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PREFACE 

This report is one of a series that provide support to the U.S. Department of 
Energy's use of a human health impact-based methodology for ranking environ
mental issues. This methodology is referred to as the Multimedia Environmental 
Pollutant Assessment System (MEPAS)• for the Environmental Survey ranking 
effort, or as the Remedial Actin Priority System (RAPS) for other applica-
tions. This testing report documents a demonstration of the applicability of 
implementing the major components of the MEPAS/RAPS model at waste sites where 
contaminants have been released and monitored in the environment. Simulated 
contaminant levels are compared with measured environmental levels documented by 
monitoring programs. 

Other reports under preparation in the series include a sensitivity study for 
user-definable parameters, a sensitivity study for the Environmental Survey 
ranking criteria, and a collection of MEPAS/RAPS application papers. 

• Copyright 1989 Battelle Memorial Institute. 
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ABSTRACT 

The Remedial Action Priority System (RAPS) and the Multimedia Environ

mental Pollutant Assessment System (MEPAS) were developed to prioritize 

problems associated with potential releases of hazardous chemical and 

radioactive materials in a scientific and objective manner based on limited 

site information. Although RAPS was originally developed for only U.S. 

Department of Energy (ODE) inactive waste disposal sites, it was enhanced to 

include sites with active operations for DOE's Environmental Survey ranking 

effort. For survey applications, the enhanced RAPS is referred to as MEPAS. 

This report documents the model testing efforts of the RAPS/MEPAS methodology 

for the atmospheric, surface water, groundwater, and exposure components. 

Comparisons are given of model outputs with measured data at three sites: the 

U.S. Department of Energy's Mound facility in Ohio and Hanford facility in 

Washington, and a chromium-cadmium plating site in New York. The results show 

that the simulated magnitudes, spacial and temporal trends, and distributions 

of contaminants corresponded well with the measured data. 
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EXECUTIVE SUMMARY 

In 1985 and 1986, Pacific Northwest Laboratory (PNL) developed the 

Remedial Action Priority System (RAPS). The RAPS methodology represents an 

approach that prioritizes hazardous and radioactive mixed waste disposal sites 

in a scientific and objective manner based on limited site information. The 

RAPS methodology provides the U.S. Department of Energy's Office of Environ

ment, Safety, and Health (OOE-ESH) with a management tool for assistance in 

allocating funds and human resources for further investigations and possible 

remediation at its inactive waste sites. 

A version of the RAPS methodology was used by DOE-ESH for application in 
its environmental survey effort. For this application, the code was referred 

to as the Multimedia Environmental Pollutant Assessment System {MEPAS). The 

distinction is that RAPS refers to the overall methodology, whereby MEPAS 

refers to RAPS as used in the Environmental Survey application. As a conse

quence, the RAPS testing results reported in this document apply directly to 

RAPS as well as the MEPAS survey application. 

Under the guidance of DOE-ESH, PNL has developed a program to review, ana

lyze, and test all major aspects of the RAPS methodology. Under the program, 

the methodology and its mathematical formulation have been independently 

reviewed by technical authorities in the private and public sectors. An exten

sive sensitivity analysis is being completed to determine the effects of 

1) specific input parameters, 2) initial and boundary conditions, 3} distri

butions of input parameters, and 4) interrelationships among input parameters 

affecting model response over short and long time frames. Finally, the various 
components of the RAPS methodology are being implemented at actual sites where 

contaminant levels have been monitored in the environment. The monitored con

taminant levels are then compared to simulated contaminant levels associated 

with the application of RAPS to these sites. The purpose of the comparison is 

to demonstrate ~he applicability of implementing the RAPS methodology to a 

variety of hazardous waste sites or releases of contaminants into the 

environment. 
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This document is associated with the third aspect of the program, and 

reports on the results associated with applying components of the RAPS 

methodology to a variety of sites with different contaminant release mecha

nisms. These applications illustrate the type of data typically required to 

implement the methodology and several of the types of contaminant releases 

(e.g., direct discharye, French drain, crib, tile field, and stack) that can be 

considered by the methodology. Thus, they demonstrate the applicability of the 

methodology at a wide variety of sites. 

The RAPS methodology was applied at three facilities to demonstrate the 

surface water, atmospheric, groundwater, and exposure assessment components of 

the methodology. These facilities are listed below with a brief summary of the 

components comprising RAPS that were tested at each. 

• DOE's Mound facility in Miamisburg, Ohio-- The surface water, atmos

pheric, and exposure assessment components of RAPS were applied at 

the Mound facility. The surface water component addresses a direct 

discharge of tritium, plutonium-238, and uranium-233,234 from the 

Mound facility to the nearby Great Miami River. The atmospheric com

ponent addresses a stack release of tritium and plutonium-23H into 

the atmosphere. The exposure assessment component of the methodology 

computes concentrations of tritium or plutonium-238 in local fish, 

grass, and tomatoes. In each of these applications, simulated and 

observed contaminant levels are compared. 

• DOE's Hanford facility in Richland, Washington-- The subsurface and 
atmospheric components of the RAPS methodology were applied at the 

Hanford facility. Various aspects addressing flow and solute move

ment associated with the partially saturated zone were tested at the 

Hanford facility. Simulated and monitored deep-drainage rates were 

compared at two sites, one with vegetation and one with bare soil. 

Solute movement of plutonium-238, americium-241, or plutonium-239,240 

in the partially saturated zone was also addressed at two sites where 

the spacial distribution of contamination had been monitored. 

The atmospheric component was applied at the B-C crib site. In the 

assessment, the atmospheric component of RAPS simulates the 
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resuspension of soil particles contaminated with cesium-137. This 

analysis compares simulated surface emission rates with those 

historically used at the B-C crib site at the Hanford facility. 

• Chromium-Cadmium plating waste site in Massapequa, New York -- The 

subsurface component of the RAPS methodology was applied at the 

Massapequa, New York~ site. Solute movement associated with the 

saturated zone was tested at this site. Simulated and observed 

concentrations of hexavalent chromium and cadmium~ spacially and 

temporally distributed, are compared. 

To assess the applicability of the components of the RAPS methodology to 

these sites, certain aspects pertaining to the results should be considered in 

the interpretation of simulated and monitored environmental levels. These 

aspects include contaminant levels, temporal and spacial trends, the current 

state of knowledge associated with a component of the methodology, and the 

intended level of sophistication of the RAPS methodology. These aspects are 

briefly discussed below. 

• contaminant levels Contaminant levels refer to the magnitude of 

• 

the concentrations of contaminants. Ideally, the magnitudes of the 

simulated contaminant concentrations would match those of the 

observed concentrations. This comparison would provide insight as to 

how well a particular model recreates complex, real-world phenomena. 

temporal and spacial trends 

how well the simulated results 
Temporal and spacial trends refer to 

match the temporal and spacial distri-

bution of the in situ observations. It is important for the shape of 

a simulated isopleth to correspond, in time and space, to the shape 

of the observed isopleth, even though all simulated contaminant 

levels (i.e., magnitudes) may differ from the observed levels by some 
factor. 

• current state of knowledge -- To place the results presented in this 

report into the proper perspective, one should consider the current 

state of knowledge associated with the transporting medium (e.g., 

subsurface, surface water, or the atmosphere) or exposure assessment 
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component. For example, the mechanisms governing flow and solute 

movement in some transport pathways (e.g., the partially saturated 

zone) are not as well defined or understood as those in other trans

port pathways (e.g., a riverine environment where sedimentation is 

not a governing phenomenon). This discrepancy could, therefore, 

potentially lead to ~reater variability between simulation and 

observed results for those pathways that are not as well understood 

mechanistically. The greater variability is more a reflection of the 

lack of knowledge of a particular phenomenon than it is of the meth
odology that is trying to simulate it. 

• intended level of sophistication -- The intended level of detail 

(e.g., simple versus complex) and application (e.g., comparative 

versus predictive analysis) of the methodology should be considered 

1n any decision for determining the applicability of the method

ology1s components to simulate the migration, fate, exposure, and 

effects of contaminants released into the environment. All computer

based methodologies, no matter how complex, represent simplifications 

of real-world conditions. Complex computer codes are usually 

developed to address detailed mechanistic phenomena (hence, the large 

number of input parameters). Simple codes handle fewer of the 

detailed phenomenological aspects of real-world conditions by combin

ing many of these aspects into fewer parameters; it is, therefore, 

difficult to ensure the accuracy of results at all sites under all 

conditions with application of simple codes. To alleviate this 

problem, the RAPS methodology was developed to be used more as a 

comparative tool than a predictive tool; the application results, 

therefore, represent an order-of-magnitude analysis. 

When considering these four aspects, the simulation results presented in 

this document reflect the observed conditions monitored in the environment 

exceedingly well; this is especially true given that the results simulated by 

RAPS are not calibrated to the observed results. 

X 



The simulated results in this report are presented as if monitored infor

mation were not available; however, the simulated results are compared with 

monitored data. The results show that the spacial and temporal trends and 

distributions of contaminants observed in the environment are reflected in all 

of the simulated results. In most cases, the simulated levels of contamination 

tend to reflect, both tempor~lly and spacially, those levels monitored in the 

environment, even at those sites where monitored contaminant levels varied by 

as much as 13 orders of magnitude. 
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1.0 INTRODUCTION 

The U.S. Department of Energy's (DOE) inactive hazardous waste disposal 
sites are currently being evaluated under its CERCLA (Comprehensive Environ

mental Response, Compensation, and Liability Act of 1980} program to determine 

whether migration of hazardous substances has occurred a~d whether remediation 

will be required. Consequently, DOE is in the process of locating, identify

ing, and evaluating potential problems associated with its inactive hazardous 

and radioactive mixed waste disposal facilities, and controlling the migration 

of hazardous substances from such facilities to minimize potential hazards to 

health, safety, and the environment. Limited resources are available to con

duct detailed site investigations and characterizations of all potentially haz

ardous and radioactive mixed waste sites identified. Therefore, an assessment 

methodology is required to prioritize waste sites according to risk, based on 

limited available information, so that detailed site characterizations are per

formed first on those sites that exhibit the highest potential risks. Conse

quently, Pacific Northwest Laboratory (PNL) was requested to develop a risk 

assessment methodology. The methodology developed is called the Remedial 

Action Priority System (RAPS). The RAPS methodology will provide DOE with a 

management tool to assist it in determining priorities for further site 

investigations. 

The RAPS methodology uses empirically, analytically, and semianalytically 

(i.e., temporally convoluted analytical solution) based mathematical algorithms 

to predict the potential for contaminant migration from a site to receptors of 

concern using pathways analyses. Four major pathways of contaminant migration 

are considered in the RAPS methodology: surface water, groundwater, atmos

pheric, and overland. Using the predictions of contaminant transport, simpli

fied exposure assessments are performed for important receptors. The risks 

associated with the site can then be calculated relative to the risks of other 
sites for each pathway and for all pathways together. 

Under the guidance of DOE, PNL has developed a program to review, analyze, 

and test all aspects of the RAPS methodology. Under the program, the methodol

ogy and its mathematical formulations have been independently reviewed by 
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technical authorities in the private and public sectors (see Whelan et al. 

1987). An extensive sensitivity analysis is currently under way to determine 

the effects of 1) specific input p~rameters, 2) initial and boundary condi

tions, 3) distributions of input parameters, and 4) interrelationships among 

input parameters affecting model response over short and long time frames. 

Finally, the various components of the RAPS methodology are being implemented 

at actual sites where contaminant levels have been monitored in the environ

ment. The monitored contaminant levels are then compared to simulated contami

nant levels associated with the application of RAPS to these sites. The 

purpose of the comparison is to demonstrate the applicability of the RAPS 

methodology to perform order-of-magnitute analysis to a variety of hazardous 

waste sites or releases of contaminants into the environment. 

The comparison of predicted and measured contaminant concentrations in the 

environment is documented in this report. The RAPS methodology has been 

applied to several sites that have released and monitored the release of 

contaminants in the environment to demonstrate the application of the surface 

water, atmospheric, groundwater, and exposure assessment components of the 

methodology. These applications illustrate the type of data typically required 

to implement the methodology and several of the types of contaminant releases 

(e.g., direct discharge, French drain, cribs, tile field, and stacks) that can 

be considered by the methodology. Thus, they demonstrate the applicability of 

implementing the methodology at a wide variety of sites. The results contained 

in this report are summarized in Whelan et al. (1988). 

The remainder of this report is divided into six chapters. Chapter 2.0 

presents an overview of the RAPS methodology. Chapter 3.0 describes how 

complex, real-world situations are converted into equivalent simplified 

scenarios, on which the RAPS methodology bases its analysis. Chapters 4.0, 

5.0, and 6.0 describe the application of the surface water, groundwater, and 

atmospheric components of RAPS, respectively, to a variety of sites that 

release contaminants into the environment. Finally, Chapter 7.0 tests several 

food-chain algorithms by presenting a comparison between monitored and simu

lated contaminant levels in fish, grass, and tomatoes. 
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2.0 OVERVIEW OF THE REMEDIAL ACTION PRIORITY SYSTEM(a) 

2.1 INTRODUCTION 

For several decades, the U.S. Department of Energy (DOE) and its prede
cessor agencies have been involved in a wide range of activities that gene
rate hazardous substances, both chemical and radioactive. In some cases, 
these substances have migrated from the disposal sites, and further site 
investigations and possible site remediation are needed. These circum
stances, coupled with the enactment of environmental regulations such as the 
Comprehensive Environmental Response, Compensation, and Liability Act of 1980 

(CERCLA} require that action be taken to identify and reduce or eliminate, in 
an environmentally responsible manner, the potential hazards related to the 
past disposal activities. 

The DOE policy for CERCLA, as stated by DOE (1985), is to identify and 
evaluate potential problems associated with hazardous waste disposal sites 
and to provide steps to help control the migration of hazardous substances 
from such facilities to minimize potential hazards to health, safety, and the 
environment. A typical approach in accomplishing the goals of this policy is 
to 1} locate and identify those hazardous waste disposal sites that may pose 
an unacceptable risk; 2) quantify the presence (or absence) of hazardous 
substances for these sites by conducting preliminary surveys and comprehen
sive investigations, if necessary; 3) develop a site remediation plan for 
sites that pose an unacceptable risk by evaluating alternative technologies 

for either controlling the migration of hazardous substances or decontaminat
ing the disposal site; 4) implement the recommended remedial measures; and 
5) prepare documentation of remedial actions and establish any site monitor
ing requirements necessary to verify the effectiveness of the actions. 

