumed to be linear and compositional equilibrium among

phases is assumed at all locations at all times. Depending on the degree of departure

between the field situation and these assumptions, the Jury model may overestimate or,

in some cases, underestimate the emission rate [2:B- 10].
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2.11.3.2 AT123D (Saturated Zone) Model

AT 123D is a semi-analytic model that uses site-specific information related to the

contaminant source, saturated zone, and the distance to the receptor well to estimate

concentrations in the well. A key input parameter for AT123D is the contaminant mass

or the mass loading that defines the source for the AT123D model. If the AT123D model

is run in conjunction with an unsaturated zone model ((SESOIL or JURY), the mass

loading is internally estimated by the DSS as the sum of the advective and dispersive

loadings.

When the AT123D model is run independently (e.g., when the water table is very

shallow or an underground storage tank leaks directly into the water table) the mass

loading is a user specified variable. The model allows three different options:

(1) constant mass release rate for the entire simulation; (2) constant mass release rate

for a specific period of time (pulse) with the mass release going to zero after release rate

period; or (3) instantaneous release [2:5-5].

The output of the AT123D model is a depth-averaged concentration at a specified

point in the aquifer that is used to estimate intake due to (i) ingestion of groundwater and

(ii) dermal contact with water. This concentration is also used as an input to the shower

model to estimate the amount of volatile emissions [2:5-5].

The DSS employs an approximate method to estimate average well

concentrations. Concentrations are estimated by the AT123D at a user-specified number

of equally-spaced vertical intervals across the well screen; these are arithmetically

averaged to compute the well concentration. This method assigns equal weight to all
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vertical intervals between the top and bottom of the screen, and does not account for well

water drawn from below or above the well screen or for lower concentrations in well

water drawn radially from the downgradient side of the well [2:C-9]. Also of note is

that the model estimates concentrations in a monitoring well, not a pumping well. The

concentration in a pumping water well is significantly lower than concentrations in a

monitoring well due to spatial dilution effects [2:C-7].

The AT123D, developed by Yeh (1981), is a screening-level analytical model that

has been used for several applications related to the evaluation of risk at hazardous waste

sites. The model is also included in EPA's Graphical Exposure Modeling System

(General Sciences Corporation, 1990). AT123D solves the differential mass balance

(advective-dispersive) equation that describes contaminant fate and transport in the

saturated zone. Groundwater flow is assumed to be one-dimensional, steady, and

uniform in the downgradient direction. Processes simulated by AT123D include: three-

dimensional dispersion (longitudinal, lateral, and vertical); one dimensional uniform

advection; linear, reversible equilibrium adsorption; and lumped first order decay (e.g.,

by biodegradation or other chemical transformation processes). The saturated zone is

assumed to be homogeneous and isotropic in terms of its physical properties (porosity,

bulk density, etc.). Chemical sources may be simulated as instantaneous injections of

mass, or as time-varying mass rates into the groundwater system. The saturated zone

may be infinite or finite in the lateral and vertical directions. The model has the ability to

simulate a variety of contaminant source geometries oriented in different ways along the
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x, y and z directions. These can be used to estimate concentrations as a function of time

at any location specified by different values of the x, y, z and t coordinates [2:C-1,3].

The AT123D model is based on the following assumptions: (1) the saturated

zone is assumed to be homogeneous, isotropic and of uniform geometry, i.e., the

thickness and width of the zone are considered to be uniform, (2) the water table is

assumed to be steady without any fluctuations, (3) the flow direction is uniform, one-

dimensional and steady-state, (4) contaminant decay is assumed to follow a lumped first

order decay rate, (5) contaminant adsorption is considered to follow linear adsorption, (6)

concentration in the liquid and solid phase of the aquifer are assumed to be in

equilibrium at all times, and (7) the AT123D model simulates the dissolved phase

contaminants only and is not applicable to simulate the transport of free product [2:C-

10,15].

A complete description of the AT123D model is found in Appendix C of the DSS

user's guide.

2.11.3.3 Gaussian (Air Dispersion) Model

The mathematical expressions used to estimate air dispersions are complex -

considering the degree to which wind speed, wind direction, and atmospheric stability

can vary. These variables, along with complicating factors such as topography and wake

effects, necessitate the use of computer models for the calculation of contaminant

concentrations [11:211]. The EPA states that Gaussian dispersion models can and have

been successfully applied to the types of sources encountered at Superfund sites [11:211].
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DSS these concentrations can either be specified by the user based on site-specific

concentration measurements or estimated using either the box or the Gaussian dispersion

model. [2:5-6]. Chemical emission rate is one required input to the Gaussian model.

The jury model can be used to estimate this volatile emission rate and can provide this

estimate as an input to the Gaussian model. This is a semi-analytic model that directly

estimates contaminant leachate to the water table and volatilization to the atmosphere

[2:5-7].

2.11.4 Exposure Modeling and Risk Calculation Under the DSS

Two sets of default exposure data are available in the DSS. These are the

(1) EPA-recommended reasonable maximum exposure assumptions, and (2) average

most-likely intake parameter values derived from EPA's Exposure Factors Handbook

(1989) and Risk Assessment Guidance for Superfund Manual (1989) [2:6-3]. Exposure

assumptions used in this study are presented in the next chapter (section 3.3).

If the models or the inputs vary in time (e.g., one time fuel spill), the model

output consists of the receptor point concentration that varies with time. For example,

application of AT123D might result in a time varying concentration in the receptor well.

In order to estimate exposure (dose), however, an average concentration over the

exposure duration is required [2:5-7]. These average concentrations used to estimate the

dose are calculated internally by the DSS in accordance with the procedure described in

the following (also see Figure 12):

"The time-varying concentration values are analyzed to estimate the
maximum running average concentration for up to 75 years (maximum likely
human exposure duration) at 5-year intervals. This results in 15 values, i.e.,
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maximum 5-year running average concentration, maximum 10-year running
average concentration, etc. Note, the maximum 5-year average concentration
does not necessarily correspond to the average concentration for the first five
years simulated. Rather, it corresponds to the five years surrounding the point in
time when the maximum concentration occurred ... These 15 concentrations
are used to estimate the specific value used for estimating the dose. .. "[2:8-9,
5-7,8]

15 YR

10 YR Averaging Times

5 YR

5.OOE-04 --

4.OOE-04 --

3.OOE-04-

S 2.OOE-04

1 .00E-04

0.00E+00
0 10 20 30 40 50 60 70

Year

Figure 12: SCHFMA TIC SHOWING THE ESTIMATION OFMAM A VERAGE CONCENTRATION FOR
DIFFERENTA VERAGING PERIODS [2:8-9]

The final step in the risk assessment process is the risk calculation in which

information on the toxicity of chemicals is combined with the intake estimates to

compute the potential risk to human receptors [2:6-12]. The approach used by DSS to

quantify risk is consistent with EPA's guidelines for hazardous waste sites as described in
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(Part A) (1989). For each receptor, total risk and risk due to each chemical and each

pathway of concern are estimated. Separate calculation methodologies are utilized by

the DSS for evaluating carcinogenic risk and non-carcinogenic effects and each is

described below.

For carcinogens, risk is quantified as the incremental probability of an individual

developing cancer over a lifetime. Referred to as the individual excess lifetime cancer

risk (IELCR), this risk is the excess risk incurred by individuals exposed to the chemicals

by the pathways and routes found through the exposure assessment. This risk is

quantified as the product of the slope factor (also referred to as the potency factor) and

the lifetime average daily intake (LADD):

IELCRij = Sfij LADDij (8)

where

IELCRij = individual excess lifetime cancer risk for chemical i, exposure route j

Sfij = slope factor for chemical I, exposure route j (mg/kg-day)-'

LADDij = lifetime average daily dose for chemical I, exposure route j(mglkg-day)

This approach to estimating risk is based on the linear low-dose cancer risk model

described by the EPA, and is valid for risks below 0.01 (or I in 100 excess lifetime

cancer risk, where the linear assumption of the low-dose model breaks down). DSS

assumes that exposure to any amount of a carcinogen will increase the receptor's risk of

developing cancer [2:6-12,13]. To estimate total risk to receptors exposed to multiple

chemicals and exposure routes, cancer risk are assumed to be additive. This assumes

there are no synergistic or antagonistic interactions between chemicals [2:6-13].
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Non-carcinogenic effects are evaluated by assuming that there is a threshold level

of exposure (i.e., the RfD) below which it is unlikely that sensitive populations will

experience adverse health effects. These effects are characterized by comparing the

chronic daily intake for each chemical and exposure route to the chemical and route-

specific RfD. This risk is quantified as the ratio of the chronic daily intake to the RfD:

HQij = CDlij / RfDij (9)

where

HQij = the hazard quotient for chemical I, exposure route j

CDIj= the chronic daily intake for chemical I, exposure route j (mg/kg-day)

RfDij the reference dose for chemical I, exposure route j (mg/kg-day).

