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Abstract 

Human-health impacts, especially to the surrounding public, are extremely difficult to assess at 
installations that contain multiple waste sites and a variety of mixed-waste constituents (e.g., organic, 
inorganic, and radioactive). These assessments must address different constituents, multiple waste 
sites, multiple release patterns, different transport pathways (i.e., groundwater, surface water, air, and 
overland soil), different receptor types and locations,,various times of interest, population distributions, 
land-use patterns, baseline assessments, a variety of exposure scenarios, etc. Although the process is 
complex, two of the most important difficulties to overcome are associated with 1) establishing an 
approach that allows for modifying the source term, transport, or exposure component as an individual 
module without having to re-evaluate the entire installation-wide assessment (i.e., all modules simult
aneously), and 2) displaying and communicating the results in an understandable and useable manner to 
interested parties. An integrated, physics-based, compartmentalized approach, which is coupled to a 
Geographical Information System (GIS), captures the regional health impacts associated with multiple 
waste sites (e.g., hundreds to thousands of waste sites) at locations within and surrounding the installa
tion. Utilizing a modular/GIS-based approach overcomes difficulties in 1) analyzing a wide variety of 
scenarios for multiple waste sites, and 2) communicating results from a complex human-health-impact 
analysis by capturing the essence of the assessment in a relatively elegant manner, so the meaning of 
the results can be quickly conveyed to all who review them. This paper presents an integrated, 
physics-based, compartmentalized approach that can capture the regional hazard associated with 
multiple waste sites at locations within and surrounding the installation. The results can be presented in 
three-dimensional plots of concentration and risk isopleths using multimedia models. These isopleths 
consider concentrations in and exposures from soil, air,.groundwater, and surface water. 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle 
Memorial Institute under Contract DE-AC06-76RLO 1830. 
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1.0 Introduction 

Within the past ten years, multimedia contaminant environmental exposure and risk assessment 
methodologies have been the focus of a considerable amount of research and development.^5 These 
multimedia methodologies describe the release of contaminants into the environment, their transport 
and fate through various environmental media (i.e., groundwater, surface water, overland, and air), 
exposures to surrounding sensitive receptors (i.e., inhalation, ingestion, dermal contact, and external 
dose), and health consequences resulting from the exposures. 

Practically speaking, three levels of analyses can be identified (with a variety of variations possible) 
(Whelan et al. 1992): screening-level (ranking), "analytical" (prioritization and preliminary assess
ments), and numerical (detailed). Early in the process, screening models are used to identify environ
mental concerns. These models, often based on a structured-value approach, are designed to be used 
with regional/representative information (37 FR 31219-31243; 40 CFR 300; Aller et al. 1985; Wells 
et al. 1990). Models such as the Hazard Ranking System (HRS) (37 FR 31219-31243; 40 CFR 300) 
divide site and release characteristics into predetermined categories that are assigned a point value 
based On answers to questions. The score from such systems is useful to determine whether a situation 
is a problem. The score, however, does not provide a risk-based relative ranking of problems. 

Detailed analyses require a highly specialized assessment of potential impacts (Onishi et al. 1981, 
1982; Whelan et al. 1983; Whelan and Parkhurst 1983). Such methodologies as the Chemical 
Migration Risk Assessment (CMRA) methodology (Onishi et al. 1981; Whelan and Parkhurst 1983) 
are compositely coupled approaches that use numerically based models that are physically unlinked and 
represent single-medium models that are implemented independently in series. This approach is 
usually reserved for the most complex models, is data intensive, and is based on the expertise of the 
analyst. These detailed assessment models are used to determine the levels of risk associated with 
relatively well-defined and complex problems. Models for detailed analyses tend to focus on special 
sets of problems and special types of situations. Although detailed assessment tools are appropriate for 
their intended application, extension beyond the site-specific application is often either difficult or cost 
prohibitive. 