Assessment methodologies or frameworks have been and are being developed 
that address the concerns related to risks as well as the migration, fate, 
and exposure of contaminants released into the environment.(b) These 

(a) Chis chapter is based on Whelan et al. (1985, 1986, 1987, 1988). 
(b) For a discussion of assessment methodologies, refer to Whelan et al. 

(1987). 
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contaminants can undergo complex processes of transport, degradation and 
decay, transformation, biological uptake, and intermedia transfer among 
atmospheric, overland, groundwater, and surface water pathways. The inter
actions of these various media pathways and linkages to humans are illus

trated in Figure 2.1. The assessment frameworks integrate many of these 
complex components in an attempt to address a complicated environmental 
setting in a logical, consistent, cogent, objective manner. Each assessment 
framework is developed to meet a particular objective and, therefore, cannot 
arbitrarily be applied to all assessment situations. For example, the 
Remedial Action Priority System (RAPS) methodology is being developed for DOE 
to rank, according to potential risk, hazardous and radioactive-mixed waste 

sites so the most hazardous sites can be further investigated first (Whelan 
and Steelman 1984}. The RAPS methodology addresses contaminant migration, 
fate, exposure, and risk through four major environmental transport pathways 
(i.e., groundwater, overland, surface water, and atmospheric). The RAPS 
methodology was developed with a level of sophistication appropriate for use 
in ranking sites according to their relative hazard potential; the method
ology was not necessarily developed to be used in a predictive mode to simu
late the actual risks posed by a particular site resulting from the release 

of contaminants into the environment (Whelan et al. 1986). The RAPS method
ology, therefore, meets the needs of DOE but may not meet the needs of other 
government agencies or private groups for conducting different types of 

assessments. 

To fully comprehend the approach being considered for identifying and 
evaluating those hazardous waste sites, this section presents the rationale 
behind the development of the RAPS methodology and a description of the 
structure of RAPS, the various components that comprise the system, and the 

key features and characteristics of the system. 

2.2 REMEDIAL ACTION PRIORITY SYSTEM 

The RAPS methodology uses empirically, analytically, and semianalytic

ally based mathematical algorithms and a compositely coupled pathways analy
sis to predict the potential for contaminant migration from a waste site to 

important environmental receptors. Subsurface (groundwater), overland, 
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FIGURE 2.1. Schematic Diagram Illustrating the Interactions Between the Various 
Contaminant Transporting Media and How the Contaminants Affect Man 
Through His Environment (after Whelan et al. 1983) 



surface water, and atmospheric pathways are considered. Using the predic

tions of contaminant transport, simplified exposure assessments are performed 

for important receptors. The risks associated with the sites are then 

calculated relative to other sites for all pathways of concern. 

Based on input data that are readily available at DOE facilities, the 

RAPS methodology considers 1) specific site information and constituent 

characteristics associated with the pathways; 2) chemical and radioactive 

wastes; 3) the potential direction of contaminant movement; 4) contaminant 

retention (e.g., environmental mobility, dispersion, and decay/degradation), 

where applicable; 5) contaminant toxicities; 6) population distributions; 

7) various routes or types of exposure (e.g., inhalation, ingestion, dermal 

contact, and external dose); 8) time until a population is exposed or expo

sure begins (i.e., time of contaminant arrival); and 9) duration of exposure 

(i.e., the length of time a population is continually exposed to a contami

nant). Time of contaminant arrival and duration of exposure are critical 

considerations in a site prioritization; the sooner a population is exposed, 

the greater the urgency for site characterization and possible remediation. 
Likewise, the longer a population is exposed to a contaminant, the greater 

the potential severity of that exposure. Consideration of both of these 

factors is absent from more simplified ranking methodologies. 

2.2.1 Structure of RAPS 

Structurally, the RAPS methodology is based on the compositely coupled 

multimedia modeling approach (see Whelan et al. 1987). Each transport path 

way addressed by RAPS has a set of codes that describe the migration and 
fate of contaminants. These transport pathway codes are systematically 

integrated with an exposure assessment component that considers the type , 
time, and duration of exposure and the location and size of the population 

exposed. Figure 2.2 presents a simplified diagram outlining the various 

pathways and their interactions, as considered by the RAPS methodology . 

To implement the methodology at a site, the user designates the 

appropriate transport pathways by identifying the path [i.e., route(s)] the 

contaminants may take from the waste site through the various media. The 
user is then prompted to supply site and constituent (i.e., contaminant) 
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information. Based on these data, the migration and fate of the contaminants 
are simulated from the source through the designated transport pathways to 
important environmental receptors. The exposure route to the population is 
integrated into the analysis, and the subsequent risk [i.e., the Hazard 

Potential Index (HPI)] to the population is computed for the site. The site 
HPI is compared to HPis at other sites that have been previously analyzed. 

The sites are then objectively ranked in order of increasing risk, according 
to the HPI for each site. 

The HPI is a parameter that reflects the results of the multimedia 
transport calculations, exposure assessment, and the effects of an exposure 
to a population of concern. It directly considers contaminant levels that 
reflect persistence and mobility at important receptors, population distri
butions, contaminant toxicity, routes and levels of exposure, duration of 

exposure, and the time until a population is exposed. It is also based on 
scientifically accepted dose-health effects relationships. The HPI is used 
as a relative marker for quantitatively comparing the potential for the 
migration, fate, and effects of hazardous substances. By itself, an HPI does 
not indicate the absolute risk at a site but does indicate whether one site 
potentially presents a higher risk to surrounding receptors of concern than 
another site. The HPI is discussed in greater detail in Whelan et al. 

{1987}. 

The shaded boxes in Figure 2.2 illustrate an example application of the 
RAPS methodology. According to this example, leachate leaves the waste site 
and enters the groundwater pathway, travels through the partially saturated 
zone, enters and travels through the saturated zone, leaves the groundwater 
pathway and enters the surface water pathway, and migrates through a nearby 
river. At designated usage locations, the population is externally exposed 
to contaminants of concern and, in addition, ingests a portion of the contam
inated river water. An HPI is computed based on the exposure to the popula
tion and is compared to HPis for other sites to prioritize the site, relative 
to others, based on relative risk. Example applications of the RAPS method

ology are presented in Whelan et al. (1985, 1987, 1988). 
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2.2.2 RAPS Solute Transport Pathways and Exposure Asses'sment Component 

As illustrated in Figure 2.2, four transport pathways and an exposure 
component are addressed by the RAPS framework. For each pathway, contaminant 
retardation is described, where applicable, by an equilibrium (i.e., parti
tion or distribution) coefficient. First-order degradation/decay is assumed 

for all contaminants that do not result in decay products (e.g., 
radionucl ides). 

For contaminants that decay, the parent contaminants are initially 
treated as conservative substances (i.e., no decay products or degradation). 
Upon reaching the environmental receptor, radiological decay is corrected in 

a separate calculation, and the code subsequently computes the temporal dis
tribution of each decay product. The Bateman equation is then used to calcu
late the concentrations of all important decay products in the chain (Bateman 
1910, as reported by Codell et al. 1982). The approach for analyzing each of 
the pathways considered in RAPS is briefly discussed below. 

2.2.2.1 Groundwater Pathway 

The quantity of leachate likely to be generated during the operational 
lifetime of a hazardous waste facility is a major factor controlling the 
degree to which a site will require analysis. The site leachate quantity is 
contrJlled by local meteorologic, geologic, and hydrologic conditions and the 

design and operation of the facility. Given the limited availability of 
literature data on leachate quantities generated by landfills, available 
estimation techniques are used to quantify the leachate. 

A modified method of the one proposed by Thornthwaite and Mather {1955, 
1957), fenn et al. (1975), and Dass et al. (1977) is used to compute leachate 
quantities from landfills. The quantity of leachate produced at a given 
landfill site is estimated with a water-balance calculation, using monthly 
estimates of precipitation, potential evapotranspiration, temperature, and 
runoff. The principal source of moisture is precipitation (rainfall and 
snowfall} over the landfill site. Of the precipitation that falls on a 
landfill site, a portion runs off, some is lost 
the remainder percolates through the landfill. 

to evapotranspiration, and 

Water that percolates through 
the f"ll eventually exits as leachate. Simpler methods have been proposed 

2.7 



{e.g., Knight et al. 1980); however, these methods are not nearly as precise. 
More complex methods also have been proposed and developed (e.g., ICF 1984; 
Schroeder et al. 1984), but their complexity precludes their use in a pre
liminary ranking system scheme. A review of the mathematical algorithms 
that describe the technique for computing leachate quantities from landfills 
is provided by Whelan et al. (1987). 

The RAPS methodology addresses long-term average environmental condi
tions resulting from the release of contaminants from a hazardous waste site. 
Because the analyses are performed assuming no changes to current land use, 

groundwater, or surface water practices (such as remedial actions to the 
waste or population changes), the potential health exposure associated with 
the migration and fate of contaminants from a waste site may continue for 
hundreds to thousands of years, particularly for the groundwater transport 
pathway. The exposure analysis component of RAPS is currently based on 
70-year increments (i.e., approximately one human life), with average concen
trations being defined for each increment. 

Contaminants exiting the bottom of the landfill migrate through a par
tially saturated or saturated groundwater zone. In the partially saturated 
zone, flow is usually assumed to be in a vertical direction. Because this 
flow is generally unidirectional (i.e., vertically downward), one-dimensional 
modeling is performed. The RAPS methodology uses a one-dimensional, 
unsteady, semianalytical code to simulate contaminant leaching and movement 
through the partially saturated zone. The solution algorithm to the 
advective-dispersive equation for the partially saturated zone is based on 
homogeneous and isotropic soil parameters (see Van Genuchten and Alves 1982; 
Donigian et al. 1983). The partially saturated soil beneath the waste site 
is assumed to be at a unit potential hydraulic gradient. The moisture con
tent is assumed to fluctuate between field capacity and saturation. If the 
infiltration rate (leach rate) from the waste site is less than the soil 
transmission rate (i.e., hydraulic conductivity at field capacity), as 
described by the general equation for liquid flow in the partially saturated 

zone (see Hanks and Ashcroft 1980; Hillel 1980), the leachate moves through 
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the soil at the infiltration rate. For an infiltration rate equal to or 
greater than the transmission rate, the leaching water is assumed to move at 
the transmission rate. 

The predominant movement of the leachate in the saturated zone is 
assumed to be in the direction of the groundwater flow. A three-dimensional 
advective-dispersive equation describes the migrating plume as it disperses 
and attenuates through the saturated aquifer. Advection represents the 
transport of solute caused by the mass motion of water, while dispersion 

represents solute transport by unaccounted variations in the fluid velocity 
and molecular motion. Dispersion is considered in the longitudinal, lateral, 
and vertical directions. Adsorption/desorption interactions between the 
contaminant and the flowing water and soil are addressed with an equilibrium 
{i.e., distribution) coefficient (Kd)· The distribution coefficient parti
tions the contaminant between the soil surface and water. Soil properties 
are assumed to be homogeneous, and the flow is assumed steady and only in the 
longitudinal direction. 

Solutions for the advective-dispersive equations for the partially satu
rated and saturated zones have been formulated in terms of an instantaneous 
contaminant release (i.e., a pulse release over zero time). The RAPS method
ology generalizes these solutions for arbitrary time-varying releases by 
convoluting response functions (i.e., temporally varying contaminant leach 
or flow rates) with instantaneous contaminant release solutions. 

The RAPS groundwater component computes contaminant levels at wells and 
at the edge of streams and calculates solute fluxes from the groundwater 
environment to the surface water environment. The solution algorithms are 
based on Green's functions and have been reported by several researchers 
(e.g .. Yeh 1981; Cadell et al. 1982; Van Genuchten and Alves 1982). Fig
ure 2.2 illustrates the potential interactions between the groundwater path
way and the other environmental transport pathways addressed by the RAPS 
methodology. A review of the mathematical algorithms describing the ground
water pathway was presented by Whelan et al. (1987). 
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2.2.2.2 Surface Water Pathway 

Nontidal rivers, estuaries, open fresh and saltwater bodies, open 
coasts, wetlands, etc. represent many of the surface water components that 
could be included in the RAPS methodology. Of these many surface water 
components, RAPS is currently capable of addressing nontidal rivers and 
wetlands. Open freshwater bodies (e.g., lakes, reservoirs, and impoundments) 

are planned for integration into the main body of the methology at a later 
date. Nontidal rivers refer to fresh water bodies with unidirectional flow 
in definable channels. Because the RAPS methodology is compositely coupled, 
other surface water pathways can be added when necessary. 

By assuming a continuous release over the lifetime of the waste disposal 
facility, contaminant releases to the surface water environment in the RAPS 

methodology are relatively long term. Because transient solutions for con
taminant migration and fate calculations are most applicable for batch and 
infrequent releases over relatively short periods of time (Cadell et al. 
1982), steady-state solutions to the advective-dispersive equation are most 
applicable. The three-dimensional, steady-state, vertically integrated mass 
balance equation for contaminant transport in a riverine environment (where 
longitudinal advection dominates longitudinal dispersion) forms the basis for 
all surface water solution algorithms (Cadell et al. 1982). Contaminants 
released into a river are transported through the system by the processes of 
advection and dispersion. Dispersion is considered in the longitudinal and 
lateral directions. A description of contaminant movement is based on 
steady, unidirectional flow in a straight, rectangular channel. 