The hazard quotient is an index of the potential for non-carcinogenic effects. If

the value exceeds unity, there is the potential for adverse non-carcinogenic health effects

[2:6-13].

For receptors exposed to multiple chemicals and exposure routes, the potential for

non-carcinogenic effects is quantified by the hazard index (HI), equal to the sum of the

hazard quotients for each chemical and exposure route [2:6-13]. The hazard quotient is

the ratio of a single substance exposure level over a specified time period to a reference

dose for that substance, whereas the hazard index is the sum of more than one hazard

quotient for multiple substances and/or multiple exposure pathways [2:6-13].
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3.0 Methodology

3.1 Background

As mentioned previously, the quantitative assessment using the API DSS required

the focus of this research effort to be on petroleum contaminated sites, as the DSS was

designed to assess risk posed from fuel spills or leaking fuel tanks. A search was made

among Installation Restoration Program (IRP) sites locally at Wright-Patterson AFB and

among Air Combat Command (ACC) IRP sites in both the Spill Site (SS) and the Storage

Tank (ST) site categories. ACC sites were sought due to the centralized access to

relevant site reports at HQ ACC/CEVR at Langley AFB. The search was further

narrowed by selecting only those SS and ST sites that had both RREM evaluations and

DPM scores. Candidate sites were eliminated further by selecting sites that were not

contaminated with any type of chlorinated solvents. The DSS is not designed to model

the transport of these solvents as they tend to sink and form isolated pockets in the lower

portions of the groundwater aquifers rather than migrating in the uppermost portions

making transport difficult to model.

Site specific data was gathered from the most current reports available at

ACC/CEVR. In general, they included Remedial Investigations/Feasibility Studies

(RI/FSs), Contamination Assessment Reports (CARs), Preliminary Assessments/Site

Investigations (PA/SI), Remedial Design/Remedial Action (RD/RA) reports, contaminant

data gathered from site Automated DPM (ADPM) files, and site data gathered (for some

sites) from a query of the IRP Information Management System (IRPIMS) database. A
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complete list of data sources by site, along with a general site description, can be found

in Appendix A.

3.2 Data Requirements and Estimation Methods

3.2.1 Unsaturated Zone

The data requirements for the Jury (unsaturated zone) model are provided in the

Table 5. Chemical input requirements and estimation methods are discussed in a

subsequent section. Soil column data were derived using the following procedures:

0 - Sources for soil volumetric water content included the IRPIMS (average values), site

study reports, and in the case of the Wright-Patterson AFB sites, RPM estimation.

rqe - The effective porosity was gathered primarily from site reports or ADPM files.

- The soil bulk density used was the DSS default of 1.8 g/cm 3 (considered a typical

value.

fo, - The fraction of organic carbon content was typically not available among site data.

In these cases, 0.1% was used as a conservative measure as little or no retardation of

the contaminants of concern would occur [7].

thickness of incorporation - This refers to the thickness of contaminated soil (assuming a

uniformly contaminated "block" of soil). In most cases, this figure, along with the Xand

Y-dimensions of the source and the thickness of the (clean) soil cover at each site was

69



provided in associated ADPM data files for each site studied. In cases where this data

had not been measured, these data were estimated using cross sectional views of sites

available in associated site study reports.

unsaturated zone depth - This was provided as the estimated depth to groundwater in

each site report used.

infiltration rate - The infiltration rate was provided (as measured) in only a few site

reports. In most cases, it was assumed that that rate of runoff was approximately 5% of

the rainfall rate. The annual infiltration rate was then estimated by subtracting the annual

runoff and the evaporation from the annual rainfall rate. Rates of evaporation and

precipitation for Air Force installations can be found in the DPM User's Manual,

Appendix B. For some of the sites located in desert climates, however, this relationship

could not be used. In these cases, site reports stated that heavy rainfall often occurs over

a very short period of the year. A small average annual infiltration rate (on the order of a

few inches) was assumed in these cases.

boundary layer thickness - This refers to the thickness of a layer of stagnant air (above

the soil surface) through which vapor must move by molecular diffusion [2:13-9]. The

thickness, d, was calculated using the following equation [10:562]:

d = Dauwv 8*wv (1-RH) / 2EwL (10)

where

E = water evaporation rate (m/d)
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RH = atmospheric relative humidity

D a wv = the binary diffusion coefficient of water vapor in air ( 2 m2/d)

8*wv = water vapor density (g/m 3)

8WL = is the liquid water density (g/m3).

Average relative humidity data for each installation, if not provided in site

reports, was gathered from the International Station Meteorological Climate Summary,

Version 3.0, which is a database maintained by the Federal Climate Complex in Ashville,

North Carolina. The day and night average values from this source were combined and

averaged to arrive at the value used. The evaporation rates of each installation were

obtained from the DPM User's Manual (1993). The value of 8*wv/8WL ratio was

estimated for use in the above equation by using values of d, E, and RH provided in

sample reference calculations.
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Table 5
DATA REQUIRED TO IPLEMIENT THE JURYMODEL [2:5-8]

Parameter Definition Units API DSS Units

Module Control Parameters

Simulation Time [yrs] [yrs]

Chemical Data

Total Soil Concentration [mg/kg] [mg/kg]
Difusion Coefficient in Air [cm2/sec] [cm2/sec]
Diffusion Coefficient in Water [cm2/sec] [cm 2/sec]
Henry's Law Constant [m3Atm/mole] [(m3fL)/(mg/L)]
K[ug/g oc/ug/mi] [ug/g oc/ug/ml]
Overall Decay Rate [ /day] [1/day]
Solubility [mg/1] [mg/l]

Data for the Soil Column:

Volumetric Water Content [-] 1-]
Effective Porosity [-] [-]
Soil Bulk Density [g/cm3] [g/cm3]
Fractional Organic Carbon [mg/mg] 1mg/mg]
Thickness of Incorporation [m] [m]
Thickness of Soil Cover [m] [m]
Depth of Unsaturated Zone [in] [im]
X-dimension of the source [im] [im]
Y-dimension of the source In] [m]
Thickness of boundary layer [cm] [cm]
Infiltration Rate [cm/sec] [cm/yr]

3.2.2 Saturated Zone

The data requirements for the AT I23D (saturated zone) model are provided in the Table

6. Inputs were derived using the following procedures:

/Te - The effective porosity was gathered primarily from site reports or ADPM files.
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hydraulic conductivity (K) - Average K-values were obtained from associated site

reports.

hydraulic gradient - These values were obtained from site reports or scaled from

groundwater level contours (in).

longitudinal, transverse, and vertical dispersivity - Figure used were 10, 1, and 1 meters

respectively as the actual measurements for these parameters did not occur in past site

investigations and the assumed values are reasonable in many cases [7].

- The fraction of organic carbon content was typically not available among site data.

In these cases, 0.1% was used as a conservative measure as little or no retardation of the

contaminants of concern would occur [ 7].

Pb - For the soil bulk density the DSS default of 1.8 g/cm3 was used (considered a typical

value).

thickness of aquifer - With the exception of a few of the sites, the aquifer thickness was

provided in site reports; otherwise it was scaled from cross-sectional maps or a

conservative value of 10 feet was used to match the well screen length.

Aquifer width - The aquifers at each site were assumed infinite in extent as this figure

was not provided in site reports.