(a) Whelan et al. 1983, 1986, 1987a, 1987b, 1988, 1989, 1992; Whelan and Parkhurst 1983; Cohen 
and Ryan 1985; McKone 1985; Mackay and Paterson 1986; Hartz and Whelan 1988; Hoopes 
et al. 1988; Mayer 1988; Napier et al. 1988; Buck et al. 1989; Droppo et al. 1989a, 1989b, 
1990, 1993; Droppo and Hoopes 1989; NCITR 1989a, 1989b; Strenge and Peterson 1989; EPA 
1992; Yu et al. 1993. 
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Analytically/Semianalytically/Empirically based multimedia models (referred to as "analytical" 
models) can be utilized for prioritization or preliminary assessments and fill the gap between initial-
screening and highly specialized numerical models.(a) These physics-based models may contain some 
numerical computations (hence the semianalytical designation). The analytical models, such as the 
Multimedia Environmental Pollutant Assessment System (MEPAS) methodology, are designed to 
provide environmental evaluations over a wide range of applications. These models are fully coupled 
approaches that use analytically, numerically, and empirically based algorithms that are combined into 
a single code to describe each environmental medium. 

Droppo et al. (1993) illustrated the utility of analytical models in the waste-site evaluation process. 
The analytical-assessment models are codes with physics-based algorithms whose components can be 
utilized in a detailed (i.e., numerical) or an initial-screening (i.e., ranking/prioritization) assessment, 
where data and circumstances warrant. Figure 1.1 illustrates the relationships between data-input 
requirements, output uncertainty, and types of problems addressed by each level of assessment. As 
Figure 1.1 indicates, the computational requirements tend to be less at the earlier stages of an assess
ment when available data are fewer and, correspondingly, the uncertainty associated with the output 
results tends to be greater. As the assessment progresses, improved site-characterization data and 
conceptualization of the problem increase, thereby reducing the overall uncertainty in risk estimates. 

The strength of analytical multimedia models is that they integrate standard approaches into a 
consistent yet powerful tool. The multimedia model comprises medium-specific transport-pathway and 
exposure-route codes, which are based on standard, well-accepted algorithms and hence, accepted by 
regulators. For example, analytical solutions to the advective-dispersive equation describe transport in 
the groundwater environment. When coupled, the models allow the analyst to immediately assess the 
entire process of contaminant release, transport, exposure, and risk at one sitting. The utility of a 
coupled model is exemplified by an order-of-magnitude reduction in assessment time, as compared to 
an uncoupled model. 

Multimedia models can be effectively used to concurrently assess multiple waste sites with multiple 
constituents for baseline (at t = 0), no-action (at t > 0), during-remediation, and residual (post-
remediation) assessments, including land-use patterns (e.g., agricultural, residential, recreational, and 
industrial). The multimedia models can be used to describe the environmental concentrations within 
each medium at all locations surrounding the waste sites to a radius of 80 km (50 mi). Spacially 
distributed, three-dimensional, concentration isopleths can be constructed detailing the level of contam
ination within each environment. By coupling land-use patterns with the environmental concentrations, 
three-dimensional risk isopleths (as a function of land-use pattern and location) can be developed. 

(a) Johanson et al. 1980; Browman et al 1982; Whelan et al. 1983, 1986, 1987a, 1987b, 1988, 1989, 
1992; Whelan and Parkhurst 1983; Tucker et al. 1984; Cohen and Ryan 1985; McKone 1985; 
Mackay and Paterson 1986; Hartz and Whelan 1988; Hoopes et al. 1988; Mayer 1988; Napier 
et al. 1988; Buck et al. 1989; Droppo et al. 1989a, 1989b, 1990, 1993; Droppo and Hoopes 
1989; NCITR 1989a, 1989b; Strenge and Peterson 1989; EPA 1992; Yu et al. 1993. 
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figure 1.1. Relationships Between Input-Data Quality, Output Uncertainty, and Types of 
Problems Addressed by Each Level of Assessment (Based on Droppo et al. 1993) 
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2.0 Modular Risk Analysis Approach 

Most assessments are conducted on a single waste site, although at large installations (e.g., 
U.S. Department of Energy [DOE] and U.S. Department of Defense [DoD] installations) multiple 
waste sites represent the norm. Under the Comprehensive Environmental Response, Compensation, 
and Liability Act (CERCLA) process, Superfund sites have been aggregated into a group of centrally 
located sites (e.g., operable units); therefore, aggregation represents a cost-effective alternative for 
regional assessments. When multiple waste sites with different waste forms at different locations 
require assessment, a more flexible approach is required to ensure that important aspects of the assess
ment are not lost through gross aggregation. The Modular Risk Analysis (MRA) approach allows for 
evaluation of regional risk by accounting for the effects of widely scattered waste sites. Because the 
system is automated, the approach becomes powerful and relatively easy to apply. 