Wetlands are transitional areas between uplands and aquatic habitats. 
They are characterized by plant communities adapted to life in saturated soil 
conditions. Wetlands have been classified by the U.S. Fish and Wildlife 
Service (Cowardin et al. 1979) based on life form, water regime, substrate 
type, and water chemistry. Wetlands are defined by system. subsystem, class, 

subclass, dominance type, and special modifiers. Mathematically, the wetland 
component consists of 1) a steady-state or time-varying chemical mass flux 
from upstream pathways (e.g., air, surface water, and/or groundwater), 2) a 
water column of constant depth and surface area, 3) a constant plant biomass, 
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and 4) a constant detritus/sediment mass. The mass of the chemical of inter
est partitions among the water column, detritus sediments, and plant biomass. 
The chemical is also allowed to 1) volatilize at a rate determined by the 
reaeration rate, 2) decay following first-order kinetics, or 3) leave the 
wetland with out-flowing water. Animal uptake of chemicals is handled by the 
exposure component of RAPS. Chemical movement in and out of the wetland, 
chemical degradation, and chemical partitioning between dissolved, adsorbed, 
and plant biomass phases are described by an overall time-varying mass 
balance algorithm. A review of the wetland component of the RAPS method

ologies is provided by Knight and Brown (1987). 

The open freshwater body component addresses a wide variety of aquatic 

environments ranging from small ponds to natural lakes and man-made impound
ments. No single simple model can adequately address the range of mixing 
processes and various contaminant sources and risks found in open water body 
environments. In RAPS, environmental complexity is handled using a suite of 
relatively simple algorithms that involve different boundary conditions and 
idealized solutions optimized for specific process assumptions. The selec
tion process provides criteria to objectively evaluate available data and 

potential transport pathways. The general advection-diffusion equation with 
steady, unidirectional flow is used to describe contaminant transport in the 
open water body environment. The spacial effects of mixing processes for 
determining contaminant concentrations are simulated by several different 
open water body types, including l) a well-mixed case, 2) a two-layer, hori
zontally well-mixed case, and 3) a vertically well-mixed case with horizontal 
gradients in one dimension {i.e., well-suited to long, narrow lakes and run
of-the-river impoundments}. The source/sink term is considered constant, 
which produces an equilibrium concentration, and temporally varying contami
nant concentrations result from convoluted time-dependent source terms that 
are instantaneously released into the environment. A review of the mathe
matical algorithms describing nontidal rivers is provided by Whelan et al. 
(1987) and Knight and Brown (1987). 
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2.2.2.3 Overland Pathway 

The driving mechanism transporting contaminants through the overland 
pathway is overland flow. Overland flow is that portion of precipitation 
that ultimately appears as flowing water on the ground surface; it occurs 
primarily because of rainfall or snowmelt in excess of abstraction demands 
(e.g., interception, evapotranspiration, infiltration) and/or the emergence 
of soil water into drainage pathways. Because overland flow controls the 
distribution of contaminants on land surfaces, its spacial and temporal 
distribution is simulated for describing solute migration and fate through 

this environment. Many of the characteristics describing the watershed and 
hazardous waste sites are used in computing overland water movement and 
subsequent contaminant transport. If an unlimited supply of contamination 
was available for transport, then the overland flow rate would control the 
mass flux of contaminant moving downgradient. As the flow rate increases, 
the potential for increasing the contaminant mass flux would also rise. 

The algorithms describing the overland pathway are based on easily 
attainable data. Estimation techniques are based on the curve number tech
nique of the U.S. Department of Agriculture's Soil Conservation Service 
(SCS), as presented by SCS (1972, 1982), Kent (1973), USSR (1977), and Haun 
and Barfield (1978). The techniques are also based on the method of charac
teristics as illustrated by Eagleson (1970), Hjelmfelt (1976), Witinok 
(1979), Whelan (1980), and Witinok and Whelan (1980). 

The SCS curve number technique incorporates into its computations soil 
classifications, soil cover, land-use treatment or practice, hydrologic con
dition for infiltration, locale (i.e., location within the United States), 
initial moisture abstraction, antecedent moisture conditions, and potential 
maximum moisture retention. The algorithms are empirically based and repre
sent a method of estimating direct runoff volumes from storms. The direct 
runoff inventory computed using the SCS technique is temporally distributed 
using the method of characteristics with the kinematic wave approximation. 
The method of characteristics defines the path of wave propagation along 
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which partial differential equations become ordinary differential equations 
with analytical solutions. Overland contaminant levels are then computed 
based on the overland flow hydrographs. 

As Figure 2.2 indicates, the overland transport pathway can interact 
with the surface water pathway or directly supply the exposure assessment 

component with contaminant levels for computing the site HPI. A review of 
the mathematical algorithms describing the overland pathway is provided by 

Whelan et al. (1987). 

2.2.2.4 Atmospheric Pathway 

Complex phenomena are associated with the migration and fate of contami
nants released to the atmosphere (Cupitt 1980). The atmospheric component of 
the RAPS methodology considers release mechanisms and characteristics, 
dilution and transport, washout by cloud droplets and precipitation, and 
deposition on the underlying surface cover. The atmospheric pathway model 
provides a realistic computation of these processes within the constraints of 
using limited, readily available site information. 

The prediction of contaminant movement through the atmospheric pathway 

involves using codes that address atmospheric suspension/emission, transport, 
diffusion, and deposition. Input to the codes includes site-specific clima
tologic information such as wind direction, wind speed, and precipitation. 
Output from the models consists of average air and surface contaminant levels 
that are then used as input to the exposure assessment component. Currently, 
contaminant transport is assumed to occur sufficiently fast that chemical 
transformations can be neglected. 

The atmospheric pathway is modeled in a manner to maximize the validity 
of comparisons between sites. The suspension/emission 
on empirical relationships using site characteristics. 

rates are based mainly 
The atmospheric 

transport and dispersion are computed in terms of sector-averaged values 
using Gaussian dispersion principles similar to that proposed by Busse and 
Zimmerman (1973) and examined by Culkowski (1984). Deposition is computed as 
the sum of outputs from empirical wet and dry deposition algorithms described 
in Whelan et al. (1987). 
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The relative importance of the atmospheric pathway between different 
sites is controlled by a combination of geographic and climatic influences. 
Distances, directions, winds, and atmospheric stability are controlling 

parameters. The dispersion relationships used in the atmospheric component 
depend on local site characteristics. Because the dispersion is a strong 

function of downwind distance from the source, the physical distances between 
the contaminant sites and population centers are of prime importance. The 
relative proximity of sites and population centers are important in terms of 
the local frequencies of wind directions, particularly in areas with topo
graphic channeling of winds. The relative rates of atmospheric dilution 
between the sites are mainly a function of local wind speeds and atmospheric 
stability parameters. 

In the operational mode, the atmospheric pathway component computes con
taminant levels as a function of the direction and distance that coincides 
with population centers surrounding the site. Inhalation represents the 

major route of exposure to contaminants via the atmospheric pathway. RAPS 
also considers the ingestion route of exposure through the food chain and 
from wet and dry deposition on vegetation, and subsequent ingestion of con
taminated food materials derived from the soils. In addition, external dose 
can be addressed, although its effects are usually insignificant compared to 
the inhalation exposure route. The interaction and coupling between the 
atmospheric pathway and exposure assessment components of the RAPS method
ology is illustrated in Figure 2.2. A preliminary review of the mathematical 
algorithms describing the atmospheric pathway is provided by Whelan et al. 
(1987). 

2.2.2.5 Exposure Assessment Component 

Results from each of the four transport pathways are used in the expo
sure assessment component to calculate the HPI for each important waste-site 
contaminant. The exposure assessment component considers potential exposure 
of the surrounding population through the following exposure routes: 

1) external dermal contact to chemicals; 2) external dose from radiation; 
3) inhalation of airborne contaminants; and 4) ingestion of contaminated 
drinking water, soil, crops, animal products, and aquatic foods. In 
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evaluating the HPI values, the important exposure routes and populations at 
risk are first defined. Then, based on the air, water, and soil contaminant 

levels provided by the transport pathway analyses, an estimate is made of the 

average daily human exposure to each contaminant. Estimation of the daily 

exposure is based on simple multiplicative models describing the transfer of 

pollutants from air, water, or oil to humans. The daily exposure rate is 

next converted to an average individual health impact factor using mathe

matical codes for radionuclides, carcinogenic chemicals, and noncarcinogenic 

chemicals. The health impact factor is intended to indicate the level of 

potential for health impact to an average member of the exposed population. 

For radionuclides, the health impact factor is based on cancer risk estimates 

of the National Academy of Sciences Committee on the Biological Effects of 

Ionizing Radiation (NAS 1980). The health impact factor for chemical car

cinogens are currently based on cancer potency factors defined by the EPA 

(1982). Health impact factors for non-carcinogenic chemicals are based on 

the ratio of daily exposure rates to allowable exposure rates as defined by 

reference doses (EPA 1982). 

One key feature of the exposure assessment component is the estimation 

of the average exposure. The exposure modes included in RAPS are as follows: 

• drinking water ingestion -- For groundwater, overland, and surface 

water transport pathways. Factors may be applied to the water con

centration to account for purification of the water in a treatment 
plant. 

• aquatic food ingestion (fish and invertebrates) -- For overland, 
surface water, and groundwater transport pathways. Average daily 
intake is estimated using bioconcentration factors and average 
daily ingestion rates for aquatic foods. 

• crops -- For all transport pathways. Crops may be contaminated 
from irrigation with contaminated water or by direct deposition 

onto plants and soil. Two crop types are considered: leafy 

vegetables with the edible portion subject to direct deposition, 

and other crops such as root and pod vegetables and fruit. Crop 

concentrations are estimated using soil-to-plant transfer factors 
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and air-to-edible plant transfer factors. Average daily intake is 
estimated using average daily ingestion rates for vegetables and 
leafy vegetables. 

• animal product -- For all transport pathways. Contaminated animal 
products result from animal ingestion of contaminated water and 
contaminated feed. Feed contamination may occur from direct depo
sition onto feed crops or pasture from air or through using 
contaminated irrigation water. Using contaminated animal drinking 

water is only considered for the three water transport pathways 
(i.e., overland, groundwater, and surface water). The concen
tration of contaminant in animal meat and milk is estimated using 
animal ingestion-to-animal product transfer factors. Average 
daily intake of exposed individuals is estimated using average 
daily ingestion rates for meat and milk. 

• water immersion (domestic bathing and swimming) -- For groundwater 
and surface water transport pathways. Dermal contact (for chemi
cals) and radiation exposure are included for domestic bathing for 
both water transport pathways. Exposure from swimming in con
taminated water is also considered for the surface water pathway. 
For chemicals, an equivalent daily intake amount is estimated based 
on dermal contact time and absorption characteristics of the 
chemical pollutant. For irradiation exposures, the dose from 
immersion in water is estimated using dose conversion factors. A 
contribution to the radiation dose may also be included for 
recreational boating and shoreline fishing. 

• soil ingestion -- For the atmospheric transport pathway. Contami
nated soil is assumed to be ingested each day with the ingestion 
rate based on a lifetime average. 

• inhalation For the atmospheric transport pathway. The daily 

average intake is estimated using an average inhalation rate for 
the exposed population. 

The interaction and coupling between the exposure assessment component 
and the transport pathways of the RAPS methodology is illustrated in 
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Figure 2.2. A review of the mathematical algorithms describing the exposure 
and health effects assessments are provided by Whelan et al. (1987). 

2.3 SUMMARY 

The RAPS methodology prioritizes hazardous waste sites in a scientific 
and objective manner based on limited site information. The RAPS methodology 
is more sophisticated than other ranking methodologies and bases its approach 

on site and constituent (i.e., chemical and radionuclide) characteristics 
(see Whelan et al. 1987). The RAPS methodology requires minimum user 

knowledge of risk assessment and the least possible amount of required input 
data. It considers four major transport pathways for contaminant migration: 
groundwater, overland, surface water, and atmospheric. Each pathway is 
described by empirically, analytically, and/or semianalytically based mathe
matical algorithms, with the results being expressed as the dimensionless 
parameter (modified according to constituent toxicity and human exposure) 
called the Hazard Potential Index (HPI). The potential health impacts of a 

site, based on HPis, are calculated relative to the health impacts of other 
sites for each pathway and for all pathways together; sites are then ranked 
and identified for additional site investigation and possible remediation. 
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3.0 SOURCE-TERM SCENARIO DEVELOPMENT(a) 

3.1 INTRODUCTION 

Modeling, no matter how complex, represents a simplification of real-world 

conditions (Whelan et al. 1988}. For a modeling exercise to succeed, the com

plexities associated with the real-world situation must be simplified such that 

the scenario that is eventually addressed incorporates the most important 

phenomena in the modeling exercise. The purpose of this chapter is to provide 

insight into how real-world situations can be converted to simplified scenarios 

on which the RAPS methodology can base its analysis. 

This chapter is divided into three more sections. So the terminology will 

not be misunderstood, Section 3.2 defines several terms used in this chapter 

and throughout the report. Section 3.3 reviews the initial questions that 

should be answered to construct an appropriate assessment scenario for the RAPS 

methodology. The final section lists the reference cited in this chapter. 

3.2 TERMINOLOGY 

This section defines five terms used in this chapter and throughout this 

report. These definitions are presented to prevent any misunderstanding of the 

meaning of the terms: 

• facility-- The term facility refers to any location under one 

management that contains one or more designated hazardous waste 

sites. For example, the Hanford facility, although large in areal 

extent, is a single facility. 

(a) This chapter is based on two position papers: Whelan, G. 1986. "The 
Multimedia Environmental Pollutant Assessment System (MEPAS): Review of 
Data Requirements." Submitted to Mr. J. Barker of the Office of Environ
mental Audit, Office of Environment, Safety, and Health, u.s. Department 
of Energy, Washington, D.C., November 11, 1986; and Hawley, K. A. 1986. 
''MEPAS and the Environmental Survey." Submitted to Mr. R. Aiken of the 
Office of Environmental Audit, Office of Environment, Safety, and Health, 
U.S. Department of Energy, Washington, D.C., November 19, 1986. 
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• hazardous waste site-- The term site refers to a unit in a specified 

facility that releases contaminants into the environment. Examples 

are stacks, vents, landfills, holding ponds, lagoons, caissons, 

cribs, French drains, tile fields reverse wells, and trenches. 

• physical environment --The physical environment is represented by 
four specific environments or transport pathways: subsurface (or 

groundwater), surface water, overland, and atmospheric. 