Receptor well data - The well screen length used was 10 ft as this would be the

approximate length of a private well designed to serve the needs of a single family
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dwelling [7]. To determine the distance of the receptor well from the site, data from the

ADPM files on each site was used. The distance to the nearest receptor well was

estimated through the following relationship:

distance = (groundwater travel time)(gradient)(hydraulic conductivity) / (porosity)

If the groundwater travel time provided in the ADPM files was large, indicative

of no current groundwater receptors, the nearest residence was used under the scenario

that a well could be constructed for use at that location. In some cases, the measured

distance from a site to downgradient wells was provided in the ADPM data files.
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Table 6
DATA REQUMR EM FOR ATI23DMODEL INCORPORATED IN THEAPIDSS [2:1-13]

Units/Options

Parameter Definition

Model Control Parameters

Option to indicate if the media is infinitely wide (y-direction) YES/NO
Option to indicate if the aquifer is infinitely deep (z-direction) YES/NO
* Option to indicate the type of release/source Click on selection

instantaneous release
constant release rate
pulse release rate

* Simulation time (max = 100 yrs) (yr)

* Source Parameters

Length in the x-direction (m)
Length in the y-direction (m)
Thickness in the z-direction (m)
Duration of the pulse (only for pulse source) (yr)
Instantaneous chemical release (only for instantaneous release case) (kg)
Constant chemical release rate (only for constant release case) (kg/yr)

Media Parameters
Effective porosity (cm 3/cmn)
Hydraulic conductivity (m/yr)
Hydraulic gradient (m/m)
Longitudinal dispersivity (m)
Transverse dispersivity (m)
Vertical dispersivity (m)
Bulk density of soil (g/cm3)
Fractional organic carbon content (g/g)
** Thickness of aquifer (m)
** Width of aquifer (m)

*Chemical Parameters

Organic carbon partition coefficient [(p-g/g)/ (-tg/ cm3)]
Overall decay rate (1/day)
Molecular diffusion coefficient (cm2/s)

Receptor Well Data
x-coordinate of well (m)
y-coordinate of well (m)
z-coordinate of top of well (m)
z-coordinated of bottom of well (m)

* Not required where AT123D is run in conjunction with the SESOIL or JURY model.

** required only when aquifer is finite in z- or y- directions respectively

Note default values of chemical parameters are available from the database in the APIDSS.
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3.2.3 Air

The data requirements for the Gaussian (air dispersion) model are provided in the Table

7. Inputs were derived using the following procedures:

area of source - This was determined from source dimensions provided in ADPM
files or scaled from site maps.

emission rate - The emission rate was estimated as an output of the Jury model
that serves as input to the dispersion model.

decay rate - Default values were used from the DSS chemical database.

distance from source to receptor - For the off-site receptor, this distance matched
the distance to the receptor well assuming it was at an off-site residence; for the
on-site worker and resident, a value of 1 meter was used, placing the receptors at
the site in these two cases.

average wind speed - The average wind speed was obtained from site reports in
most cases, and estimated from a mean annual wind speed map in the DPM
User's Manual when not available in the site reports.

Stability class frequencies - These represent the fractions of time that winds are
unstable/stable and they were obtained from measurements recorded at nearby
airports or climatological stations. This data was obtained from files in Risk
Assistant (1991), a microcomputer-based software system for risk analysis
(developed by Hampshire Research Institute, Alexandria, Virginia).

Fraction of the time wind blows toward receptor - This could not be estimated
and it was simply assumed that the wind blew toward the receptor half the
time.

Vertical dispersivity - This was estimated internally using the input stability class
data and the Pasquill-Gifford relationship [2:H-2,3].
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Table 7
DATA REQUIRfMENTS FOR THE GA USSL4N DISPERSION MODEL [2:H-5]

PARAMETER DEFINITION UNITS *APIDSS UNITS

Source Data
Area of source [im 2] [M2 ]

Chemical Data
Emission rate [g/s] [kg/yr]
First order decay rate in air [1/si [1/s]

Receptor Data
Distance from source to receptor [m] [m]

Meteorologic Data
Mean annual wind speed [m/s] [m/s]
Frequency of occurrence for each [-] [-]
stability class
Fraction of the time wind blows in [-] [-]
the direction of the receptor from
the source
Vertical dispersivity ** [m] [m]

* Conversions handled internally by the APIDSS
** Estimated based on empirical Pasquill-Gifford relationship

3.3 Site Chemicals of Concern

3.3.1 Contaminants of Concern

This study focused on the BTEX components of JP-4, a mixture of gasoline and

kerosene distillates, as these have been the primary chemicals of concern in past DOD

studies of petroleum contamination. The BTEX are among the VOC fuel constituents

whose physical characteristics make them moderately to highly mobile in the

environment. At most of the sites studied, sampling took place only for BTEX in the

soils and/or groundwater. Another reason for focus on these fuel components is that for
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RREM site evaluations on sites contaminated solely with POL products, only the BTEX

compounds in each media, together with corresponding BTEX standards, are used to

determine contaminant hazards associated with each site[15:17].

A breakdown (by percent mass) of the major components of JP-4 (Jet fuel, No. 4)

is found in Table 8. Not listed among these are the Polynuclear Aromatic Hydrocarbons

(PAHs), which are a large portion of the SVOCs in fuels that are of high molecular

weights and found only in the parts-per-million range in JP-4 [7]. As SVOCs, the PAHs

are less mobile and more persistent in the environment than the VOCs. Benzene,

however, is usually the primary driver of risk at petroleum contaminated sites as it is

more abundant and a more mobile carcinogen than the PAHs [7].
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Table 8
AJOR COMPONEN2S OFJP-4 [17.:32-33]

Fuel Component Percent by Fuel Component Percent by
Weight Weight

n-Butane .012 p-Xylene 0.35Isobutane .066 3, 4-Diniethylheptane 0.43n-Pentane 1.06 4-Ethylheptane 0.182,2-Dimethylbutane 0.10 4-Methyloctane 0.862-Methylpentane 1.28 2-Methyloctane 0.883-Methylpentane 0.89 3-Methyloctane 0.79n-Hexane 2.21 o-Xylene 1.01Methylcyclopentane 1.16 1 -MethylA-ethylcyclohexane 0.482,2-Dimethylpentane 0.25 n-Nonane 2.25Benzene 0.50 Jsopropylbenzene 0.30Cyclohexane 1.24 n-Propylbenzene 0.712-Methylhexane 2.35 l-Methyl-3-ethylbenzene 0.493- Methylhexane 1.97 I-Methyl-4-ethylbenzene 0.43trans- 1,3-Diniethylcyclopentane 0.36 1, 3, 5-Trimethylbenzene 0.42cis- I, 3-Dimethylcyclopentane 0.34 1 -Methyl-2-ethylbenzene 0.23cis-l1, 2-Dimethylcyclopentane 0.54 1, 2, 4-Trimethylbenzene 1.01n-Heptane 3.67 n-Decane 2.16Methylcyclohexane 2.27 N-Butylchclohexane 0.702,2,3,3-Tetramethylbutane 0.24 1, 3-Diethylbenzene 0.46Ethylcyclopentane 0.26 1 -Methyl-4-propylbenzene 0.402,5-Dimethylhexane 0.37 1, 3-Dimethyl-5-ethylbenzene 0.612,4-Dimethylhexane 0.58 1 -Methyl-2-i-propybenzene 0.291 ,2,4-Trimethylcyclopentane 0.25 1, 4-Dimethyl-2-ethylbenzene 0.703,3-Dimethylhexane 0.26 1, 2-Dimethyl-4-ethylbenzene 0.77l,2,3-Trimethylcyclopentane 0.25 n-Undecane 2.32Toulene 1.33 1, 2, 3, 4-Tetramethylbeozene 0.752,2-Dimethylhexane 0.71 Naphthalene 0.502-Methylheptane 2.70 2-Methylundecane 0.644-Methylheptane 0.92 n-Dodecane 2.00cis- 1 ,3-Dimethylcyclohexane 0.42 2, 6-Dimethylundecane 0.713-Methylheptane 3.04 Unidentified 0.68I -Methyl-3-ethylcyclohexane 0.17 2-Methylnaphthaiene 0.561 -Methyl-2-ethylcyclohexane 0.39 1 -Methylnaphthalene 0.78Dimethylcyclohexane 0.43 n-Tridecane 1.52n-Octane 3.80 2, 6-Dimethylnaphthalene 0.251, 3, 5-Trimethylcyclohexane 0.99 n-Tetradecane 0.731, 1, 3-Trimethylcyclohexane 0.48
2, 5-Dimethylheptane 0.52
Unidentified 0.98
Ethylbenzene 0.37
m-Xylene 0.96

79



The percent mass (in gasoline) of the following PAHs and gas additives were

determined. These are among the chemicals in the DSS database and the figures below

were used to approximate the percent mass of these components in JP-4 [1:914, 17:33,

and 12:2108]:

Benzo(b)fluoranthene - 3.9 mg/L

Ethylene Dichloride - 210 mg/L

Ethylene Dibromide - 190 mg/L

Naphthalene - 0.5% by weight (in JP-4)

Pyrene - mole fraction of 1E-6 (used with molecular weights to arrive at mass fraction)

Benzo(a)pyrene - mole fraction of 1E-7.