A unit-analysis approach represents the cornerstone for efficiently implementing the MRA assess
ment. A unit-analysis approach is based on the conditions of linearity. Linearity implies that output 
results are linear to the input. For example, when the input doubles (e.g., contaminant inventory) the 
output doubles (e.g., concentration or risk). By determining the conditions of linearity, the assessment 
can be divided into compartments that can be implemented independently and concurrently. The 
compartments are 1) source-term determination (i.e., waste site strength and degree of contamination), 
2) transport modeling to redistribute the waste for future conditions, 3) exposure assessment to 
determine the dose to surrounding populations, and 4) determination of risk or health consequence 
from the exposure. 

Under conditions of linearity, environmental concentrations are linearly proportional to the strength 
of the waste at the source. Likewise, exposure, dose, and risk calculations can be performed under 
unit environmental concentrations. The risk at any location surrounding the installation is based on 
multiplicative mathematics (i.e., source strength times the unit concentration times the unit risk): 

a u S i c 

where S s is the actual strength of the source term, Su is the strength of an assumed unit source term, 
Cus is the unit concentration at the receptor based on the assumed S u and unit-transport modeling, C„c is 
the unit concentration assumed at the receptor (which is not based on S u or transport modeling) in the 
unit-exposure analysis, and R„ is the unit risk based on the unit-exposure analysis (i.e., Cue). 

For example, under temporally fer-field conditions, the concentration at a receptor is directly 
proportional to the waste inventory at the source; that is, as the source inventory doubles, the environ
mental concentration at the receptor doubles. Because dose and risk are directly proportional to 
concentration, the dose and risk double. Under the MRA, the analyst can assume a unit inventory at 
the source (e.g., S u = 1 Ci) and estimate through modeling the receptor concentration (e.g., Qs). 
When the source-term analysis is completed or if the source-term data are updated (e.g., Sg), the new 
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receptor concentration is simply the new inventory multiplied by the predicted receptor concentration 
(i.e., S s • CuS

 s [S s /S u ] • Cus). Because of this linearity, the unit-transport and unit-risk calculations 
can be performed independently of the source-term evaluation; therefore, the source-term, transport, 
and exposure analyses can be performed independently and concurrently. 

By determining the linearity of the system, each module (i.e., source-term, transport, and expo
sure/risk) can be assessed independently. Source-term data are collected simultaneously with unit 
transport and exposure/risk analyses. The final risk is calculated by multiplying numbers from each of 
the modules together, that is source-term, transport, and exposure. The modular structure of the MRA 
is presented in Figure 2.1. Finally, the approach has to address the release and transport of multiple 
constituents, through multiple environments, in different waste forms. The key to this type of an 
assessment is linearity and modularization. For example, if the risk is linear to concentration, and the 
concentration is doubled, then the risk is doubled also; therefore, only one calculation is required 
because other calculations are based on the initial analysis. 

Risk 

Human 
Risk 

Ecorisk 

Figure 2.1. Structure of the Modular Risk Analysis (Demonstrating the Relationships Between 
the Source-Term, Unit-Transport, and Unit-Exposure Components) 
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2.1 Source-Term Analysis 

Prior to. the collection of data that specifically describe the waste at each site, environmental 
settings and a grid system must be determined. The installation is divided into regions where the 
geology, hydrology, hydraulics, and meteorology are considered to be representative of the region. 
Data describing each environmental setting are collected and verified by installation engineers and 
scientists as being representative of the areas. Figure 2.2 presents an illustrative example of seven 
environmental settings (excluding meteorology) that have been utilized to describe DOE's Hanford 
Installation near Richland, Washington, as part of DOE's complex-wide Programmatic Environmental 
Impact Statement (PELS): 100-N Region, North of the Columbia River Region, 100-H Region, 
200 East Region, 200 West Region, 300 Area Region, and Southwest Region. Two meteorological 
settings have also been identified for Hanford. Similar maps have been developed under PEIS for 
other DOE installations (e.g., Oak Ridge National Laboratory, Los Alamos National Laboratory). 