• source term -- The source term is the waste site and the quantity or 

concentration, form, and rate of potential release of the material of 

concern. 

• potential release scenario --The potential release scenario is the 
simplified system, modeled after the real-world situation, that 

describes how the contaminants are potentially released into the 

environment. 

3.3 APPLICATION OF THE RAPS METHODOLOGY TO IDENTIFIED ENVIRONMENTAL PROBLEMS 

Unlike most assessment methodologies that are developed before data 

sources are identified, the RAPS methodology was developed to use, for the most 

part, readily available information;(a) that is, RAPS is structured around 

known data sources. Although significantly more sophisticated than a 

questionnaire-type methodology (e.g., HARM), RAPS uses site-specific data (when 

avai 1 ab 1 e), 1 oca l or regi anal data (Where appropriate). and computer-suggested 

values (when necessary). 

Much of the data used by RAPS is available in local or regional reports, 

including site-specific, state, and federal documents. For example, all of the 

climatic information is available either from local weather stations or from 

data bases maintained by the National Weather Service and the National Oceanic 

and Atmospheric Administration. Much of the regional soil information is 

available in U.S. Geological Survey (USGS) reports and maps, SCS County Soil 

Surveys, and Agricultural Research Service reports. Chemical information is 

(a) Noting all of the shortcomings associated with such an assumption. 
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available in chemical data bases, of which there are many. Much information is 
also available from local agencies, such as public health departments, water 

districts, and waste water treatment plants. The 8ureau of Reclamation, U.S. 

Army Corps of Engineers, and USGS have tremendous amounts of information on 

streams, lakes, and rivers, as well as other environments. 

While a wealth of information is potentially available on each site, the 

order in which that information is collected and analyzed is very important. 

By setting priorities for data collection and analysis, the user of the 

methodology can concentrate on the important aspects of the site. By focusing 

on one initial set of data, the user of the methodoloyy can more easily convert 

the complex, real-world situation to an appropriate simplified scenario. The 

assessment exercise should initially address the following questions: 

• Where is the potential release? The location needs to be identified 

on a map or in some other manner (e.g., latitude and longitude). 

• Where does the potential release originate? Does the potential 

release originate from a stack or holding tank? 

• What are the constituents of interest? To address the potential 

hazard that may exist from a potential release of contaminants into 

the environment, the constituents of interest must be known. 

Therefore, specify the chemica 1 compounds or radi onucl ides, pH, 

organic solvents. 

• What is the physical form of the material? Is it a liquid, solid, or 

gas? 

• How much material is concerned? This question can be answered in 

several ways. For example, an estimate of the waste inventory, 
contaminant concentrations, or the rate of potential release could be 

used. 

• What are the driving forces behind the potential release? For 

potentia 1 nonatmospheri c releases, identify the source of the 1; quid 

transporting the constituents. Because water represents the driving 

mechanism in transporting constituents, identify the source of the 

liquid; a liquid such as rainfall, solvents, or paint will typically 
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provide the basis for transporting constituents. For example, if 

precipitation is the source of the liquid (e.g., in the form of 

snowmelt runoff or rainfall), then the problem requires meteorologic 

information, which will be used to compute infiltration rates, 

overland runoff rates, and so on. If the constituent itself is in a 

liquid form and so is the source of the liquid transporting the 

constituents, then the leakage (e.g., from a drum) represents the 

source to the environment. 

• What is the physical geometry of the source? Is it a point, a line, 
or an area source? 

• How is the constituent being potentially released and where is it 

going? The release mechanism helps define the medium to which the 

contaminant is being potentially released. For example, is the 

contaminant leaching into the groundwater system, being entrained 

into the atmosphere, or being discharged directly into a river? Note 

that this question does not concern the number of media through which 

a contaminant may eventually migrate, but concerns only the medium 

that the contaminant first enters. Understanding the release 

mechanism will also provide insight into the nature of the mode of 

potential release. For example, a storage tank receives liquid 

wastes; when the tank becomes full, the excess waste enters an 

overflow system that transports the waste from the tank and releases 

the waste directly into the subsurface environment. Knowing how the 

potential release occurs makes it evident that the overflow system 

represents the source of contamination; in addition, insight may be 

gained on when the overflow system is in operation. 

• How long does the potential release last? Is it a single, short-term 

event, an intermittent release, or a continuous long-term dis

charge? Does it last for minutes, days, or years? 

While the questions may seem straightforward, they can be difficult to 

answer for a complex release mechanism. However, these questions must be 
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addressed if a proper assessment is to be made using RAPS. In certain circum

stances, it may be necessary to substitute estimates for hard data. This is 

acceptable, but it should be noted that the accuracy of the assessment hinges 

on the quality of the data used. 

To address these questions, data from five broad categories are needed: 

1) constituents of interest 

2) 1 eve 1 of contamination 

3) mechanism of potential contaminant release 

4) source of the water (or liquid) transporting the constituents for 

potentia 1 nonatmospheri c re 1 eases 

5) time frame associated with the potential release of the contaminants 

into the environment. 

In addition to the five major categories listed above that qualitatively 

and quantitatively describe the source term, the exposure analysis requires the 

analyst to identify the point in the environment where contamination may enter 

exposure pathways, such as water supplies and food chains. For example, 

groundwater contamination may result in exposure when a domestic well becomes 

contaminated. Surface waters used for i rri gati on may be contaminated from 

groundwater seepage. For these examples, the critical points of contamination 

are the well and the irrigation intake plant, respectively. The location of 

these environmental contamination points must be i denti fi ed for the site under 

investigation. 

In addressing these five broad cateyories. a four-step procedure can be 

used for converting the complex, real-world situation into an appropriate 

simplified scenario on which the RAPS analysis is based. The four steps are to 

• identify the origin of the potentially released contaminants 

• describe the potential release and determine its physical location 

• quantify the source term 

• construct the release scenario. 
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Each step is described in more detail below. After the last step has been 

described, several examples are presented to illustrate how one might construct 

a release scenario. 

3.3.1 Identifyin~ the Origin of the Potentially Released Contaminants 

Establishing the origin of the potentially released contaminants means, in 

effect~ finding out where the contaminants were generated, stored, treated, or 

disposed of. For example, in a situation where waste tanks are leaking, the 

origin of the potential release of contaminants to the ground is the reservoir 

of material that was stored in the tanks. Another example is the discharge of 

radioactive material from a stack. The origin of the potentially released 

contaminants could be a process occurring in a laboratory or waste that is 

disposed of in an incinerator with the off gas being discharged to the stack. 

A more complex case is a waste pond draining to a canal that, in turn, P.mpties 

into a river. The origin of the potential release of contaminant to the river 

is the material passing through the canal, and the origin of the potential 

release to the canal is the wastes released from the pond. The reason for 

establishing the origin of the potential release of the contaminants is that it 

is a means of directing the investigator to information on the original source, 

composition, and quantity of the contaminants being potentially released. 

3.3.2 Describing the Potential Release and Determining Its Physical Location 

The RAPS methodology requires specific information on the physical 

geometry of the point of potential release to the environment. For potential 

nonatmospheric releases, three geometric categories are possible: point 

sources {such as wells, drainage pipes, or small tanks); line sources (such as 

cracked pipes, manifolds, or cracks); or area sources (such as landfills, 

ponds, tile fields, or storage yards). For potential atmospheric releases, 

sources fall into only two categories: point sources (such as a stack or vent) 

and area sources (such as a contaminated surface). The exact dimensions of the 

source can be obtained from a map or can be estimated for input to RAPS. This 

estimation can be obtained from a map or can be done visually, by walking the 

site, or by use of measuring devices. However, exact dimensions (for example, 

to within a foot) are not required. 
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The methodology also requires data on the location of the potential 

release to the environment. This location may be completely different from the 

place where the contamination has originated. Examples of such cases are as 

follows: 

• A landfill from which constituents are leaching because of 

snowmelt-- The landfill is both the origin of the potential release 

of contaminants and the location of the release to the physical 

environment. 

• A holding pond from which contaminants overflow into a canal that 

transports contaminated water to a nearby river -- The point of 

discharge from the canal into the river is the location of the 

potential release to the river. The canal ltsel f may represent a 

narrow area source for the groundwater en vi ronrnent if water leaches 

from the canal; consequently, its location must also be specified. 

• A stack releasing contaminants -- The location of the stack is the 

point of potential rele-'ise to the atmospheric environment. 

• A landfill that generates and potentially releases gaseous 

effluents -- The landfill is both the origin and the location of 

potentia 1 release to the atmospheric en vi rom11ent. 

The location of the source may be specified through the use of latitude 

and longitude, site maps, topographical maps, or road maps. The locations 

should be as accurate as reasonably achievable. The site's position relative 

to significant physical features should also be specified. This information 

would include, for instance, which side of the river the facility is on and 

whether it is situated on a short, steep slope. 

3.3.3 Quantifying the Source Term 

The potential impacts associated with a potential release of material to 

the environment depend directly on the quantity, concentration, form, and rate 

of release. This information is called the "source term." The nature of the 

source term will vary with the process or facility being considered. 
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The kinds of information used to quantify source terms include the 
following: 

• radionuclide inventories (e.g., Ci) and/or chemical inventories 

(e.g •• kg) and the physical form of the contaminant 

• radionuclide concentrations (e.g., Ci/m3 and Ci/g) and/or chemical 

concentrations (e.g., g/ml and kg/g) 

• radionuclide release rates (e.g., Ci/s) and/or chemical release rates 

(e.g., kg/s). 

For liquid systems, data on pH and the type of liquid (aqueous or organic) 

are also part of the source term. 

3.3.4 Constructing the Release Scenario 

Choosing the appropriate release scenario is critical to the success of 

the assessment. The release scenario dictates what information must be 

call ected for the environmental problem to be evaluated. The release scenario 

guides both the choice of the source term and the identification of the release 

point. Consequently, development of an accurate release scenario is extremely 

important to the success of the assessment. Without development of the release 

scenario and identification and quantification of the source term, no 

meaningful assessment can be made by any method; in effect, the analysis 

becomes merely subjective. 

Understanding how the contaminants are likely to move into the environment 

is the key to developing the release scenario. The major question to be 

answered to develop the release scenario is whether the situation can result in 

a potential release to the physical environment. If it cannot, then it is 

inappropriate to use RAPS. If 1t can, how can it? Will the potential release 

be to the atmosphere, surface water, groundwater, or soil? The question of how 

the material can be potentially released to the environment is difficult and 

must be answered precisely for the release scenario to be correctly developed. 

3.3.5 Release Scenario Examples 

It is difficult to give precise instructions on how to construct release 

scenarios. For that reason, a series of example situations are described. 

3.8 



The following examples are intended to illustrate specific situations that may 

be encountered and to give guidance on how one rnight proceed in constructing a 

release scenario for the purpose of identifying information necessary to 

implement the RAPS methodology. 

3.3.5.1 Example 1 -- Leaking Barrels in a Storage Area 

During a site assessment, it was noticed that a storage area held a large 

number of 55-gallon drums that were suspected of leaking. The drums were used 

to store corrosive material and had corroded enough that some of the stored 

material had been discharged to the surface of the storage yard. 

One of the first questions that must be answered is "where is the 

potential release to the environment actually occurring?" Is material being 

discharged from the drums directly to the air and/or soi 1, or are the drums 

stored on a concrete pad where the material must volatilize for it to enter the 

environment, be resuspended by air currents, or be transported over the 

concrete pad to the surrounding soils? The key to answering the question is 

defining exactly where the potential release to the environment occurs. The 

concrete pad is effectively an impermeable barrier to the ground surface, and 

the contaminants can only impact the environment if they are moved off the 

surface of the pad. Even if the material is not likely to volatilize or be 

resuspended, it could be released through dissolution and subsequent runoff 

from the edge of the concrete pad. In this case, the edge of the concrete pad 

constitutes a line source, and the release scenario is runoff or leaching from 

the ~dge of the pad. The source term is the rate of potential release and the 

quantity of the material that is available for movement on the surface of the 

pad. 

The following other issues should also be addressed: 

• Is the entire inventory of the drums likely to leak from the drums 

(or only some fraction)? 

• \~hat is the time period over which the potential release is likely to 

occur or has occurred? 

• What other factors may contribute to the movement of the material 

into the environment? 
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For this situation, the following information would also be needed: 

• location of the release point 

• identity of the contaminants in the drums (This information might be 

obtained from a shipping manifest, if one is available.) 

• quantities and concentration3 of material, by constituent, that could 
potentially be released to the storage pad 

• rate at which material may be potentially released from the drums and 

the anticipated duration of the potential release (Is the potential 

release unique and short-term, continuous. or intermittent?) 

• dimensions of the storage pad 

• actual contamination levels on the storage pad or the surrounding 

soils (This information would be useful, but it is not essential.) 

• presence of other factors that may affect the movement of contami

nants (e.g., if the concrete pad is periodically hosed down, the 

volume of water and how frequently this occurs are pertinent 

factors). 

3.3.5.2 Example 2 --Nonfunctional Stack Sampling Systems 

During a site assessment, it was determined that the sampling system at a 

particular stack was not functioning appropriately (i.e., sampling was not 

isokinetic, or the calibration was off, or the system was broken). Because of 
this malfunction, contaminants may have been released into the environment. 

In this situation, the release scenario is the undetected discharge of 

material through the stack. The release point is the stack. The source term 

is the quantity of material that might have been potentially released through 

the stack while the monitoring system was not functioning. The following 

information would be required. 

• location of the potential release point 

• height of the stack 

• flow rate through the stack 
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• identity and form of the material that might have been released from 

the stack 

• total inventory of material, by constituent, that might have been 

released from the stack {This might be estimated from a maximum 

facility or laboratory inventory.) 

• time interval over which the potential release could have occurred 

(Is the release one-time, continuous, or intermittent?). 

3.3.5.3 Example 3 -- Leaking Storage Tanks with a Sump System 

During a site assessment, it was determined that a series of storage tanks 

were leaking and that the material was being collected in a sump. Because of 

this leak, the potential impact to the surrounding environment must be 

assessed. 

Unless the sump is suspected of discharging its contents directly to the 

environment, no potential release will have occurred, and the situation does 

not represent an appropriate analysis for the RAPS methodology. However, if 

the sump does leak, then the sump, not the storage tanks, is the point source, 

and the following information should be collected. 