The percent mass of the following chemicals in JP-4, also among the chemicals in

the DSS database, were used to estimate the mass of each of these components in the

original spill [17:32]:

Benzene - 0.5%

Toluene - 1.33%

Ethylbenzene - 0.37%

Xylenes - 2.32%.

The toxicities and carcinogenic classifications of the chemicals addressed at each
site in this study are shown in Table 9.
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Table 9
CHEMICAL TOXICITY DATA FROM DSS DATABASE [2.9-11,121

Chemical Classification Inhalation RfD Oral RfD (mg/kg-d)
____________ (mg/kg-d) ... ....

Benzene A Pending Pending
Ethylbenzene D 2.86E-01 0.1
Toluene D 1.14E-01 0.02
Xylenes (mixed) D 0.2 2
Benzo (a) pyrene B2 ND ND
Benzo (b) floranthene C ND ND
Naphthalene D ND 0.04
Pyrene D ND 0.03
Ethylene Dibromide B2 ND ND
Ethylene Dichloride B2 ND ND

ND No Data

Note: 1. Description
Classification

A - Human Carcinogen
B 1 - Probable human carcinogen, based on limited human data
B2 - Probable human carcinogen, based on sufficient evidence in

animals and inadequate evidence in humans
C - Possible human carcinogen
D - Not classifiable as to human carcinogenicity
E - Evidence of non carcinogenicity for humans

Separate DSS model runs were made with BTEX contamination only (benzene

being the only carcinogen) and then with the PAHs and gasoline additives listed

previously so that comparisons could be made with current DOD models considering

BTEX contamination only (emulating the DOD models) and then under a potentially

more threatening contamination scenario involving all 10 contaminants of interest.
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3.3.2 Contaminant Concentrations and Mass Determinations

3.3.2.1 BTEX

Based on the original estimated JP-4 spill quantity and the percent mass of each

of the BTEX constituents at each site, the maximum mass of BTEX possible at each site

was calculated. An average density for gasoline of 0.74 g/mL was used to estimate the

mass of JP-4 at each site from reported spill volumes [1:917]. Soil maximum

contaminant concentration measurements and the estimated volume of contaminated soil

(both available at most of the sites) were used to calculate the actual mass (of BTEX)

currently at the site. At three sites where this mass exceeded the maximum possible

(using benzene, the only carcinogen among the BTEX, as the threshold chemical

constituent) based on the original spill, the areas of these sites were reduced until the

mass matched the maximum that would be found immediately after the fuel release.

Where maximum soil contaminant concentrations were not available or were uncertain,

the original spill mass was spread evenly over the entire estimated contaminated volume

to arrive at average concentration measures for the BTEX constituents. Where

groundwater contaminant concentrations were available, the mass of contaminant in the

groundwater was estimated based on the maximum aqueous concentrations given and the

plume size (given or scaled from site drawings in associated reports) and assuming the

concentration is evenly distributed throughout the first foot of groundwater [7]. Where

groundwater concentrations were not available, average expected aqueous concentrations

were calculated for BTEX constituents based on average (experimentally measured)
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aqueous phase concentrations for BTEX components from gasoline (Cline and

others, 1991) and were multiplied by the estimated plume volume to estimate the mass of

BTEX in groundwater [1:917]. These groundwater contaminant mass estimates were

input into the DSS groundwater model (AT123D) and the associated risk calculated was

added to that associated with current vadose zone contamination.

3.3.2.2 PAHs/Gas Additives

Of interest are some of the SVOCs that could be present as the result of JP-4

spills or leaks as these might contribute to excess lifetime cancer risk under the exposure

scenarios considered. The percent mass of each of these components normally found in

gasoline was used to estimate what might be expected in the original JP-4 spill quantities.

Since sampling for these materials did not occur during site characterization, the

maximum possible mass that could be at each site (based upon the original spill quantity)

was used and spread over the entire contaminated region of soil to provide an estimation

of the soil concentration for entry into the DSS. This method likely overestimated both

the actual mass present (e.g., some would volitalize or degrade) and the spread of these

contaminants as they are less mobile than the VOCs. However, because they are less

mobile and more persistent, a more isolated area of contamination at higher

concentrations than were estimated in this study could be present. The DSS was run

assuming the contaminants from these fuel components were in the vadose zone only and

the results were added to previous BTEX results as an extension of the DSS risk

estimation for each site (except where contaminated soil had been removed and only
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groundwater contamination now exists, in which case BTEX were the only contaminants

considered).

3.4 Summary of Model Applications

As mentioned previously, a limitation of the DSS is that the fate and transport

models can only simulate a single source, e.g., the only contaminated medium at time = 0

is the soil (unsaturated zone). However, at most of the contaminated sites, this is not the

existing site condition as contamination has reached groundwater. Also, at a few sites it

appeared (as discussed in relevant site reports) that contaminated soils had been removed

but groundwater contamination remained.

To more closely reflect existing site conditions and model site risks, risk

associated with the current unsaturated zone contamination was determined by running

the Jury (Vadose zone) model. This model was linked to both the AT123D (saturated

zone) and Gaussian dispersion models allowing for migration of the contaminant from

the vadose zone into the groundwater and the atmosphere (through volatilization) to be

characterized.

In sites where current groundwater contamination also existed, the AT 123D

model was run separately (standalone run) with the input being a simulated

"instantaneous release" of contamination spread over a plume (plume size estimated

from scaled drawings or placed directly under vadose zone contamination) where the

contaminants were assumed to be in the top one foot of groundwater. The risk associated

with this portion of the contaminant mass was then added to that previously calculated

84



from the vadose zone contamination to arrive at a total risk estimate (excess cancer risk)

posed by the site if no cleanup efforts were undertaken.

3.5 Exposure Scenarios

As discussed previously, consideration of both current risk scenarios and potential

future risk scenarios is the recommended approach of EPA risk assessment guidance.

Current risk scenarios considered were for both an on-site worker and for an off-site

resident child receptor. The future risk scenario evaluated is that of an on-site resident

child receptor. Because residential land use is most often associated with the greatest

exposures, it is generally the most conservative choice to make when deciding what type

of alternate land use may occur in the future [20:6-7]. Each scenario, as well as exposure

parameters used, is discussed below.

Under the on-site worker current risk scenario, the parameters entered into the

intake parameter database are shown in the first column of Table 10. With the exception

of the soil ingestion rate (where the most likely case value seemed most appropriate for

an adult receptor), parameters used were default maximum exposure case values found in

the DSS database for the adult worker. These values were derived from the EPA's

Superfund Exposure Assessment Manual (1988) and are in line with the conservative

approach recommended by EPA risk assessment guidance. The site-specific time

outdoors parameter was conservatively estimated as 7 hr/day considering that most sites

in this study were storage tank farm areas and a seemingly worst case scenario was that

most of the normal work day was spent on site.
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Under the off-site resident current risk scenario, the parameters entered into the

intake parameter database are shown in the second column of Figure 10. With the

exception of a few cases (discussed below) parameters used were default maximum

exposure case values found in the DSS database for the child resident. As in the off-site

receptor case, these values were derived from the Superfund Exposure Assessment

Manual and are in line with the conservative approach recommended by EPA risk

assessment guidance. The site-specific time outdoors parameter was conservatively

estimated as 8 hr/day considering a young child spending several hours of each day

involved in outdoor play. In addition, the inhalation rate was increased to reflect a child

involved in moderate activity as this is the recommended measure provided in the

Superfund Exposure Assessment Manual [21:123]. Both the total skin surface area and

skin surface area (arms and hands) were reduced (from adult values) to reflect that of the

average child receptor [ 21:127].