Once the installation has been divided into environmental settings, data are collected on each 
known waste site and area of contamination. Typical information includes constituent- and waste-site 
specific history; inventory; soil, groundwater, surface water, and air concentrations; and area! extent of 
contamination. The solid, black areas in Figure 2.3 illustrate the major areas of activity and contamin
ation at the Hanford Installation. The waste sites are further divided into waste-form types. For 
example, waste sites are designated as dry waste (i.e., solid waste or contaminated soils), liquid-
impounded waste (e.g., holding ponds), facilities (e.g., buildings), contaminated surface water (e.g., 
rivers), groundwater plumes, and other. These waste forms are further divided into "active" and 
"inactive" categories. "Active" refers to sites that are currently and actively discharging wastes into 
the environment as a result of human activity (e.g., disposal to an operating landfill, stack or vent 
release, or liquid discharge due to a metal-plating process). "Inactive" refers to sites that discharge to 
the environment as a result of natural processes (e.g., leaching from a closed landfill or resuspension of 
contaminated top soil). 

Once site data have been collected, a regional Geographic Information System (GIS) grid is estab
lished over an 80-km (50-mi) radius surrounding the installation. Each grid-cell size is a function of 
the amount and quality of data present at the waste sites and size of the installation. For example, 
because data are limited for the approximately 1800 waste sites at Hanford and because Hanford is a 
very large installation (1450-km2 [560-mi2]), a regional risk and impact assessment would represent the 
most appropriate analysis. One-kilometer by 1-km grid cells are placed over the Hanford Installation, 
as illustrated in Figure 2.3. Waste sites and their characteristics are correlated with each grid cell. 
Multiple waste sites in each cell are aggregated by constituent, active and inactive categories, and 
waste-form type. Therefore, at time zero, current levels of contamination in the air, groundwater, 
surface water, and soil are known for each grid cell. If a more detailed assessment is required, the 
grid-cell size can be reduced to the size of the waste sites themselves, assuming appropriate data are 
available on this scale. 
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Figure 2.2. Illustrative Example of Seven Environmental Settings at DOE's Hanford Installation near 
Richland, Washington: 100-N Region, North of the Columbia River Region, 
100-H Region, 200-East Region, 200-West Region, 300-Area Region, and Southwest 
Region 
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Figure 2.3. Major Areas of Contamination at the Hanford Installation, and an Illustrative 
1-km by 1-km Grid Overlaid on the Hanford Installation 
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2.2 Unit-Transport Analysis 

Although the current conditions at the installation have been determined under the source-term 
analysis, future conditions may have to be assessed. For example, the no-action alternative assesses 
future impacts to the surrounding population and environment if the installation were to maintain 
existing conditions. A remediation alternative would assess future impacts to workers, the surrounding 
population, and the environment due to remediation activities. A residual (i.e., post-remedial) alterna
tive would assess impacts associated with the installation after remedial activities; that is, has remedi
ating the sites reduced contaminant levels to within acceptable limits for planned land-use activities 
(e.g., agricultural, residential, industrial, or recreational)? 

To assess future impacts to surrounding populations, the environment, or workers, a transport 
analysis must be performed to project where the contaminants might go. An analysis is performed to 
describe the transport, migration, and fate of contaminants in the environment at locations away from . 
each grid-cell source. The transport analysis temporally and spatially redistributes the contaminants 
within the 80-km (50-mi) radius for each environmental medium (i.e., soil, groundwater, surface 
water, and air). The analyst can assess the impacts associated with the different alternatives at any 
user-designated time in the future (e.g., 100 years). Therefore, contaminants are transported from 
their source in each grid cell to new locations within the grid system. Following redistribution of the 
contaminants from the transport analysis, new contaminant levels in the soil, groundwater, surface 
water, and air can be determined in each grid cell. Figure 2.4 presents an illustrative example of 
redistributed contaminant levels from multiple sources within the installation in the form of concentra
tion isopleths (lines of equal concentration) within a groundwater aquifer. 

Prior to the transport assessment, a sensitivity analysis is performed to determine conditions of 
linearity. For example, if the relationship is linear, doubling the emission rate from the source will 
double the contaminant concentration at the receptor. Under conditions of linearity, it is not necessary 
to know the source strength prior to peiforming the transport analysis. If, for example, the assessment 
is linear with respect to waste-site inventory (e.g., temporally far-field case), a unit inventory (e.g., 
1 Ci or 1 kg) could be assumed for the waste site, resulting in a unit environmental concentration at the 
receptor. When the inventory is determined at the source, the predicted concentration at the receptor is 
the unit concentration times the inventory. In effect, a unit-transport analysis can be performed at the 
installation. This unit-transport approach could also be used to determine the degree of cleanup that is 
required to meet a particular cleanup standard. For example, once the contaminant level is determined 
at the source, the unit-transport analysis could identify the degree to which the inventory must be 
reduced at the site to meet a maximum contaminant level (e.g., drinking-water standard). 