• location of the potential release point (both in terms of map 

coordinates and relative to the ground surface and the water table) 

• identify the constituents 

• total volume of solution and material that could be potentially 

released through the sump [The total volume might be represented by 

the combined volumes of the storage tanks, the total quantity of 

material (by constituent) placed in the tanks, or some fraction of 

either. Inventories of the material, concentrations of the material 

in the tanks, and additional data (if available) on pH and the type 

of solution (aqueous, organic, etc.) are all needed.] 

• time period over which the potential release occurred (This will 

necessarily be only a best estimate.) 

• leak rate of the sump and other information as available. 
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3.3.5.4 Example 4 -- Holding Ponds that Discharge to a River 

A series of holding ponds that were used to temporarily store heated 

process water before it was discharged to a river throu~h canals were 

evaluated. The process water was high in corrosion inhibitors and contained 

short-lived radionuclides. The ponds were designed with impermeable liners, 

and their contents were discharged by pumping the material to unlined transfer 

canals that emptied into a nearby river. The impact on the environment of the 

stored heated process water must be evaluated. 

Each pond and canal system has multiple release scenarios, release points, 

and source terms. If the material volatilizes, the pond surfaces and, to a 

lesser extent, the canal surface are area sources for the potential release of 

contaminants to the atmosphere. Material is also potentially released from the 

bottom of the ponds and the canal and from the canal where it discharges to the 

river. 

For each of the release scenarios, the following information would be 

needed: 

Scenario A -- The pond as an area source potentially releasing contaminants 

to the ground. 

• identity of the constituents 

• dimensions of the pond 

• concentrations of the constituents in the liquid and the sediments 

(if available) 

• leak rate of the pond to the ground 

• the time of year and length of time water remains in the pond 

• information on the construction of the pond [e.g., the liner material 

and other construction materials (such as clay) should be 

identified]. 

Scenario B -- The pond as an area source potentially releasing contaminants to 

the atmosphere. 
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• identity of the constituents and their form 

• dimensions of the pond 

• concentrations of the constituents in the liquid and the sediments 

(if available) 

• the time of year and length of time water remains in the pond 

• potential release rate from the surface (in g/m2;s or Ci/m2/s). 

Scenario C --The canal as a line source potentially discharging contaminants 

to the groundwater. 

• identity of constituents 

• dimensions of the canal 

• concentration of constituents in the discharged solution. including 

particulate or dissolved fractions 

• schedule of when effluent is in the canal (this might be determined 

from documents monitoriny the flow-through rate) 

• concentrations of contaminants in the soil in the vicinity of the 

canal. 

Scenario D --The canal as a line source potentially discharging contaminants 

to the atmosphere. 

• identity and form of the constituents 

• dimensions of the canal 

• concentrations of the constituents in the liquid and on the sediments 
(if available) 

• the time of year and length of time water remains in the canal 

• potential release rate from the surface (in g/m2;s or Ci/m2/s). 

Scenario E -- The canal as a point source potentially discharging contaminants 
to the river. 

• width of the discharge point 

• concentration of constituents as they are discharged 
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• duration of the discharge and its frequency 

• discharge rate of solution to the river. 

Any or all of the scenarios could occur concurrently at the site. The 

purpose of this example is to illustrate that a multitude of exposure scenarios 

can exist, each of which must be addressed, together or separately, as 

appropriate. 

3.4 REFERENCE 

Whelan, G., S.M. Brown, D. L. Strenge, A. P. Schwab and P. J. Mitchell. 
1988. Contaminant Assessment Modeling Under the Resource Conservation and 
Recovery Act. EA-5342, Electric Power Research Institute, Palo Alto, 
California. 
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4.0 SURFACE WATER COMPONENT OF THE RAPS METHODOLOGY 

4.1 INTRODUCTION 

The surface water component of RAPS is addressed in this section . The 
term surface water refers to nontidal rivers . The surface water component 
estimates surface water contaminant concentrations downstream from the release 

point. The computed contaminant concentrations are used by the exposure 
assessment component of RAPS to calculate the dose to the surrounding popula
tion and subsequent health effects associated with the dose . Potential 
exposure of humans to contaminants via the surface water pathway can be associ 

ated with ingestion (e.g . , drinking contaminated water), dermal contact (e.g., 
swimming), or external dose (e.g., swimming) . Figure 4.1 is a diagram of the 

surface water environment . 

Because contaminant releases to a surface water body in the RAPS methodol
ogy are relatively long term, the migration and fate of contaminants th rough 

the surface water environment are described by the steady- state, two
dimensional advective-dispersive equation for solute transport. The results 
are based on analytical solutions that are well established in the literature 

(see Whelan et al. 1987). The surface water solutions account for the major 
mechanisms of constituent persistence (i . e. , degradation/decay), advection, and 

hydrodynamic dispersion . Persistence is described by a first-order 
degradation/decay coefficient; for radionuclides, the surface water component 

also accounts for decay products. Advection is described by constant unidirec
tional flow in the longitudinal direction . Hydrodynamic dispersion is 
accounted for in the longitudinal (for travel time estimations) and lateral 
(for contaminant concentration calculations) directions . The processes 
associated with adsorption/desorption between the water column and suspended 
and bed sediments are not addressed . The complexities and subsequent data 
requirements associated with instream sediment transport and sedimentation 
processes preclude their use in this simplified assessment methodology . 

Neglecting these processes should, in most cases , represent a conservative 
assumption . 
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In the RAPS methodology, contamination can enter the surface water 
environment in one of three ways: 1} the groundwater environment can supply 
transient contaminant fluxes along the stream bank adjacent to the subsurface 

• aquifer; 2} the overland runoff can supply nonpoint-source steady-state 
contaminant fluxes from the land adjacent to the stream; 3) contaminants can be 

directly discharged to the stream (Whelan et al. 1986, 1987) . Although the 
RAPS methodology currently allows contamination to enter the stream in any one 

of these three ways, the same type of boundary condition (i . e. , temporally 
varying flux boundary condition) is used for each mode of entering the surface 
water environment. 

This chapter presents a comparison that was done between monitored and 
simulated instream contaminant levels in an actual riverine environment . As 
noted in Chapter 1.0, the purpose of this comparison was to test the applica

bility of the surface water component of the RAPS methodology at an established 
DOE facility. The Mound Laboratory, operated by the Monsanto Research Corpora

tion, in Miamisburg, Ohio, was chosen as the location for the comparison for 
several reasons: 

• Several DOE(a} personnel felt that the Mound Laboratory represented a 
"typical" DOE facility (i.e., typical in terms of the quality and 
quantity of available data). 

• A moderate-sized river (i . e. , Great Miami River) is located nearby 
into which the facility regularly discharges effluent. 

• Because the facility is relatively small, the number of waste streams 
are more manageable. 

• Personnel at the Mound facility established an environmental monitor
ing program to ensure the quality of monitored instream contaminant 
levels . 

• Instream levels of potential contaminants have been continuously mon
itored for over 10 years. 

(a) Personnel associated with the Office of Environment, Safety, and Health, 
Washington, D.C. 

4.3 



• The effluent discharges from the Mound facility to the nearby Great 

Miami River were continuously monitored for over 10 years . The 

inventory of constituents released from the facility and the mass 

flux of constituents from the facility were regularly recorded . 

• Access to the Mound's facilities, records, and personnel was granted 

by DOE. 

This chapter is further divided into four sections . First, the mathematical 

formulations associated with the surface water component of the RAPS methodol

ogy is described . Second, the environmental setting at the Mound facility is 

presented ; this reviews the purpose of the facility, location and site setting, 
environmental control monitor ing program, its quality assurance program, and 

the results of facility sampling analyses in the Great Miami River . Next, a 

description of the application of the surface water component to the Great 

Miami River is presented. Finally, the results that compare simulated and 

observed contaminant levels in the river are summarized. 

4. 2 MATHEMATICAL FORMULATIONS ASSOCIATED WITH THE SURFACE WATER COMPONENT OF 
THE RAPS METHODOLOGY(a) 

The surface water component of the RAPS methodology provides estimates of 

surface water contaminant concentrations at downstream locations from the 

release point . 

The advective-dispersive equation represents the mathematical description 

for solute movement th rough a riverine surface water body . The surface water 
flow is assumed to be steady and uniform; the solution algorithm is developed 

for the limiting case of unidirectional advective transport with three
dimensional (longitudinal, lateral, and vertical) dispersion . The advective

dispersion equation for rivers can be described by the following expression: 

(a) This section is based on Chapter 6 of Whelan et al . (1987) . 
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where C = dissolved instream contaminant concentration (g/ml or Ci/ml )(a) 

u = average instream flow velocity (cm/s) 

(4.1) 

Ex,Ey,Ez =dispersion coefficients in the x, y, and z directions, respectively 

(cm2/s) 

A= degradation/decay constant [=(ln 2)/(half-life)] (s-1). 

t = time (s) 

Equation (4.1) does not account for the effects of contaminant adsorption to or 

desorption from sediment particles suspended in the water column or in the 
rive~ bed. This assumption is conservative in most cases. 

Contaminant releases to the surface water environment in the RAPS method

ology are relatively long term. Because transient solutions for contaminant 
migration and fate calculations are most applicable for batch and infrequent 

releases over relatively short periods of time (Cadell et al. 1982), steady

state solutions to the advective-dispersive equation are most applicable. The 

steady-state, vertically integrated mass balance equation for contaminant 

transport in a riverine environment (where longitudinal advection dominates 
longi tudinal dispersion) can be written as follows: 

3C 
u- = 3X {4.2) 

in which 

ac - 0 at y = 0 -ay- (4.3) 
and 

ac - 0 at y = B ay - (4.4) 

(a) When two sets of units are provided, the first refers to chemicals, and 
the second refers to radionuclides. 
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where B =width of stream channel (em) . 

When Equation (4.2) is solved with the appropriate boundary conditions 
[i . e., Equation (4 .3) or (4 .4)], the surface water pathway is described by an 

analytical expression that characterizes the transport of contaminants through 

a river environment. For a point source(a) contaminant release from the bank 

of a stream, the solution to Equation (4 .2) employing the boundary conditions 

defined by Equation (4.3) is very similar to those outlined by Cadell et al. 
(1982) , Strenge et al . (1986), and Whelan et al. (1987): 

C = ( Qc ) exp (- ~) 
u B h u I 

n=1 
[exp 

where Qc = contaminant flux at the source (g/s or Ci/s) 
h = depth of stream (em) 

x = distance downstreilln (em) 

n = index on series expansion 

y = lateral distance from bank where source release is located 
(where y is equivalent to 13) (em). 

All other terms retain their previous definitions . 

(4 . 5) 

When a contaminant is released from a source along the stream bank, it is 

spacially redistributed -- longitudinally, vertically, and laterally - - by the 
transporting medium. Because contaminant levels are spacially distributed at 
any designated receptor (e.g ., intake structure), one contaminant concentration 

does not describe the spacial distribution unless the contaminant is uniformly 
mixed in the stream. Because the exposure component of the RAPS methodology 

(a) The term 'point source' refe rs to the source-term configuration, which 
reflects simplifying assumptions and does not refer to the exact technical 
definition associated with the concentration equation . Note, for example, 
that a vertically averaged point source represents a line source in the 
z direction . 
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required only one temporally distributed contaminant concentration per receptor 

location per time interval, the contaminant concentration of the fully mixed 
region is used . 

Under a fully mixed condition• in the river , the concentration is assumed 
to be vertically integrated. Lateral contaminant migration is bounded by the 

banks of the water body, and complete lateral mixing occurs at some distance 
downstream from the contaminant source . However, if the fully mixed condition 

across the entire width of the stream is not reached, an effective concentra
tion must be developed for use by the exposure pathway model. The RAPS metho

dology computes an effective concentration, based on the fully mixed condition 

and the longitudinal distance the contaminant has migrated. The lateral 

distance in the surface water body over which contamination is considered to be 
fully mixed begins on the side of the river where the contaminant was released 

and extends some distance (tm) across the river . Within this region 

(i.e., 0 ( y ( tm), the contaminant level is assumed to be spacially constant; 

therefore, the concentration at y = 0 is used in computing the exposure levels 
for the exposure component of the RAPS methodology. By assuminy that y equals 

0, Equation {4 . 5) reduces to 

C = (u Qc) exp (-l..!.) 
9,m h u 

(4 .6) 

A line source along the edge of the stream can be represented by dis
tributing a series of point sources equivalent in length to the line source . 

As the downstream receptor location is moved farther away, the line source 
resembles a point source located at the center of the line source. As the 

receptor location is moved closer to the center of the line source, only that 

portion of the source term upstream of the receptor has an opportunity to 
influence contaminant levels at the receptor; in effect, the strength of the 
source term is reduced. Under these circumstances, the line source can be 

approximated as a point source that is located at one-half the distance between 

the receptor location and the upstream end of the line source. 
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4. 3 ENVIRONMENTAL SETTING AT THE MOUND FACILITY 

This section briefly reviews historical data concerning the release of 
liquid effluents from the Mound facility into the nearby Great Miami River. 

This information provides a more thorough understanding of the mechanisms by 

which liquid effluents are released into the river as well as insight int o the 
quality and quantity of data being used to test the applicability of the sur

face water component of the RAPS methodology . 

4.3 . 1 Purpose of the Mound Facility 

The Mound facility is government owned and is operated by Monsanto 

Research Corporation for DOE. The facility began operations in 1949 to manu

facture nonnuclear weapons components and tritium-containing components or 

nuclear weapons that are assembled at other DOE facilities. Production activi 

ties are conducted in 105 buildings . Currently, the facility •s mission 
includes (Carfagno and Farmer 1986) 

• research, development, engineering, production, and surveillance of 
components for DOE weapons programs 

• the recovery and purification of tritium from scrap materials 

received from other DOE facilities 

• separation, purification, and sale of stable isotopes 

• DOE programs in nuclear safeguards and waste management, heat source 

testing, and fusion fuel systems . 