Under the on-site resident future risk scenario, the parameters entered into the

intake parameter database are shown in the last column of Figure 10. These are identical

to the parameters found in the second column that were used for the off-site child

receptor.
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Table 10
INTAKE PARAMETERS DATABASE [2:6-5,6]

Parameter Units On-site Worker On-site Child Off-Site Child

Common to all Routes
Body Weight [kg] 70 15 15

Lifetime [years] 70 70 70

Ingestion of Drinking Water
Exposure Duration [years] 30 30 30
Exposure Frequency [days/year] 365 365 365
Ingestion Rate [liters/day] 2 1.4 1.4
Bioavailability [mg/mg] Chemical-Specific

Inhalation During Shower
Exposure Duration [years] 30 30 30
Exposure Frequency [days/year] 365 365 365
Exposure Time [hours/day] 0.333 0.333 0.333
Inhalation Rate [m^3/hour] 0.89 0.89 0.89
Bioavailability [mg/mg] Chemical-Specific

Dermal Exposure in Shower
Exposure Duration [years] 30 30 30
Exposure Frequency [days/year] 365 365 365
Exposure Time [hours/day] 0.333 0.333 0.333
Total Skin Surface Area [cm"2] 18150 9400 9400
Permeability Coefficient [cm/hour] Chemical-Specific - -

Inhalation of Volatile Soil
Emissions
Exposure Duration [years] 30 30 30
Exposure Frequency [days/year] 365 365 365
Time Outdoors [hours/day] 7 8 8
Inhalation Rate [m^3/hour] 1.3 2.1 2.1
Bioavailability [mg/mg] Chemical-Specific - -

Dermal Contact with Soil
Exposure Duration [years] 30 30 30
Exposure Frequency [days/year] 365 365 365
Skin Surface Area (arms and hands) [cm^2] 3120 1615 1615
Adherence Factor [mg/cmA2] 1.45 1.45 1.45
Absorption Coefficient [mg/mg] Chemical Specific - -

Ingestion of Soil
Exposure Duration [years] 30 30 30
Soil Contact Frequency [days/year] 365 365 365
Soil Ingestion Rate [mg/day] 10 200 200

Fraction Soil Contaminated [mg/mg] I I I
Bioavailability [mg/mg] Chem-Specific - -
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3.6 Model Outputs

Though the DSS can provide cancer risk by route and/or by chemical and the

hazard index (HI) by chemical and/or by route, the output of interest is the total cancer

risk posed by the site and the total LI for the site. Cancer risk is the driver for site ranking

as there is zero threshold for intake of carcinogenic chemicals. In other words, any dose

of a known carcinogen can increase the receptor's risk of developing cancer, whereas a

threshold dose for noncarcinogens exists below which no ill-effects are expected. Very

low doses received through exposure to carcinogens are of great concern, but the HI

serves more as an indicator of an immediate hazardous condition at a single site

indicating (if evaluated at one or greater) a need for immediate attention. The HI,

therefore, would not serve as an appropriate indicator of cleanup priority among several

sites as the cancer risk associated with the sites does.

Some pathway outputs were not considered as valid exposure routes under both

the on-site worker and the off-site child receptor scenarios and were, therefore, not added

into the total cancer risk. For example, in the case of the on-site worker, the groundwater

ingestion routes and showering exposure routes were not considered appropriate as it was

assumed that water was consumed/used off-site. In the off-site child receptor scenario,

the soil ingestion and dermal contact pathways were eliminated as routes as the child

would not have access to the site under this scenario.

Predetermined outputs from the models under study include site DPM scores (0 to

100), RREM media (risk categories for soil, groundwater, surface water, and sediment

evaluations) and RREM site evaluations (high, medium, or low risk category for entire
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evaluations) and RREM site evaluations (high, medium, or low risk category for entire

site). Sites were ranked from what was estimated as highest to lowest risk by each of the

three models. The comparative analysis of these rankings was accomplished according

to the procedure outlined in the following section (output analysis).

As site RREM evaluations result in placing a site in the high, medium, or low

category, a procedure was needed to distinguish between sites within each category in

order to develop a complete ranking of the sites. To rank order the sites within each

category, the media level categories were observed, and the site of the same overall

category (e.g., medium) with another but with more medias at the same (medium)

category was considered higher in priority (e.g., a overall medium with two medium

media categories is higher priority than a overall medium with one medium media

category). It was also assumed that a low in a media category is higher risk than a media

category that was not evaluated, as not evaluated would indicate the particular media

does not provide a viable pathway or it does not exist at a site (e.g., contaminated soils

removed, or no nearby surface water, etc.).

3.7 Output Analysis Methods

As discussed above, the data to be analyzed are rankings of the same group of

sites accomplished by the three site ranking methods used. Of interest is a measure of

how these ranking methods agree with one another and a test of the hypothesis that there

is no association between the methods (with an associated test significance level). A

measure of the association of all three ranking methods can be made through use of the

Kendall Coefficient of Concordance [6:300-301]. A pairwise measure (e.g., measure of
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association between DSS and RREM) can be made using the Spearman Coefficient of

Rank Correlation [6:275]. These methods are discussed below with an example.

3.7.1 Kendall Coefficient of Concordance for Complete Rankings

Under the study scenario, the data to be analyzed consist of k complete sets of

rankings of n objects. Each ranking is made by a comparison of objects within that set

only. The data as collected or observed consist of nk ranks or measurements on at least

an ordinal scale. In the simplest case, the same group of n objects is presented to each of

k observers; and the observers score or rank each of the objects according to some

criterion. An example is a set of rankings of n beauty contestants by a panel of k judges.

A measure of the agreement between the k sets of rankings of these k related

measurements describes the association between the k characteristics. This quantity,

called the Kendall coefficient of concordance, can also be used to test the null hypothesis

that the k characteristics are independent.

The important thing about the data is that the comparisons that are of interest, are

relevant, or make sense, are comparisons within each of the k groups or characteristics.

Hence, the rankings are assigned separately within each of the k groups.

An example is provided below of a beauty contest where each member of a panel

of three judges is asked to rank the eight contestants [3:302-304]:
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Contestant

Judge A B C D E F G H Sum

1 21 3 54 876 36

2 12 4 57 68 3 36

3 32 1 75 864 36

Sum Rj: 6 5 8 17 16 22 21 13 108

If there were no agreement between the three sets of rankings, the column totals

would be approximately equal for each contestant. If they were exactly equal, each

would sum to 13.5, the expected value of each column sum if there is no association, or,

in other words, the judges are assigning ranks independently. The following is a measure

of the departure from equal column sums

S = (6 - 13.5)2 + (5 _ 13.5) 2 + (8 - 13.5)2 +... + (13 - 13.5)2 = 306.00.

The sum of the squares of deviations of these column sums (with perfect agreement)

from the column sums expected (with no association) is

(3 - 13.5)2 + (6 - 13.5)2 + (9 - 13.5)2 +... + (24 - 13.5)2 = 378.0.

The relative agreement can be measured by the ratio of the actual sum of squares to the

sum of squares under perfect agreement, or

(306.00) / (378.00) = 0.810.
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The ratio formed in this way would equal 1 for perfect agreement and tend toward 0 for

no agreement. It can be shown that the above ratio is equivalent to the following

expression involving k sets of n ranks:

W = (12 Yj-_lnRj2 - 3k 2n(n + 1)2)/nk' (n2 - 1) (11)

where Rj = the column sums (as in the previous example) [6:304].

This is the relative measure of association, or the degree of communality or

agreement, which is called the Kendall coefficient of concordance.

If any of the observations within a set to be ranked are tied, the mid-rank method should

be used to assign ranks. This requires replacing the denominator of W in the Equation 11

above by:

k2n(n 2 _ 1) - k(Z t' - Z t)

where

t is the number of observations tied at any rank in any set of rankings, and the summation

is over all sets oft tied ranks and all k sets of rankings [6:305].

For any k sets of rankings, the Kendall coefficient can be used to test the null hypothesis

of no association between rankings. The hypothesis is written as

H,0 : No association HA: Association exists.
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If no association exists (that is, if the null hypothesis is true), then the ranks have

been assigned independently to the n objects for each of the k sets of rankings, and the

column sums tend toward equality, so W is close to 0. If there were association, then

most of the large ranks would appear together in the same columns, and small ranks

would also be clustered in the same columns. This results in W becoming close to 1.

Accordingly, large values of W call for rejection of H, in favor of the alternative HA

[6:305-6].