The unit-transport analysis represents a powerful, cost-effective tool in assessing installations. 
First, once the environmental settings have been identified, waste-site data gathering can be imple
mented concurrently with the unit-transport (and unit-exposure) analysis. Second, if the waste-site 
information is updated in the future, the unit-transport analysis need NOT be performed again. 
Because of linearity, the new inventory (assuming linearity with inventory) is multiplied by the unit 
concentration at the receptor to provide the new predicted concentration at the receptor. Each time the 
source is changed, the predicted concentration at the receptor is determined by simple multiplication. 
In effect, the transport computer codes have to be run only once, which results in tremendous time and 
cost savings. 
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2.3 Unit-Exposure Analysis 

An exposure analysis 1) identifies the routes through which the contaminants make their way 
through the food chain to expose surrounding sensitive receptors, and 2) determines the intake rate 
associated with the exposure scenario. Table 2.1 illustrates several of the main routes of exposure 
from ingestion, inhalation, dermal contact, and external dose. Because dose or risk is linear with 
respect to environmental concentration, a unit-exposure analysis can be compartmentalized in a manner 
that is very similar to the unit-transport analysis; in effect, the exposure analysis can be implemented 
independently of the transport analysis. For example, if a receptor is assumed to ingest 2 L/d of water 
over a lifetime, the contaminant concentration in the water has no effect on the ingestion rate, although 
it does affect the dose/risk associated with the exposure. When in the linear range, the dose/risk is 
proportional to the intake rate; consequently, a unit-exposure analysis can be performed independently 
of source-term and unit-transport assessments. 

All of the various exposure options, even those based on land-use patterns, can be performed for 
each grid cell within the 80-km (50-mi) radius. The analyst would then identify for each grid cell the 
exposure options associated with that cell. The analyst will, in effect, determine the land-use pattern 
for the grid cell by activating or deactivating various exposure options. For example, by activating the 

Table 2.1. Illustrated Exposure Routes and Scenarios (Droppo et al. 1989a) 

1. Air/Surface soil -»Inhalation, External exposure,(a) and Soil ingestion 
2. Air/Surface soil -» Crops -»Ingestion 
3. Air/Surface soil -» Crops -» Animals -» mgestion 
4. Groundwater -»Ingestion 
5. Groundwater -» Bathing -»Ingestion/Inhalation 
6. Groundwater -»Irrigation -> Crops -»Ingestion 
7. Groundwater -»Irrigation -» Crops -* Animals -»Ingestion 
8. Groundwater -> Animals -»Ingestion 
9. Surface water -> Ingestion 
10. Surface water -> Fish/shellfish -»Ingestion 
11. Surface water -»Irrigation -» Crops -»Ingestion 
12. Surface water -* Irrigation -* Crops -» Animals -> Ingestion 
13. Surface water -» Animals -> Ingestion 
14. Surface water -> Bathing -* Ingestion 
15. Surface water -» Recreation -» External exposure 
16. Surface water -» Recreation -> Ingestion 
17. Direct ingestion of surface soil 
18. Measured food concentrations 
19. Measured radiation doses(a) 

(a) For radionuclides only. 
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agricultural-scenario option, groundwater would be used to irrigate crops that are consumed 1) directly 
by the surrounding population, and/or 2) by milk- and meat-producing cattle that are then consumed by 
the surrounding population; the water would not be used for personal consumption. By activating the 
residential scenario instead, a family would utilize the water for personal use (e.g., drinking, bathing) 
but not to irrigate crops. By providing the analyst with this flexibility, options and land-use patterns 
can be easily compared and assessed for any location within the 80-km (50-mi) radius. 

2.4 Dose/Risk Calculation 

Once the actual source strength and contaminant concentrations have been identified within each 
grid cell, based on either monitored information (e.g., current conditions) or a predicted transport 
assessment, the risk or dose can be calculated for each grid cell. Equation (1) illustrates the simple 
multiplicative calculation that is utilized in determining the risk/dose for each grid cell and the utility of 
compartmentalizing the assessment. Even if the transport requires re-evaluation, the source-term and 
exposure assessments do not have to be re-evaluated. Likewise, if the source-term or exposure com
ponent is re-evaluated and updated, the transport component does not require re-evaluation. 