4. 3.2 Location and Site Setting 

The Mound facility is located on a 306-acre site in southern Montgomery 
County in southwestern Ohio at the southern boundary of the ci ty of Miami sburg; 

it is 0.93 km (0.58 mi) ~ue east of the Great Miami River. The site is 16 km 

(10 mi) south -southwest of Dayton, Ohio, and 50 km (31 mi) north-northeast of 

Cincinnati, Ohio (DOE 1979) . The location of the Mound facil i ty with respect 

to Dayton and Cincinnati is depicted in Figure 4.2. Figure 4.3 is a more 

detailed illustration of the area surrounding the facility. 

The Mound facility is situated on a high area overlooking Miamisburg, the 

Great Miami River, and the river plain area to the west (DOE 1979). The 
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predominant geographical feature in the region surrounding the Mound facility 
is the Great Miami River, which flows from northeast to southwest through 
Mi amisburg. The river valley is highly industrialized. The remainder of the 
region is predominantly farmland, dotted with light industry and smatl communi

ties (DOE 1979 }. 

The Mound facility discharges liquid effluents to the Great Miami River. 
Tritium, plutonium-238, and uranium-233,234 were the constituents of interest 
for testing the applicability of the surface water component of the RAPS meth

odology. In many instances, the measured contaminant levels in the river are 
at or near monitored background levels. When elevated levels (although small) 

of these constituents occur in the river, they can be attributed to only the 
waste stream being discharged from the Mound facility; therefore, the source of 
the constituents monitored in the Great Miami River is the Mound facility. 

4.3.3 Mound's Environmental Control Monitoring Program 

The Mound facility has an environmental control program whose fundamental 
objective is "the containment of radioactive discharges to levels well within 
the existing standards" (Carfagno and Farmer 1986}. As part of this program, 

was te streams are monitored and controlled at each operating step, resulting in 
no more than low-level releases of liquid wastes to the environment that are 
within permitted limits (Carfagno and Farmer 1986}. 

As part of the Mound Environmental Control Program monitoring functions, 
air, water, vegetation, foodstuffs, and sediment samples are collected from the 
env i ronment at distances up to 48 km (30 mi). These samples are then analyzed 

for specific radionuclides that are handled at the Mound facility. The results 
of the environmental analyzes associated with the Mound Environmental Control 
Program have been documented in a suite of environmental monitoring reports 
that reviewed contaminant releases into the environment and the subsequent 
levels of the contaminants in the environment (see Carfagno and Farmer 1983, 
1984, 1985, 1986; Farmer and Carfagno 1978, 1979, 1980, 1981, 1982; Farmer 
et al. 1976, 1977; Carfagno and Robinson 1975; Carfagno and Westendorf 1973, 
1974; MRC 1971, 1972). The primary purpose of these reports was to detail the 

impact, if any, that the Mound facility's operations have had in the environ
ment. Mound personnel have used several calculational techniques to present 
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this monitored environmental information; these calculational techniques, as 
reported by Carfagno and Farmer (1986), are noted as follows: 

The concentrations (that are reported in these documents) of various 

radionuclides •• • that result from the operation of the Mound facil
ity are termed "incremental" . The term 'incremental' denotes a con

centration value that exceeds normal environmental levels of the same 
radionuclide . The 'environmental level' is that level found in the 
environment where Mound operations would have no impact . These envi

ronmental levels are subtracted from all onsite and offsite data 
except where noted . Some values may be negative, which are included 
in averages. These values, if negative, are reported as the environ

mental level (e . l . ) . 

4.3 .4 Quality Assurance of Monitored Data at the Mound Facility 

A quality assurance (QA) program has been part of the Mound Environmental 

Control Program for several yea rs. This QA program was first mentioned in 

annual environmental monitoring reports by Farmer and Carfagno (1980) and has 
been mentioned in every subsequent annual environmental monitoring report 
(i . e. , Carfagno and Farmer 1983, 1984, 1985, 1986; Farmer and Carfagno 1981, 
1982) . The program has an inte rnal and an external part (Farmer and Carfagno 
1980) . 

The internal portion consists of blank value analyses fo r each group of 
samples. A blank value, as noted by Carfagno and Farmer {1986), is a "meas
urement result fo r a contaminant determined by following through the chemical 
analysis procedure without a true sample, but rather using deionized water, a 
clean filter paper, or only the reagents used in the analysis . They continue 
to note that 

"analysis of 'blanks' is essential because many of the samples ana
lyzed show contaminant concentrations at or below the lower detection 
limit of the analytical method being used . Analyzing 'blanks' is 
essential in verifying the absence of excessive laboratory contamina

tion or detector background . Also, the standard deviation of the 
'blank values' is used to calculate lower detection limits II 
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Farmer and Carfagno (1980) note that if the blank values are consistently small 

in comparison with sample values, no contamination problems occurred during 
analytical procedures, indicating good control . 

The external portion of the QA program involves the Mound facility•s par
ticipation in DOE•s Quality Assessment Program. This program is conducted by 

DOE•s Environmental Measurements Laboratory (EML), which prepares reference 

samples for analysis by DOE laboratories throughout the country . Results of 

significance to the environmental monitoring program at the Mound facility are 

summarized in Farmer and Carfagno (1980, 1981, 1982) and Carfagno and Fa rmer 

(1983, 1984, 1985) . Note that for calendar year 1982, samples were not pro

vided by EML; consequently, the Mound facility obtained outside reference 

samples (i . e., water samples containing tritium, plutonium-239, and 
uranium-234 , 238) from the U.S. Environmental Protection Agency (EPA) through 

their Environmental Radioactivity Laboratory Intercomparison Studies Program. 

Results from the EPA program that are of significance to the environmental pro

gram at the Mound facility are summarized in Carfagno and Farmer (1983). For 
more information on QA, refer to MRC (1981) and Carfagno and Farmer (1986) . 

4. 3.5 Background Information on the Great Miami River 

The Mound facility lies within the Great Miami River drainage basin, which 

covers a significant portion of southern Ohio and small segments of south

eastern Indiana. The drainage area at Miamisburg, 1 mile upstream from the 

Mound facility, is 7022 km2 (2711 rni 2) . The major water body in the vicinity 
of the ground facility is the Great Miami River (DOE 1979) . 

The nearest USGS gaging station to the Mound facility on the Great Miami 
River is at Miamisburg, Ohio (i.e . , station number 03271500; see Figure 4.4, 
USGS gaging station). Its exact location is latitude 39°38 1 40"; longitude 

84°17 1 23 11
; in Section 31, R.6, T. 1, Montgomery County , Hydrologic 

Unit 05080002; on the east bank of the river, 183 (600 ft) downstream of the 

bridge on State Highway 725 at Miamisburg, 0.5 km (0 . 3 mi) downstream from Bear 

Creek, 5.2 km (3 . 2 mi) upstream of Crains Run, and at River Mile 66.4 
(Shindel et al . 1985) . 
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Based on 47 years of record, the average discharge in the Great Miami 
River at Miamisburg is 68 . 90 m3;s (2433 ft 3/s}. The maximum measured dis

charge, occurring on January 21-22, 1959, is 1750 m3/s (61,800 ft 3/s) , and the 

minimum measured discharge, occurring on September 7, 1925, is 4. 19 m3/s 

(148 ft 3/s) . A flow-duration curve based on discharge records at Miamisburg 

between 1931 to 1960 is presented in Figure 4. 5 (DOE 1979). Although this 
flow-duration curve does not exactly match the current 47 years of record, it 

provides an excellent estimate of the relationship between the flow and the 

percent of time the discharge has been equaled or exceeded. 

Shindel et al . (1985) recorded gage heights at the Miamisburg gaging sta

tion to 6. 294 m (20 . 65 ft). Gage heights, corresponding to various discharges, 

are presented in Table 4. 1. The width of the river varies between 46 m 

(150 ft) and 60 . 0 m (200 ft) (DOE 1979). 

4.3.6 History of Effluent Releases from the Mound Facility to the 

Surface Water Environment 

Tritium, plutonium-238 , and uranium-233,234 were chosen to help test the 
applicability of the surface water component of the RAPS methodology for the 

follwing reasons: 

• The annual inventory of each constituent discharged to the Great 

Miami River is known . 

• Contaminant levels in the river have been continuously monitored over 
the years at several locations. 

• Elevated levels (although small) of these constituents can only be 
attributed to the waste stream being discharged from the Mound facil 
ity; therefore, the source of the constituents monitored in the river 

is the Mound facility . This claim cannot necessarily be made for 

other constituents (i.e . , inorganic wastes) that are discharged with 
the effluent waste stream from the facility. 

• Decay characteristics of these constituents are well understood. 

The history surrounding the release of tritium, plutonium-238, and 

uranium- 233,234 is briefly reviewed below. These data are from DOE (1979) . 

4. 15 



• 

240 ~~------------------------------------~ 
Data From: Flow Duration of Ohio Streams 

180 

Bulletin 42, State of Ohio 
Division of Water 1968 

2000 

1000 

o ~--L---~--L---L---~--L-~~~~~--~0 
0 20 40 60 80 1 00 

% of Time Indicated Discharge Was Equalled or Exceeded 

FIGURE 4.5. Flow Duration at Miamisburg, Ohio (After DOE 1979 ) 

4.16 



TABLE 4.1 . Depth-Discharge Relationship for the Great Miami River at 
Miamisburg, Ohio 

DISCHARGE GAGE HEIGHT DATE OF OCCURRENCE 
(m3/s) (ft 3/s) (m} { ft} 

521 18400 3. 261 10.70 3/22/84(a) 

864 30500 3.536 11.60 3/14/70(b) 

1440 50800 4. 926 16.16 1/10/30(b) 

1470 51800 5.121 16.80 4/21/2o(b) 

1470 51800 4.916 16 . 13 5/15/33(b) 

1560 55000 5.029 16.50 2/27/29(b) 

1750 61800 6.294 20 .65 1/21/59(a,b) 

(a) Shindel et al. (1985). 
(b) Data supplied by Miami Conservatory District 

(DOE 1979). 

• Tritium Liquid Effluent -- Before 1970, process water with tritium 
was discharged to an onsite radioactive waste treatment facility; the 

water was collected in large holding tanks, and the tritium concen

tration was determined. Because tritium could not be economically 

recovered from large volumes of water, the water was diluted with raw 

well water to reduce concentrations below the DOE Radioactivity 

Concentration Guide (RCG) for tritium and subsequently discharged to 

the Great Miami River via the open site drainage ditch and the old 

Miami-Erie Canal (Figures 4.6 and 4.7, respectively). 

Since 1970, all process liquid wastes containing tritium have been col
lected and disposed of by packaging, solidification, and off-site approved 

burial at DOE and commercial burial sites. Only water with very low con
centrations of tritium from the laundry, shower baths, and lavatories in 

the process area were discharged directly to the Great Miami River via the 

underground pipe effluent line (i . e., effluent discharge station 001} 

after processing through the sanitary waste disposal facility (see under
ground pipe in Figure 4. 6) . 
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Before 1969, several thousand curies of tritium were discharged in 

liquid effluents. The exact quantities are unknown because liquid 

waste disposal regulations in 1969 required that only the tritium 

concentration in the effluent be in compliance with the prevailing 

RCG, which is a concentration standard. Recording the total quant i ty 

of tritium released, expressed in curies, was not an operating 

requirement. 
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In 1970, a continuous monitoring system that accumulated data on the 
total inventory of tritiated water leaving the site was installed in 

the site drainage ditch. 8y 1971, a similar system was installed in 
the underground pipe effluent stream. Since then, the effluent dis

charged through the drainage ditch and underground pipe have been 
continuously sampled for the total curies of tritium discharged and 
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concentration of tritium since 1971 . Table 4.2 presents the annual 
inventory of tritium that has been released since 1973 from the Mound 
facility.(a) 

Plutonium-238 Liquid Effluent -- Liquid wastes from plutonium 

operations are processed to recove r the plutonium when economically 

TABLE 4. 2. Contaminant Inventory Released Per 

Pu -238 H-3 U- 233 
Year ~me i ~ (cq (mCi) 

1973(a) 16.00 50 . 00 
1974(b) 20 . 00 105.00 
1975(c) 18.00 58.00 
1976(d) 3.00 46.00 
1977(e) 2.80 56 .70 
1978(f) 4. 90 32.40 1.20 
1979(g) 3.20 33 .90 1.20 
198o(h) 0.77 26.10 0. 65 
1981 ( i ) 1.11 22 .00 0.61 
1982(j) 1.21 13.70 0. 56 
1983(k) 1.00 7.94 0.50 
1984 ( 1 ) 1.34 8.47 0. 47 
1985(m) 0.99 5.82 0. 40 

(a) Carfagno and Westendorf (1974) . 
(b) Carfagno and Robinson (1975} 
(c) Farmer et al . (1976). 
(d) Farmer et al. (1977}. 
(e) Farmer and Carfagno (1978} . 
(f) Farmer and Carfagno (1979}. 
(g) Farmer and Carfagno (1980} . 
(h) Farmer and Carfagno (1981). 
(i) Farmer and Carfagno (1982) . 
(j) Carfagno and Farmer (1983). 
(k) Carfagno and Farmer (1984). 
(1) Carfagno and Farmer (1985) . 
(m) Carfagno and Farmer (1986). 

Year 

(a) Inventories of tritium were unavailable at the time of this report for the 
years 1970 through 1972. 

4.20 



feasible. Liquid wastes that do not contain sufficient plutonium to 

be recovered are solidified and shipped offsite for storage at a 
disposal site. The low-level liquid wastes,(a) however, are trans

ferred to the waste disposal building at the Mound facility where 

they are chemically processed for plutonium removal and assayed 

before batch discharge to the Great Miami River. 

In the 1970s, two liquid effluent streams left the Mound facility: 

1) a drainage ditch that provided natural drainage for the site and 

that carried storm, sewer, and some cooling water discharges (i.e., 

effluent discharge station 002) and 2) an underground pipeline (i.e., 
effluent discharge station 001) that carried sanitary and industrial 

waste effluents after processing directly to the Great Miami River 

(see Figure 4.8). 