The Kendall coefficient of concordance W may be used as a test statistic. The

test statistic that is easiest to use is Q as calculated from

Q=k(n- 1)W. (12)

Since the test statistic Q is a monotonically increasing function of W, and specifically Q

is large when W is large and zero when W is zero, the appropriate P-value is the right-tail

probability. The distribution of the test statistic Q can be approximated by the chi-square

distribution with n - 1 degrees of freedom when large values of n and k preclude the use

of tables for the statistic Q. A small P-value (i.e., P < .02 ) indicates that the data do not

support the null hypothesis of independence (association implying a lack of

independence), and we conclude that there is a relationship between the k rankings (e.g.,

the rankings of the three judges in the previous beauty contest example above) [6:306].

3.7.2 Spearman Coefficient of Rank Correlation

The Spearman coefficient of rank correlation is defined as

R= 1 - (6* YDi2) / n*(n2 -1) (13)
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where Di is the difference between any two paired ranks. When IRI 1 it reflects perfect

association, and the sign of R indicates the type or direction of association [6:277].

Perfect agreement means that large values of one variable are associated with large

values of the other (R close to one), whereas perfect disagreement is indicated by an

inverse association (R close to -1). When R = 0, there is no association.

Using only the top two rows (judges) of the previous example:
ZDi2 = (1)2 + (-1)2 +. .. + (-1)2 + (3)2 = 26.

and

R = 1 - 6(26) / 8(63) =0.690

indicating a direct relationship (positive) and a relative measure of association between

rankings of the judges of 0.690.

The null hypothesis that can be tested in this case is, as in the case of comparing

the three methods at once, that the variables that measure the two characteristics in the

population are independent. However, in this case, the hypothesis may be any one of the

following:

Two-sided alternative

H0 : No association HA: Association exists

One-sided alternative

H,: No association HA+: Direct association

FL: No association HA_: Direct association
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with the test statistic being the Spearman coefficient of rank correlation (R) and the P-

value being found in tables for associated R-values [6:279-80]. The equation for R noted

above may also be modified slightly to account for ties among ranks.
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4.0 RESULTS

4.1 Data Summaries and Analysis

As discussed in the previous chapter, a measure of association between the three

ranking methods is desired. Such a measure could indicate, at least for the sites under

study, how closely the site rankings compare between the strictly quantitative DSS

model, the semi-quantitative DPM, and the primarily qualitative approach of the RREM.

This could serve as at least an initial indicator of the validity of the DOD site ranking

approaches for this class of contaminated sites.

Tables 11 through 13 below show the DPM site scores, the RREM risk categories,

and the DSS excess lifetime cancer risk levels for each site as well as the rankings

produced by each method.

Table 11
DPMAND RREMRANKS

Site ID/Location Short Hand DPM DPM Overall RREM
Designator Score j Ranks RREM RREM Sub Categories Ranks

__________ _______GW SW S Sed
ST-11 / Minot A 0.2 15 L - - L - 14.5

ST-02 /Pope B 2.5 10 - M M - L - 9

SS-24 /Little Rock C 3.2 9 M M - - - 12
SS-27 /Wright-Pat D 39.2 2 H M L H - 1.5
SS-63 /Wright-Pat E 30.9 3 M M L M - 5
SS-28 /Wright-Pat F 39.6 1 H M L H - 1.5
SS-10 /Ellsworth G 27.0 5 M M - L - 9

SS-08 /Ellsworth H 27.7 4 M M - L - 9
ST- 14 /Ellsworth I 25.0 6 L - - L - 14.5

SS-20 /Moody J 1.1 13 M M - - - 12
ST- 18 /Moody K 2.0 11 M M - - - 12

ST- 12 / Moody L 4.5 8 H H - L - 4

ST-15 / Moody M 1.4 12 H H - M - 3

SS-30 / Nellis N 0.9 14 M M L L L 6.5
ST-27 / Nellis 0 121.4 7 M M L L L 6.5
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Table 12
DSS CURRENT AND FUTURE EXCESS LIFETIME CANCER RISKS AND RANKS (BTEX)

Current Risk Scenario Receptors Future Risk Scenario ceptor
Sites On-Site Worker Off-Site Resident Highest Rank On-Site Child Rank

Child Risk Resident
A 4.8 E-8 2.94 E-14 4.80 E-8 14 3.75 E-4 11
B 1.09 E-11 3.1E-8 3.10 E-8 15 1.89E-7 15
C 1.15 E-4 2.84 E-6 1.15 E-4 6 7.27 E-3 3
D 1.28 E-5 3.3 E-5 3.30 E-5 9 2.65 E-4 12
E 6.09.E-6 1.78 E-5 1.78 E-5 10 7 2.44 E-4 13
F 1.08 E-4 2.46 E-4 2.46 E-4 4 1. 4.17 E-3 5
G 1.21 E-4 6.13 E-4 6.13 E-4 1 8.69 E-2 I
H 4.73 E-4 4.76 E-4 4.76 E-4 2 8.34 E-3 2
I 3.08 E-4 1.77 E-5 3.08 E-4 3 2.84 E-3 6
J 1.49 E-6 4.86 E-12 1.49 E-6 13 3.94 E-5 14
K 5.16 E-6 1.68 E-11 5.16 E-6 11 1.29 E-3 9
L 3.69 E-5 1.2 E-10 3.69 E-5 8 8.23 E-4 10
M 1.21E-4 3.93 E-10 1.21E-4 5 . 1.59 E-3 8
N 2.85 E-6 1.53 E-10 2.85 E-6 12 2.43 E-3 7
0 1.13 E-4 6.49 E-5 1.13 E-4 7 4.4.E-3 4

Table 13
DSS CURRENT AND FUTURE EXCESS LIFETIME

CANCER RISKS AND RANKS (BTEX PAs, GAS ADDITIVES)

Current Risk Scenario Receptors Future Risk Scenario Receptor
Sites On-Site Worker Off-Site Resident Highest Rank On-Site Child Rank

Child Risk Resident
A 3.74 E-6 3.75 E-14 3.74 E-6 13 2.99 E-1 3
B 3.85 E-5 1.81 E-1 1.82 E-1 1 1.36 E-1 5
C 1.17E-4 3.38 E-10 1.17E-4 10 6.96 E+0 1
D 2.31 E-5 9.54 E-2 9.54 E-2 4 2.21 E-2 11
E 6.1 E-6 1.87 E-3 1.87 E-3 7 3.26 E-3 13.5
F 1.13 E-4 3.13 E-2 3.13 E-2 5 1.4 E-2 12
G 1.21 E-4 7.83 E-5 1.21 E-4 8.5 8.7 E-2 8
H 4.97 E-4 9.81 E-2 9.81 E-2 3 1 1.29 E-1 7
I 3.45 E-4 1.58 E-1 1.58 E-1 2 2.04 E-1 4
J 3.28 E-6 8.24 E-9 3.28 E-6 14 3.26 E-3 13.5
K 5.16 E-6 1.68 E-11 5.16 E-6 121 1.29 E-3 15
L 3.83 E-5 1.2E-10 3.83 E-5 11 8.11 E-2 9
M 1.21 E-4 3.93 E-10 1.21 E-4 8.5 3.46 E-2 10
N 2.85 E-6 1.53 E-10 2.85 E-6 15 2.36 E+0 2
0 1.14 E-4 8.61 E-3 8.61 E-3 6 1.35 E-1 6
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There are uncertainties inherent in the DSS risk numbers due to the uncertainty of

some of the associated site data entered into the model as well as assumptions made in

exposure scenarios. Some of these uncertainties will be discussed in more detail later in

this section. However, an attempt was made at arriving at conservative exposure

scenarios and assumptions on site contamination and conditions to provide risk estimates

at each site that would more likely err on the side of caution.

A summary of the site rankings produced by each method under both the current

risk and future risk scenarios is provided in table 14. Each scenario was modeled for

BTEX contamination and also for the combination of BTEX plus the PAHs and gas

additives used in this study (denoted as BTEX+).