Although compartmentalizing the assessment utilizes limited resources in the most efficient 
manner, the strength of the system is its flexibility in presenting the results of the analyses. As in the 
case in Figure 2.4, risk/dose isopleths (i.e., contours of equal risk/dose) for each option can be 
determined for the entire area surrounding the installation. Figure 2.5 illustrates the two- and three-
dimensional risk isopleths based on the concentration isopleths presented in Figure 2.4. By presenting 
the results in three-dimensional plots, interested parties can instantly see regional areas of concern. By 
compartmentalizing the assessment, the analyst can quickly determine the waste sites, transport path
ways, and exposure routes that dominate the risk. In addition, the results will allow the analyst to 
quickly and visually inspect the short- and long-term ramifications of different land-use patterns and 
remedial options. The results for different options can be overlaid to determine the strengths and 
weaknesses associated with each option as it relates to environmental concentration, dose, or risk. 
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Figure 2.5. Schematic Illustrations of Two- and Three-Dimensional Risk Isopleths 
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Figure 3.1. Illustrative Example of the High Resolution of Waste Sites in the 100-BC Area 
Using the State GIS 
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3.0 Application Steps for Implementing the MR A Approach 

The MRA approach has to address the release and transport of multiple constituents, through 
multiple environments, in different waste forms; multiple exposure scenarios; exposures to populations 
offsite and within installation boundaries; risks from radioactive and chemical carcinogens; and hazards 
from noncarcinogenic chemicals. To meet these endpoints, a ten-step process is implemented. Each of 
these steps is briefly discussed below. 

1. Connect Installation to State GIS — MRA approach is connected to the state GIS. 

2. Subdivide Installation - The installation is divided into a grid system within an 80-km (50-mi) 
radius of the center of the installation. The installation is then divided into cells; Figure 2.3 
illustrates 1-km2 cells at Hanford in Richland, Washington. The dark boxes in this figure illustrate 
the operational areas at Hanford. Because the MRA approach is coupled to the state GIS, each of 
the 1-km2 cells can be evaluated at an even higher resolution, as illustrated in Figure 3.1. Figure 
3.1 presents an illustrative example of a cell from the 100-BC Area at Hanford. Within this figure 
of higher resolution, the circular dots represent the locations of the actual waste sites within this 
cell. The waste sites in each 1-km2 cell are then aggregated according to waste-form type (e.g., 
contaminated soil versus ponded waste). 

3. Aggregate Waste Sites — Because potentially thousands of waste sites may be identified at a DOE 
installation, it would not be productive to analyze each site individually to determine the regional 
impacts. From a regional perspective, multiple waste sites at the same geographical location will 
have an appearance similar to that of a large, single waste site. For example, a source with an 
areal distribution begins to appear as a point source as the viewer moves farther away from the 
source. As a result, the impacts associated with the areal distribution should approach the 
predicted impacts that would occur from a point source as the distance from the source increases. 
This phenomenon is known as being spatially far-field. By using this analogy, which must be 
confirmed at each installation, the waste sites in any cell can be combined and be represented as an 
aggregated waste site. Similar waste types would be combined with similar waste types (e.g., 
contaminated soils with contaminated soils and ponded liquids with ponded liquids). Figure 3.2 
illustrates the cells in the GIS for Hanford that contain the aggregated waste sites designating them 
with a square dot. 

4. Define Initial Conditions — Source-term characteristics for each aggregated waste site are deter
mined from various databases maintained and reports written on the installation. Source-term, 
geologic, hydrologic, hydraulic, meteorologic, and population data are collected or calculated for 
each grid cell within an 80-km (50-mi) radius of the center of the installation, where appropriate. 
Environmental contaminant concentrations and inventories are also determined within this 80-km 
(50-mi) radius of the center of the installation. These contaminant levels, which were determined 
through monitoring for current conditions, will be used for transport modeling for future 
conditions. From the source-term characteristics, four concentrations" can be defined within each 
cell at the designated time zero (e.g., 1989): groundwater, surface-water, air, and soil 
concentrations. 
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Figure 3.2. Aggregated Waste Sites at Hanford Mapped onto the State GIS 1-km2 Grid 
System 
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5. Define Land-Use Patterns and Exposure Scenarios — Land-use patterns and exposure scenarios 
are identified for the air, groundwater, surface water, and soil at all grid-cell locations within an 
80-km (50-mi) radius. The land-use patterns and corresponding exposure scenarios are those 
defined by agreements between the installation, state, stakeholders, and U.S. Environmental 
Protection Agency (EPA). For example, the Hanfbrd Site Baseline Risk Assessment Methodology 
(HSBRAM) was agreed to in the Tri-Party Agreement between DOE, the Washington State 
Department of Ecology, and EPA. At Hanford, land-use scenarios are defined for agricultural, 
industrial, residential, and recreational activities. 