For effluent discharges that left the site via the drainage ditch, 

the water flowed south through the remnants of the abandoned Miami

Erie Canal system, then to a second open ditch that passed under a 

highway (i.e., South Canal), continuing to the river. In the early 

to mid-1970s, the City of Miamisburg built a small diversion that 

caused some of the liquid effluent to flow north into another section 

of the abandoned canal (i.e., North Canal) to two small ponds in the 

immediate area. Any overflow from the ponds entered directly into 

the Miamisburg storm drain system and then to the river. In 1976, 

the flow in the drainage ditch was redirected away from the North 

Canal. Table 4.2 lists the annual inventory of plutonium-238 that 
has been released since 1973 from the Mound facility. 

• Uranium-233,234 Liquid Effluent --The Mound facility conducts only 
small-scale operations involving uranium. Liquid wastes containing 
uranium are processed in the waste disposal facility. The wastes are 

eventually discharged through effluent discharge station 001. 
Table 4.2 presents the annual inventory of uranium-233 that has been 

released since 1978 from the Mound facility. 

(a) Those wastes containing less than 106 disintegrations per minute per 
milliliter. 
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Currently, two major monitored waste streams leave the Mound facility and dis

charge into the Great Miami River. Effluent discharge station 001 contains 
1) effluent from the sanitary sewage treatment plant; 2) storm water runoff, 

single-pass cooling water, zeolite softener backwash, boiler-plate blowdown, 

and discharge from the radioactive waste disposal facility (i.e., all radio

active wastes); and 3} wastes from the electroplating facility. Effluent 

discharge station 002 contains single-pass cooling water, cooling-tower blow

down, zeolite softener backwash, and most of the plant storm water runoff 

(Carfagno and Farmer 1986}. 

4.3.7 Procedures and Results of the Mound Facility Sampling Analyses in the 

Great Miami River 

Water samples along the Great Miami River have been collected since at 

least 1970. Since 1973, the locations were selected according to guidelines 

recommended by EPA (1972} (see Carfagno and Westendorf 1974). Figure 4.9 shows 

the locations of the various offsite surface water sampling stations that have 
been used since 1973. These sampling locations were chosen to provide 

representative samples of river water after considerable mixing of the effluent 

from the Mound facility. From 1973 through 1978, downstream sampling 

locations 1 and 4 were used. Because Mound facility personnel felt that these 

locations did not necessarily represent the contaminant levels in the river,(a) 

the sampling locations were moved. Downstream sampling locations 2, 3, and 5 

have been used from 1979 to the present. Filtering each sample also apparently 
coincided with the shift in the sampling locations. 

Water samples have been taken from these locations 5 days per week. Each 
of the samples has been subjected to specific analyses for tritium and pluto
nium-238. Currently, the monitoring frequency for uranium-233,234 is unknown. 

Tritium analyses have been based on a weekly composite of daily samples, and 
plutonium-238 analyses have been based on a monthly (1973 to 1974), semiannual 

(1975 to 1978), or quarterly (1979 to the present) composite of daily samples. 

The change from a monthly to a semiannual composite of daily samples appears to 

(a) Personal communication by telephone from Mr. D. G. Carfagno, Monsanto 
Corporation, Miamisburg, Ohio, to G. Whelan, Pacific Northwest Laboratory, 
Richland, Washington, November 26, 1986. 
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have coincided with the introduction of large volume water samples in 1975. 
Plutonium- 238 can be detected in water at a much lower level when large volume 
water samples are used (Farmer et al . 1977) . The change from a semi annual to a 

quarterly composite of daily samples appears to have coincided with the change 

in the sampling station locations . 

The results of the tritium, plutonium- 238, and uranium- 233,234 analyses 

for the offsite sampling locations (shown in Figure 4.9) along the banks of the 

Great Miami River are presented in Figures 4.10 through 4.24 . Carfagno and 

Farmer (1986) note that the error estimates shown with each set of data are 

estimates of the standard error of the estimated mean at the 95% confidence 
level . These values include all sources of variability, such as sampling, 

anal yses, counting statistics, and the propagated error involved when the 

environmental levels are subtracted from the actual data. 
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4. 4 APPLICATION OF THE SURFACE WATER COMPONENT OF THE RAPS METHODOLOGY 

As noted in Chapter 3.0, a successful modeling exercise simplifies the 
complexities associated with the real-world situation so that the scenario that 
is eventually addressed incorporates the most important phenomena . This 
section 1) reviews an application of the surface water component of the RAPS 
methodology to the Great Miami River and 2) describes the parameters of 
interest, the modeling results, and a comparison between measured (i.e., moni
tored) and simulated instream contaminant concentrations in the Great Miami 

River . 

4.4. 1 Scenario Development for the Great Miami River 

Section 4.3 describes the environmental setting at the Mound facility and 

the history associated with its effluent discharges, each as they pertain to 
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the Great Miami River . Although the events surrounding contaminant release 
into the river are complicated, they can be simplified by addressing only the 
most important aspects. 

By addressing the five critical areas of concern outlined in Chapter 3.0 , 

the most important aspects associated with the modeling scenario will be 
defi'led . 

1) constituents of interest and form of constituents -- The constituents 
of interest, tritium, plutonium-238, and uranium-233,234, are in a 

liquid effluent that is being discharged to the Great Miami River 
from the Mound facility . 
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2) level of contamination -- The level of the contamination is described 

by the annual inventory of constituents that are being released from 
the facility to the Great Miami River . These inventories are pres

ented in Table 4. 2. 

3} mechanism of release -- The contaminants are periodically discharged 
to the Great Miami River via the South Canal (i . e., effluent dis

charge 002) or via the underground pipeline (i.e . , effluent discharge 

001) . 

4) source of water -- The Great Miami River represents the source of the 
water that is transporting the constituents through the surface water 

environment . Note that although the contaminants are being trans

ported to the river in a liquid effluent, the average annual effluent 
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discharge to the river [i . e ., 0.0327 m3;s (1 .15 ft 3/s)] represents only 

0.05% of the average annual flow rate of the river [i . e ., 68.90 m3/s 
( 2433 ft 3 Is) J. 

5) time frame -- The release of the constituents is on an annual - average 
basis (see Table 4.2) . 

4. 4. 2 Quantification of Parameters for the Great Miami River 

The specific parameters required by RAPS for simulating contaminant migra 
ti on and fate in a riverine environment can be divided into two categories: 
cons t ituent and hydraulic information. Each is briefly discussed below. 

• Constituent Information --The RAPS methodology only requires the 

user to define the constituent of interest, the half-life of the 

constituent, and the mass flux of the constituent . Table 4. 3 
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presents the constituents of interest in this testing exercise and their asso
ciated half-lives; the annual mass of constituent released to the Great Miami 
River is presented in Table 4. 2. 

• Hydraulic Information -- The RAPS methodology only requires the user 

to define the geometry of the channel and the average flow velocity 

of the water in the channel . The geometric information includes the 

average depth and width of flow . The average flow velocity, on the 

other hand, can be computed from the average discharge in the channel 

and the shape (i . e. , depth and width of channel) of the channel . 
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The average discharge in any river in the United States can usually be 
obtained from standard USGS Water-Data Reports. For the Great Miami River at 

Miamisbu rg, Ohio, the 47 -year average discharge is 68 . 90 m3/s (2433 ft 3/s) 
(Shindel et al . 1985) . The. average depth of flow is estimated as 1. 11 m 

(3 . 64 ft) . According to DOE (1979) , the width of the river near the Mound 
facility varies between 46 m (150ft) and 61 m (200ft) . Assuming an average 

width of 53 m (175 ft), the average flow velocity is estimated as 1. 16 m/s 
(3.82 ft/s). A summary of the hydraulic information is presented in Table 4.3 . 
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4.4. 3 Results Associated with the Application of RAPS to the Great Miami River 

This section presents the simulated spacial and temporal distribution of 

tritium, plutonium- 238, and uranium- 233,234 using the surface water component 
of the RAPS methodology . This component assumes steady- state, uniform flow 
conditions in a fixed , rectangular channel . Fully mixed conditions over the 
full depth and width of the river are not initially assumed but only occur at 

distances sufficiently downstream of the release point . Note that the sampl i ng 

locations identified in Figure 4.9 are far enough downstream that the fully 

mixed condition applies. 
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Observed and simulated results are presented in each figure . Observed 

results are represented by the average incremental concentration (i . e . , the 

open symbol in each plot) bounded by estimates of the standard error of the 

estimated means at the 95% confidence interval . The simulated results are rep
resented by the solid line in each figure or by the solid symbol in Fig-
ures 4. 12 and 4. 21 . The results that are presented for the years 1973 through 

1978 (i.e., Figures 4.10 through 4. 12 and 4.19 through 4. 21) reflect observed 
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concentrations in samples that were not filtered before analysis and reflect 

sampling locations that Mound personnel do not feel necessarily represented the 
actual conditions in the Great Miami River . (a) 

(a) Personal communication from Mr. D. G. Carfagno, Monsanto Corporation, 
t~iamisburg , Ohio, to G. Whelan, Pacific Northwest Laboratory, Richland, 
Washington , November 26 , 1986 . 
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4. 5 CONCLUSIONS ASSOCIATED WITH THE APPLICATION OF RAPS TO THE GREAT MIAMI 
RIVER 

The surface water component of the RAPS methodology was used on the Great 
i~iami River, simulating the migration and fate in this riverine environment of 
tritium, plutonium-238, and uranium-233 , 234 released from the Mound facility . 
The constituents were released with effluent discharged from laboratory faci l i
ties. Results of the simulation were presented in Section 4.4 and Figures 4. 10 
throJgh 4. 24. Only a qualitative discussion compares the simulated and 
observed results because 

• over the years, different composite sampling time periods were used 

when analyzing the samples (e . g. , monthly versus quarterly versus 
semiannually composite of daily samples), and large volume samples 
were not taken over the entire period of record. 
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• sampling stations were relocated partway through the period of 

record. 

• a small sample population existed for each constituent at each loca
tion for each sampling methodology. 

The results presented in Figures 4.10 through 4.24 indicate that, when all 
samples(a) are analyzed, 51% of the observed concentrations are higher than 

(a) Fifty-three observed instream concentrations are plotted in Figures 4.10 
through 4.24. Of this total, 10 occur during the years 1973 through 1978 
and 43 occur during the years 1979 through 1985. 
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their corresponding simulated concentrations; and 49% of the observed concen
trations are lower than their corresponding simulated concentrations . 

• 74% of the simulated concentrations are within the estimates of the 
standard error of the estimated means at the 95% confidence level for 
the observed concentrations. When analyzed by time period, 84% of 

the simulated concentrations for the years 1979 through 1985 are 

within these estimated error ranges; only 30% of the simulated con
centrations for the years 1973 through 1978 are within these esti
mated error ranges. 

• 93% of the simulated concentrations are either within the estimated 

error range or within one order of magnitude of the upper or lower 
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FIGURE 4. 23 . Simulated Versus Observed 3H Concentrations in the Great 
Miami River at Sampling Location 5 for the Years 1979 
Through 1985 

limit of the estimate of the standard error of the estimated means at 
the 95% confidence level for the observed concentrations . When ana
lyzed by time period, 100% of the simulated concentrations for the 

years 1979 through 1985 are either within the estimated error range 

or within one order of magnitude of the upper or lower limit; 60% of 

the simulated concentrations for the years 1973 through 197H are 
within either the estimated range or within one order of magnitude of 

the upper or lower limit. 

The results of the analysis appear to indicate that the simulated in stream 

concentration levels more closely coincide with the observed instream concen

trations during the later years (i . e., 1979 through 1985) than during the ear

lier years (i.e., 1973 through 1978). This may be due to a number of factors 
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associated with the later years, such as better instrumentation, more large 

volume samples, different sampling locations, and more samples (i.e., observed 

concentrations) that were above the average environmental level (i.e., larger 
sampl e size).(a) 

(a) Over 81% of the observed concentrations plotted in Figures 4.10 through 
4.24 are associated with the years 1979 through 1985. 
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5.0 SUBSURFACE COMPONENT OF THE RAPS METHODOLOGY 

5.1 INTRODUCTION(a) 

Water from a precipitation event moves downward through the soil under the 
infl uence of gravity as long as there is a sufficient quantity to overcome the 
restraining forces of capillary hydraulic potential (i.e., matrix potential). 

Water is extracted from the partially saturated zone by surface evaporation and 
as transpiration by growing plant roots; together, these processes are called 

evapotranspiration. The rates of both extraction processes depend directly on 
avai l able solar energy (i.e., heat radiation) and surface winds (Simmons and 

Gee 1981). 

Infiltrating water that exceeds the soil water holding capacity will con

tribute to percolation (i.e., 11 deep 11 drainage). The process of water movement 
through a soil matrix is mechanistically complex (Simmons and Gee 1981). This 

passage of water is very dynamic and depends on detailed variations in the 
hydraulic properties of the water in the soil. Water storage by a soil profile 

is characterized by a water content distribution, which ultimately depends on 
the detailed spacial variability of hydraulic properties. A single set of 

measured hydraulic properties cannot accurately represent an areal region 
(Simmons and Gee 1981). 

Quantifying the leachate volume is important for the RAPS methodology 
because the volume of water that percolates into a waste site is assumed in 
RAPS to eventually percolate from the site, thereby distributing contaminants 
in the groundwater environment. Figure 5.1 illustrates the movement of water 
in and around a waste site. 

Contaminants exiting the bottom of a waste site migrate through a par
tially saturated zone or into a saturated zone. The groundwater component of 
the RAPS methodology estimates contaminant concentrations in groundwater and/or 
fluxes at various transporting medium interfaces (i.e., water table surface and 
edge of stream) and at withdrawal wells. Contaminant concentrations at the 

interfaces between transporting media and at withdrawal wells provide values of 

(a) This section is based on Whelan et al. (1986, 1987). 
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contaminant levels fo r the exposure assessment component of RAPS . Contaminant 

fluxes at the interface between transporting media represent boundary condi
tions fo r the next medium (e .g., groundwater contami nation entering a su r face 

water environment). Figure 5.2 illustrates the groundwater environment . 