Table 14 SUMMARY OF SITE RANKINGS PRODUCED BYEACHMODEL

SITES

Ranking A B C D E F G H I J K L M N 0
Models

DPM 15 10 9 2 3 1 5 4 6 13 11 8 12 14 7

RREM 14.5 9 12 1.5 5 1.5 9 9 14.5 12 12 4 3 6.5 6.5

DSS CR- 14 15 6 9 10 4 1 2 3 13 11 8 5 12 7
BTEX
DSS CR- 13 1 10 4 7 5 8.5 3 2 14 12 11 8.5 15 6
BTEX+
DSS FR- 11 15 3 12 13 5 1 2 6 14 9 10 8 7 4
BTEX
DSS FR- 3 5 1 11 13.5 12 8 7 4 13.5 15 9 10 2 6
BTEX+

Notes: 1. CR and FR refer to current and future risk scenarios, respectively.
2. BTEX+ refers to BTEX and remaining study contaminants (PAHs and gas

additives)
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coefficient of concordance were calculated along with associated P-values for inference

testing. The results of this analysis are provided in table 15.

Table 15
VALUES FOR KENDALL COEFFICIENT OF CONCORDANCE () AND HYPOTHFSIS TESTING RESULTS

Current Risk Scenario "Future Risk Scenario

W P-Valve Hypothesis W P-Valve Hypothesis
Test Results Test Results

BTEX 0.7377 0.006 Reject H, 0.2546 0.70995 Do not reject

BTEX+ 0.7664 0.00377 Reject HI0  0.3375 0.43676 Do not reject
.... _ _ __ __H.

Notes: 1. The null hypothesis, H, claims that no association exists between the ranking
methods or they are independent. The alternative hypothesis, HA, says that an
association exists.

As presented in Table 15, under the current risk scenario, the null hypothesis that

no association exists between the models is rejected under both contamination scenarios.

However, for the future risk scenario the null hypothesis of no association between the

models cannot be rejected. It was anticipated that this might be the case under the future

risk scenario as neither the DPM or the RREM are used to consider the hypothetical case

of risk to some future (currently non-existent) receptor. The future risk scenarios,

therefore, will not be addressed statistically any further.

A shortcoming of the analysis above is that, using the Kendall coefficient, the

alternative hypothesis does not distinguish any direction of relationship (direct or

inverse). Furthermore, with more than two sets of rankings, a completely inverse

relationship cannot be defined [6:304].
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As the above analysis (of Table 15) indicates, there appears to be a relationship

between the rankings established by the three methods (under current risk scenarios) for

this sample of fifteen JP-4 contaminated sites. Of interest is the direction of this

relationship, which can be indicated only through pairwise comparisons using of another

measure of association, the Spearman coefficient of rank correlation.

From Table 14 and using the procedures outlined in Section 3.7.2, four pairwise

measurements of association (in the Spearman rank correlation values) were calculated

along with associated P-values for inference testing. The results of this analysis are

provided in Table 16.

Table 16
PAIR WISE COMPARISON OFMODELS (CURRENTRISK ONLY)

USING SPEARMAN COEFFICIENT OF RANK CORRELATION (R)

Model Pair R P-Value (rt tailed) Hypothesis Test Relationship
Results (1) Level Indicated

DSS BTEX/DPM + 0.600 0.012 Reject H Moderate to strong
DSS BTEX+/DPM + 0.696 0.004 Reject H0  Moderate to strong
DSS BTEX/RREM + 0.175 0.256 Do Not Reject H, None to weak
DSS BTEX+/RREM + 0.193 0.235 Do Not Reject H. None to weak
DPM/RREM +0.488 0.034 Reject H Weak to Moderate

Note: 1. The null hypothesis, Ha, claims that no association exists between the
ranking methods. The alternate hypothesis, HA+ in this case, is that a direct association
exists between the methods.

The results in Table 16 above indicate that, for the group of 15 sites in this study,

the null hypothesis of no association is rejected in favor of the alternate when the

quantitative DSS model's rankings are compared with those of the semi-quantitative

DPM. A moderate to strong direct correlation exists between the DSS and the DPM

rankings for this sample of petroleum contaminated sites (for both contamination

scenarios).
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However, the null hypothesis that no association exists between the quantitative

DSS model's rankings and those of the primarily qualitative RREM model cannot be

rejected. At best, only a weak correlation exists between the RREM and the validation

model, and the associated p-values indicate that one cannot reject the null hypothesis that

no correlation exists for this sample of 15 sites.

The results of the rank comparisons of the DPM (using all chemicals of concern)

versus the DSS and those of the RREM (BTEX only) versus the DSS are shown

graphically in Figures 13 and 14, respectively. As indicated earlier in Table 16, at a

minimum, a moderate correlation is shown between the DPM and DSS site rankings

(Figure 13). However, Figure 14 illustrates graphically that, at best, a weak correlation

exists between the RREM and the DSS validation model.

Scatter Plot of DSSRANK vs DPMRANK
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Figure 13." Scatter Plot of DPM Versus DSS Ranks (BTEX+)
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Scatter Plot of RRENfRANK vs DSSRANK

+

+

+

DSSRAN1

Figure 14: Scatter Plot of RREM versus MAS (BTEX)

4.2 Non-cancer Risks

Though they obviously made no contribution to the carcinogenic risk used to rank

the sites, chemicals that are noncarcinogenic (e.g., ethylbenzene, toluene, xylenes, etc.)

were included in this study to more closely match the DOD models.

4.3 Uncertainties in Results

Though this discussion is not all inclusive, some of the more notable sources of

uncertainty in the DSS results include the following model entries: contaminant

concentration and mass estimates, the size of each site, the fraction of organic carbon

content in the soil at each site, the hydraulic conductivity at each site, the dispersivity

values used for each site, and the receptor exposure scenarios. These uncertainties were

associated, to some degree, with each site in the study. Each is discussed briefly below.
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exposure concentrations and duration and, therefore, under or overestimate associated

site risks. Perhaps the greatest potential for error occurred with those sites with little

contaminant data where the masses of the fuel components currently at the sites were

based on those in the original spill. This might tend to overestimate site risks.

For most sites, a minimal value (0.1%) for the fraction of organic carbon content

was used to eliminate the modeling of any possible retardation effects of the soil on the

fuel organics. This is unfortunate in that the result was likely higher contaminant

mobility than might actually occur at some of the sites, affecting both the exposure

durations and the concentration levels experienced at receptor points.

Some of the sites reported wide ranges of soil hydraulic conductivity (K) values.

The DSS model's simplifying assumption provided for a constant value for K, but where

average values used were derived from measurements several orders of magnitude apart,

the actual ability of the soil to transmit water (and aqueous phase contamination) is

uncertain.

Dispersivity values used could potentially contribute to under or overestimation

of risk posed by each site. These parameters effect the shape of the groundwater plume

and the mass of the contaminants that move past a downgradient receptor well.

Finally, the exposure scenarios chosen, as well as the off-site receptor points

established for some of the sites, could contribute to either an over or an underestimation

of actual site risks. Conservative exposure assumptions were chosen, however, to

provide for cautious measures of risk at each site.
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5.0 RESEARCH CONCLUSIONS

The research problem was that the validity of the present DOD model for ranking

contaminated sites for cleanup, the RREM, and its predecessor, the DPM, had been

questioned by some risk assessment professionals. In addition, no validation efforts had

occurred to reduce doubts about the usefulness of these models.

The objective of this thesis effort, therefore, was to serve as an initial validation

effort for the RREM and the DPM models by comparing their rankings against those

established by a more rigorous quantitative risk assessment approach.

The scope of this study was narrowed to a small group of 15 petroleum

contaminated sites. This was because the quantitative model used in this study, the DSS,

was developed to address this class of contaminated sites. Each site was contaminated

through either spills or leaks of JP-4 (Jet Fuel, No. 4), a gasoline-kerosene distillate fuel,

into the soil. At most of the sites, fuel contamination is now in both the unsaturated

(vadose) and saturated (groundwater) subsurface zones.

Approximately 110 sites were considered initially; however, most of the sites

were quickly eliminated from further study simply because they had not been evaluated

under the RREM or too little site data had been collected to perform the quantitative

modeling required in this study.

Admittedly, this research involved a fairly small sample of 15 petroleum

contaminated IRP sites. However, the sites were chosen randomly from among those

with strictly petroleum contamination, with the only selection criteria being that each site
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readily available to provide for quantitative modeling of each site. Naturally, both

imperfect site characterization data and the assumptions associated with this study add a

factor of uncertainty in the results.