6. Determine Flow Paths — To calculate concentrations at future times at locations other than the 
sources, pathlines are determined from the cells containing the aggregated waste sites to 
surrounding locations. For example, Figure 3.3 presents the pathlines through the groundwater to 
the Columbia River from the cells containing the aggregated waste sites. These pathlines were 
determined using the Coupled Fluid, Energy, and Solute Transport (CFEST) computer model (Cole 
et al. 1988) for December 1992 flow conditions. To perform the transport analysis, these pathlines 
were simplified and represented by a sequence of straight lines. The pathline representation that 
was utilized in the assessment is illustrated in Figure 3.4. A similar analysis is performed for the 
atmospheric pathway, which uses a sector-average-Gaussian approach to distribute contaminants 
that are released into the environment via volatilization or resuspension of contaminated particles. 
A computer program was written to translate the atmospheric polar coordinate system and overlay 
it into the state GIS Cartesian coordinate system. 

7. Perform Transport and Exposure Analyses — When the pathline analysis is complete, the 
transport analysis can be performed. Because the receptor concentrations are determined to be 
linear with respect to source-term parameters (e.g., inventory, activity, or concentration at the 
source), unit source-term conditions can be assumed at each of the waste sites. For example, if 
activity/inventory is linear to environmental concentrations, then an activity of 1 Ci can be assumed 
for radionuclides, and an inventory of 1 kg can be assumed for nonradioactive chemicals. The 
release to the environment (i.e., to air, subsurface, and surface water) is calculated for contamin
ated soil sites. Volatile and nonvolatile contaminants, and contamination associated with soil and 
surface water are addressed as part of the unit transport analysis. The multimedia model MEPAS 
is utilized to simulate the release of the various contaminants and the contaminants' migration 
through the air, vadose zone, saturated zone, and surface water. The transport of contaminants 
from ponded sites may have to be modeled separately, as they may not have the same linear 
constraints as those associated with dry wastes. Four concentrations are calculated for each grid 
cell within the 80-km (50-mi) radius: groundwater, surface water, air, and soil. 

Exposure analyses for the four land-use patterns for the HSBRAM exposure scenarios are per
formed. Because the exposure/risk calculations are independent of location, they can be analyzed 
independently of the transport analysis. Any number of exposure/risk scenarios can be addressed. 
Because of the modular approach associated with the MRA, the exposure scenarios can be individ
ually assigned to each grid-cell location. Therefore, cells that are next to each other can be 
assigned different exposure scenarios. The user has the option for distributing the appropriate 
land-use or exposure pattern throughout the 80-km (50-mi) radius. By coupling the demographic 
characteristics and unit concentrations for each of the four environmental media (i.e., groundwater, 
surface water, air, and soil), a unit risk is determined in each grid cell. 
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Figure 3.3. Pathlines, as Developed by CFEST Modeling, from Aggregated Waste Sites to the 
Columbia River 
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Figure 3.4. Pathlines That are Approximated by a Series of Straight Lines 
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8. Collate Cell Concentrations — Because plumes from different waste sites can overlap, the concen
trations from multiple waste sites at downgradient cells must be addressed. When multiple waste 
sites transport contamination to the same downgradient cell, the concentrations are added by 
constituent. The concentrations can be added because of the linearity of the system. Following the 
transport, migration, and fate simulation, only four concentrations are defined for each cell: 
groundwater, surface water, soil, and air. 

9. Calculate Risk for Each Land-Use Pattern - The risk is calculated by simply multiplying the 
source times the unit transport analysis times the unit exposure/risk analysis for each constituent for 
each cell. Dose/risk is calculated as it is spacially distributed at all grid-cell locations within an 
80-km (50-mi) radius for various times of interest (e.g., years 0, 40, 100, 140, 1000, and 10,000). 

10. Plot Two- and Three-Dimensional Concentration and Risk Isopleths — Based on air, ground
water, surface water, and soil concentrations, two- and three-dimensional isopleths are easily 
plotted to visualize the results. 