For this sample of 15 petroleum contaminated sites, a moderate to strong

correlation between the DPM and the quantitative (DSS) validation model suggests that

the DPM captures some key elements of a quantitative approach. However, no to weak

correlation between the RREM and the validation model suggests the RREM rankings

are questionable. No agreement between the models under the future risk scenario

suggests neither DOD model is addressing this hypothetical, worst-case scenario of an

on-site resident child receptor. This can be explained by the fact that the DPM and the

RREM are used to consider only risk to current receptor populations.

The said benefit of the RREM over the DPM is that it is easily understood by

stakeholders (e.g., local public officials) in the restoration process. The drawback,

however, is that the quality of site ranking assessments may suffer causing improper

resource allocation. A better approach could be to use the DPM as a site ranking tool but

to package this model in a way that would make it more understandable to stakeholders.
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6.0 FUTURE RESEARCH POSSIBILITIES

Some possibilities for continued research of the DOD's site prioritization tools

are discussed below.

6.1 Continue Validation Effort

Additional validation efforts may allow broader inferences to be drawn on the

relationships between the ranking models than could be hypothesized with the small

sample from the single class of contaminated sites that was used in this study. Such a

study might potentially include several hundred sites if site information could be gained

DOD wide directly from site managers. The researcher could then simply enter the

information and relevant exposure scenarios into the DSS or a comparable quantitative

model. Such an effort could provide support and credibility for the conclusions of this

thesis, or, on the other hand, might dispute them.

6.2 Sensitivity of Site Risk to Input Parameter Variation

Application of the DSS's Monte Carlo Simulation options would allow a

researcher to study how variations in a site parameter, such as the average soil organic

carbon content, affect the resulting risk level at a site. Such information could indicate

which site parameters should be measured with greatest precision (e.g., those with the

greatest affect on risk level under a given exposure scenario) during site characterization.

This could also be used to suggest improvements in the DOD models.
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6.3 Restoration Funding Trends Since DOD's Switch to RREM

Of the three factors used to arrive at the RREM category for a site, two (the MPF

and RF) are strictly subjective evaluations of the model user. A general feeling from

informal conversations with remedial project managers (RPMs) during this research was

that simply having enough concentration levels of a particular contaminant at a site could

practically guarantee at least medium risk level evaluation for the site, implying that

model users could make unrealistically conservative assumptions in the subjective

portions of the RREM to inflate evaluations. An incentive for this is that DOD policy is

to fund all medium and high risk sites for restoration to at least a level that would place

them in the low risk category. With pressures that come to bear from local and state

regulators at installations and the competition for funding so intense, a overly

conservative approach could be taken at installations in an effort to secure cleanup funds

and appease regulators and the local community.

DPM site scores can range from 0 to 100. Among the fifteen sites in this study,

eight sites had DPM scores under 4.5, and five of these eight had scores of 2.0 or less. If

DPM is assumed to have some validity, such low scores would most likely predict low

risk sites under the RREM. Of these eight sites, two were evaluated as high risk, and five

were placed in the medium risk category under the RREM. Though this certainly is not

proof of inflationary scoring, there seems to be an overall upward trend in the estimation

of the severity of site risks in this study when the RREM is used as the ranking tool

instead of its predecessor, the DPM.
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One possibility for future research is to compare DPM scores against RREM

evaluations to assess any changes/trends in restoration funding since the DOD stopped

using the DPM in favor of the RREM. This might indicate whether the overall level of

risk of DOD sites is shifting under the RREM from what it was under the DPM

evaluations, serving as a check of possible inflationary scoring under the RREM.
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APPENDIX: Site Descriptions and Data Sources

The following is a list of primary sources for site data for each of the study sites.
Secondary sources included ADPM data files for each site, the IRPIMS database, Risk
Assistant (software) and the International Station Meteorological Climate Summary
(Version 3.0) for associated weather data, and IRP remedial project managers (RPMs) at
some bases.

Moody AFB Sites

The following report served as the primary source of information for the four Moody
sites studied:

RCRA Facility Investigation Report
Moody AFB, Georgia, November 1993.

At Moody site ST-15, Underground Waste Fuel Storage Area, an estimated 1,500 gallons
of waste JP-4 was spilled. The area had one 5,000 gallon UST that was active from 1976
until 1984 when it was removed.

At Moody site SS-20, Wingtip Tank Storage Area, an estimated 80 gallons was spilled.
The UST involved was removed in March 1990 and replace with clean fill.

At Moody site ST-18, Bulk Fuel Storage Area, the spill/leak quantity is unknown. The
area involved four ASTs with JP-4 combined capacity of 1.3 million gallons. One AST
had apparently leaked for several years. Several tons of contaminated soil removed from
area.

At Moody site ST-12, North POL Site, an estimated 1,000 gallons of fuel lost from
overfilling. Additional impacts suspected from former UST waste sludge pit that was
removed.

Wright-Patterson AFB Sites

The following report served as the primary source of information for the three Wright-
Patterson sites studied:

IRP Draft Remedial Investigation Report for OU2 at
Wright-Patterson AFB, Ohio, 14 November 1994.

At Wright-Patterson site SS-28, Spill Site 3, an estimated 2,500 gallons fuel was spilled
in March 1981.
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At Wright-Patterson site SS-63, Spill Site 10, an estimated 150 gallons was lost from a
hydrant leak.

At Wright-Patterson site SS-27, Spill Site 2, an estimated 8,300 gallon spill occurred in
1976.

Ellsworth AFB Sites

The following report served as the primary source of information for the three Ellsworth
sites studied:

Final Corrective Action Plan for the Flightline Refueling Area,
(Site 1, SS-08, ST-10, and ST-14), Ellsworth AFB, South Dakota,
December 1994.

The three Ellsworth sites listed below are in fairly close proximity to one another in the
flightline refueling area. It was noted that drinking water is not obtained downgradient
from this base, with local residencies obtaining their water from 800 foot deep wells.

At Ellsworth site SS-8, (SP-1) Pumphouse No. 7 (ST-8), an estimated 50,000 gallons fuel
was lost.

At Ellsworth site ST-JO, (SP-3) Hydrant Fuel Leaks (OU-10), an estimated 10,000 gallons
was lost from a hydrant leak.

At Ellsworth site ST-14, Pumphouse #6 / Jet Fuel Spill (ST-14), an estimated 12,000
gallon have been lost.

Nellis AFB Sites

The following reports served as the primary sources of information for the two Nellis
sites studied:

Final IRP Site 27 Remedial Investigation
Nellis AFB, Nevada, November 1994.

IRP Preliminary Assessment /Feasibility Study
Report at 15 Sites: LF-5, LF-5A, DP-6, LF-7,
DP-8, DP-9, DP-14, SS-30, RW-3 1, OT-8,
OT-9, LF-10 OT-11, OT-12, SD-13. Volume 1,
January 1994.
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At Nellis site ST-27, Site 27, an estimated 3000 gallons of JP-4 was lost. Approximately
2900 cubic yards of contaminated soil were removed in 1989 along with four USTs. The
volume of contaminated soil remaining is estimated at 314,000 cubic yards (most below
45 feet below ground surface).

At Nellis site SS-30, Spill, an estimated 600 gallons were spilled in this area. The soil
contamination begins around 25 feet below the surface.

Minot AFB Site

The following report served as the primary source of information for the Minot site
studied:

Draft Final IRP RIIFS, Stage 3, Technical Report
For the POL Storage Area, Volume 1, June 1994.

At Minot site ST-11, Eight USTs at Nine Locations, an estimated 15,000 gallon JP-4
spill occurred (1982) with most of the fuel dispersed by the fire department and left to
evaporate or soak into the ground.

Little Rock AFB Site

The following report served as the primary source of information for the Little Rock site
studied:

Site Investigation Report, UST Sites
Preliminary Draft Report, Volume 1.
Little Rock AFB, Jacksonville, Arkansas,
20 May 92.

At Little Rock site ST-24, AAFES Service Station, an estimated 10,000 gallons of fuel
was lost. Four 10,000 gallon USTs were removed in 1991 along with 2,841 cubic yards
of soil. Significant groundwater contamination is said to remain from the UST losses.

Pope AFB Site

The following report served as the primary source of information for the Pope site
studied:

Draft Phase II Remedial Investigation Report
for Pope AFB, North Carolina. June 92

At Pope site ST-02, POL Bulk Storage Area, an estimated 900 gallons of JP-4 was lost in
a surface spill in 1983. The groundwater has not yet been impacted by this spill.
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