Illustrative examples of the two- and three-dimensional risk isopleths for the Hanford Installation 
are presented in Figures 3.5 through 3.8 for 1989. Figures 3.5 and 3.7 present the two-dimensional 
risk contours for the HSBRAM residential and recreational land-use scenarios, respectively. 
Figures 3.6 and 3.8 present correlated two- and three-dimensional risk contours for the HSBRAM 
residential and recreational land-use scenarios, respectively. The main difference between the 
residential and recreational scenarios is groundwater contamination and its use. The residential 
scenario assumes that all water needs (e.g., drinking, bathing/showering, and garden irrigation) are 
met by the contaminated aquifer for 356 days per year. The recreational scenario assumes that the 
water needs are met by the surface water and the aquifer contributes for only 7 days of the year. These 
plots clearly demonstrate the importance of utilizing currently contaminated groundwater at Hanford. 
These risk contours are based on the land-use (exposure) scenarios outlined by HSBRAM. HASBRAM 
was agreed to by the Tri-Party Agreement between DOE, the Washington State Department of 
Ecology, and the EPA. 
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Figure 3.5. Two-Dimensional Risk Contours for the HSBRAM Residential Scenario 
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Figure 3.6. Two- and Three-Dimensional Risk Contours for the HSBRAM Residential Scenario 
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Figure 3.7. Two-Dimensional Risk Contours for the HSBRAM Recreational Scenario 
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Figure 3.8. Two- and Three-Dimensional Risk Contours for the HSBRAM Recreational Scenario 
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4.0 Multimedia Environmental Pollutant 
Assessment System (MEPAS) 

To successfully implement the MRA at installations that contain multiple waste sites, a model is 
required that contains all of the pertinent environmental media, lends itself to be compartmentalized, 
and addresses radioactive and chemical wastes. The MEPAS was chosen because it is the only multi
media computer model that includes all of the following elements: MEPAS 1) addresses radioactive, 
organic, and inorganic wastes; 2) provides user flexibility in describing the geology, hydrology, 
hydraulics, and meteorology at an installation by allowing the use of site-specific data; 3) performs 
calculations within the installation boundaries and offsite; 4) is largely based on the solutions to the 
advective-dispersive equations for solute transport; 5) includes atmospheric complex terrain, channeling 
of winds, fugitive dust emissions, wet and dry deposition, and gaseous and particulate releases; 
6) addresses both active and inactive sites and releases; 7) allows for user- or code-specified time-
varying (i.e., transient), source-term emission rates; and 8) addresses contaminated soils, ponded sites, 
liquid discharges, injection wells, and point, line, and area sources. 

MEPAS is a fully integrated, physics-based, PC-platform, multimedia transport- and risk-computa
tion code that is used to assess health impacts from actual and potential releases of both hazardous 
chemicals and radioactive materials. MEPAS is designed for site-specific assessments using readily 
available information. It follows DOE/EPA/U.S. Nuclear Regulatory Commission (NRC) risk-assess
ment guidance, as it evaluates 1) the release of contaminants into the environment; 2) their movement 
through and transfer between various environmental media (i.e., subsurface [vadose and saturated 
zones], surface water, overland [surface soil], and atmospheric); 3) exposure to surrounding sensitive 
receptors via inhalation, ingestion, dermal contact, and external dose; and 4) risk to carcinogens and 
hazard to noncarcinogens. For radionuclides, MEPAS follows International Commission on Radio-
logial Protection/National Council on Radiation Protection and Measurements (ICRP/NCRP) and EPA 
guidelines allowing the user to choose the appropriate guidelines. MEPAS is designed as a comprehen
sive hazard assessment tool that provides risk assessments that meet or exceed requirements for the 
remedial investigation/feasibility studies required by CERCLA. 

The transport codes comprised by MEPAS are based on analytical or semianalytical solutions to the 
advective-dispersive equations (subsurface, surface water, and atmospheric) or empirically based 
solutions (overland transport) using well-accepted approaches. The waterborne components in MEPAS 
address transient short- or long-term contaminant releases into the environment. The atmospheric 
component in MEPAS addresses long-term releases. The exposure and health consequence compon
ents in MEPAS address chronic-lifetime risk to individuals and/or populations. MEPAS includes a 
contaminant database of over 400 chemicals and radionuclides. 
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