Each of the three aspects of the subsurface component of the RAPS method
ology discussed above (i . e., infiltration of water at the soil surface f rom 

precipitation events,(a) movement of water and transport of contaminants in the 

partially saturated zone, and transport of contaminants in the saturated zone) 
is addressed in this chapter. This chapter compares events monitored in the 

environment with those simulated by the RAPS methodology . As noted in Chapte r 

1.0, the purpose of this comparison is to test the applicability of the subsur

face component of the RAPS methodology. 

The RAPS methodology is implemented at two different facilities to test 
each of the three aspects of the subsurface component . First, the well-known 

dump site in South Farmingdale-Massapequa, on Long Island, New York, was chosen 

to demonstrate the applicabi lity of the algorithms for the saturated zone com

ponent of the RAPS methodology . This site was chosen because data pertaining 

to this site have been used extensively by various researchers (e.g., see 

Anderson 1979, Pinder 1973, Cadell et al. 1982) for testing other models , both 

simple and complex . Therefore, the RAPS methodology was implemented using 
these same data for comparative purposes . Second, the Hanford facility, 

operated by DOE's Richland Operations Office in Richland, Washington , was cho

sen for the initial demonstration of 1) the quantification by RAPS of annual 

percolation (i . e., deep drainage) volume from precipitation events and 2) water 

and contaminant movement in the partially satu rated zone beneath several waste 
sites. The Hanford facility was chosen for the following reasons: 

• Hanford is in an arid region. Implementation of RAPS in an arid 
region is important for demonstrating the applicability of the 

infiltration algorithms . Most, if not all, simplified monthly mass 

balance techniques break down in arid environments because the 

techniques are based on assumptions for a humid environment . 

(a ) Quantification of leachate volume . 
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• The quality and quantity of the climatic and meteorologic data at 

Hanford are typical of any region in the United States. 

• Although the Hanford faci l ity is in an arid region, it also receives 

snowfall, and average monthly temperatures can fall •below freezing. 

Implementation of RAPS at Hanford can help demonstrate the applica

bility of the methodology in regions where snow accumulates. 

• The sites chosen to demonstrate the applicability of the partially 

saturated zone component of the methodology were selected to repre

sent a diversity in disposal techniques (i.e., a crib discharging 

contaminants to a tile field and a storage tank discharging contami

nants to a French drain). 

• The partially saturated zone at the Hanford facility is sufficiently 

deep that fluctuations in the water table do not affect contaminant 

distributions in the partially saturated zone beneath the waste 

sites. 

• Lysimeter measurements and data concerning contaminant distributions 

in the partially saturated zone are available for several sites for 

comparison with simulated results from the RAPS methodology. 

• Data are readily available at the Hanford facility, making the imple

mentation of the RAPS methodology at the various sites easier. 

• Hanford is a large DOE facility with all of the potential logistic 

problems associated with its size. 

• The U.S. Department of Energy granted access to facility records and 
personnel. 

The remainder of this chapter is divided into seven main sections. Sec

tion 5.2 reviews the mathematical algorithms associated with 1) quantifying the 
annual inventory of water infiltrating into and percolating through the soil 

from precipitation events and 2) describing solute movement in the partially 

saturated and saturated zones. Sections 5.3 through 5.5 describe the applica

tion of the RAPS methodology to various sites at the Hanford facility. Sec

tion 5.6 describes the application of RAPS at the South Farmingdale-Massapequa 
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dump site . Section 5.7 provides concluding remarks associated with the 
applications of the subsurface component of the RAPS methodology . Finally, 
Section 5.8 lists the references cited in the chapter. 

5. 2 MATHEMATICAL FORMULATIONS(a) 

This section presents the mathematical formulations in the RAPS methodol

ogy associated with quantifying the annual inventory of water percolating 

through a soil as a result of precipitation events . This section also presents 

the mathematical formulations associated with simulating solute movement in the 

partially satu rated and saturated zones of the subsu rface environment . 

5. 2.1 Precipitation-Generated Percolation Rate 

This section presents a relatively simple methodology for estimating the 

fraction of precipitation (i .e., rainfall and snowmelt) that is lost to infil

tration, evapotranspi ration, and overland runoff (see Figu re 5. 1) . The infil

tration estimation techniques are based on those described by Viessman et al. 

(1977) and Thornthwaite and Mather (1955, 1957), and used by Fenn et al. 

(1975), Dass et al. (1977), and Whelan et al. (1988) . The overland runoff 

volume is estimated using techniques described by SCS (1972, 1982), Kent 

(1973), and USBR (1977) . 

The method outlined herein involves calculating a monthly water- balance 
using a variety of meteorologic and site information , including monthly esti

mates of precipitation, potential evapotranspiration, snowmelt , temperature, 

and runoff . The method assumes that water infiltrates into a well-constructed 
and well -managed landfill only during periods of precipitation and snowmelt . 
Some of the precipitation that falls on a landfill site runs off, some is lost 

to evapotranspiration, and the remainder percolates through the landfill. 

Whelan et al. (1988) note that water that percolates through the fill eventu

ally leaves the fill as leachate once the moisture content of the fill is 

between field capacity and saturated conditions . Although the simulation of 

the dominant mechanisms governing the movement of soil moisture th rough the 

(a) This section is based on Whelan et al . (1986, 1987). 
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soil waste matrix is not completely accurate, it can indicate how a site might 

respond to different meteorologic and hydrologic conditions. 

Long-term meteorological data can be obtained from the Local 

Climatological Data: Annual Summary with Comparative Data, published for 
various years by the Environmental Data Service, National Oceanic and 

Atmospheric Administration National Climatic Data Center, U.S. Department of 

Commerce {USDC} (see for example NOAA 1984).(a) In addition, to estimate 

overland runoff volumes, data similar to that required by the SCS Curve Number 
(CN) technique are needed. 

To quantify potential leachate and net overland runoff volumes (i.e., 
source-term quantification), 14 intermediate values must be determined. Each 

of the fourteen steps is briefly discussed below. 

1) unadjusted average monthly temperature -- The unadjusted average 
monthly temperature represents the average monthly temperature at the 

LCD station, and it has not been adjusted for the elevation differ

ence that may exist between the site proper and the LCD station. The 
elevation of the LCD station is reported in the LCDs. 

2) adjusted average monthly temperature -- The unadjusted average 

monthly temperature is adjusted to account for the elevation differ
ence that may exist between the LCD station and the actual site. The 

user need supply only the site elevation to make the adjustment. 
Based on information on lapse rates (i.e., rate of temperature change 

with height in the free atmosphere) by Mockus (1971), Eagleson 
(1970), and Linsley et al. (1975), an adjusted average monthly tem

perature can be computed as follows (see Whelan et al. 1987): 

{a) The Local Climatic Data Annual Summaries and the associated data
collection stations are designated by LCD. 
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where Ti =adjusted average monthly temperature at the actual site for the 

i-th month (°C) 
Tu; = unadjusted average monthly temperature at the LCD station for the 

i -th month ( °C) 

h1 = elevation of actual site (m) 

h0 =elevation of LCD station (m) 

= index for month (1 ..- i ..- 12 with i = 1 for January, 

February, ••• , and i = 12 for December). 
= 2. for 

3) potential evapotranspiration Potential evapotranspiration (PET) is 

the most critical parameter in estimating leaching volumes. If the 

PET estimate is too high, then the methodology will underpredict the 

volume of leachate from the waste disposal site. If the PET estimate 

is too low, then conservative estimates may result. 

If an accurate or conservative estimate is desired, such conservatism 

may fail in arid regions because most of the techniques used for 

estimating PET were not developed for arid regions. 

The modified Blaney-Criddle (MBC) method and the Penman method with 

correction factor (PMCF) (see Doorenbos and Pruitt 1977) are used to 

estimate the potential evapotranspiration at the site. Both methods 

are based on average air temperature, minimum relative humidity, 

ratio of actual to maximum possible sunshine hours, and average wind 

speed. The PMCF is also based on the maximum relative humidity and 

latitude. Each of these parameters can be defined by using the 

LCDs. Each method for estimating PET is briefly described below. 

Modified Blaney-Criddle Method. To better define the effect of cli

mate on vegetation requirements, Doorenbos and Pruitt (1977) present 

a modified version of the Blaney-Criddle technique (Blaney and 

Criddle 1950) that includes such parameters as relative humidity, 

daytime wind speed, ratio of actual to maximum possible sunshine 

hours, temperature, latitude, and mean daily percentage of total 

annual daytime hours. The governing equations, as presented by 

Doorenbos and Pruitt (1977), are as follows: 
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PET; , a b ci P; (0.46 Ti + 8) (5.2) 

( 5.3) 

where PET; =potential evapotranspiration rate for month 

(mm/day) 

a = coefficient that is a function of elevation 

b = coefficient that is a function of latitude 

c; = adjustment factor that depends on minimum relative 

humidity, sunshine hours, and daytime wind speed 

estimates for month i 

P; = mean daily percentage of total annual daytime hours as 

a function of latitude and month i 

T; = adjusted average monthly temperature for month 

('C). 

Techniques for defining the various coefficients and adjustment fac

tors in Equation (5.2) are outlined by Whelan et al. (1987). The 

adjusted average monthly temperature is defined by Equation (5.1). 

Penman Method with Correction Factor. Doorenbos and Pruitt (1977) 

developed the modified version of the Penman method (PMCF); it dif

fers from the Penman method (Penman 1948) by using a revised wind

function term in its formulation. The PMCF is based on climatic 

parameters such as maximum, minimum, and mean relative humidity; 

ratio of actual to maximum possible sunshine hours; average wind 

speed; average air temperature; saturation and actual vapor pres

sures; and net shortwave and longwave solar radiation parameters. 
The governing PET equations in the PMCF are as follows: 

ea.)) forT.> ooc 
1 1 

( 5. 4) 

PET; , 0 ( 5. 5) 
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where c; ~ adjustment factor to compensate for the effect of day 

and night weather conditions for month i 

Wi ~temperature-related weighting factor for the i-th month 

Rni ~net radiation in equivalent evaporation for month i 

(mm/day) 

f(U}i ~wind-related function for month i 

esi ~saturation vapor pressure at the mean air temperature 

for month i (mb) 

eai ~mean actual vapor pressure of the air for month i (mb} 

Techniques for estimating each of the terms in Equation (5.4} are 
outlined by Whelan et al. (1987), 

4} monthly precipitation as rainfall --This step identifies the total 

monthly precipitation when adjusted monthly temperatures are above 

freezing. The average monthly precipitation is supplied by LCDs. 

The precipitation can fall as rain (i.e., nonfrozen) or snow (i.e., 

frozen). It is assumed that the monthly precipitation is represented 

by rainfall if the adjusted average monthly temperature is above 

freezing. This assumption is not completely accurate, because rain

fall and snowfall frequently occur during the same month, especially 

during springtime. However, if the average temperature for the month 
is above freezing, much of the snowfall will melt and be a source of 

water for infiltration and overland runoff. 

5) monthly precipitation as snowfall -- Precipitation occurring during a 
month when the adjusted monthly temperature is below freezing is 

assumed to be in the form of snowfall. The snow is assumed to accu
mulate on the land surface and to be stored until the first month 
with an adjusted average monthly temperature greater than zero. Pre

cipitation as snowfall is obtained in the same location on the LCDs 

as the monthly precipitation as rainfall. 

6) precipitation adjusted for snowmelt -- Snowfall is assumed to occur 

before the ground freezes to any considerable extent. This assump

tion is important because when the snow melts infiltration will 

occur. Parameters required for computing snowmelt include average 
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temperature, average wind speed, site elevation, mean sky cover 

{i.e., degree of cloudiness), and monthly precipitation as 

rainfall. All of this information is supplied by LCDs. 

In many areas, snowmelt may be the dominant source of runoff or 

infiltration. The assumption on this methodology is that snow is 

stored on the ground when the adjusted average monthly air tempera

ture is less than or equal to ace (32cF); when the average monthly 

air temperature rises above ace (32°F), the snow melts and is avail

able for infiltration and runoff. 

Because the calculations for estimating the source term are crude, 

simple empirical relationships are used to estimate snowmelt. The 

heat necessary to induce snowmelt is derived from radiation, conden

sation of vapor, convection, air and ground conduction, and rainfall. 

The four most important sources include vapor condensation, convec

tion, radiation, and rainfall (Linsley and Franzini 1972; Linsley 

et al. 1975; Viessman et al. 1977). The algorithms for describing 

these four sources of snowmelt are presented in Whelan et al. (1987). 

The total inventory of snowmelt on a monthly basis can be estimated 

by summing the snowmelt effects of vapor condensation, convection, 

radiation, and rainfall as follows: 

(5.6) 

( 5. 7) 

where I~; : tot a 1 monthly snowmelt for the i-th month (em) 

Mvc; : average monthly snowmelt from vapor condensation for the 
i-th month (em) 

Me; : average monthly snowmelt from convection for the i-th 

month (em) 

Mr i : average monthly snowmelt from radiation for the i-th 

month (em I 
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Mpi =average monthly snowmelt from rainfall for the i-th 
month (em) 

The volume of snowmelt is limited by the amount of snow stored on the 

land surface. When a month with an adjusted monthly temperature 
greater than freezing follows a month with a subfreezing temperature, 

the monthly precipitation volume is adjusted to account for snowmelt 
as follows: 

( 5 .8) 

where Pmsi = monthly precipitation adjusted for snowmelt for the 

i-th month (em) 
Pm; =monthly precipitation as rainfall for the i-th month 

(em) 

The parameter Pms; represents the precipitation volume used to com

pute the net overland runoff volume and infiltration volume. The 

specific techniques for defining the parameters in Equations (5.6) 
and (5.8) are outlined by Whelan et al. (1987). 

7) monthly overland runoff -- The SCS Curve Number (CN) technique (SCS 
1972. 1982; Kent 1973; USBR 1977) is used to compute the overland 

runoff portion of the monthly water balance at the hazardous waste 
site. Computations or computing percolation using the CN technique 

are based on surface characteristics. The soil cover represents the 
soil type and the vegetation cover represents the vegetation type. 

To distribute the monthly volume of precipitation into daily precipi
tation amounts, we assume the following: 

1. The monthly volume of precipitation can be equally distributed 

among the total number of recorded precipitation events with 

3.9 x 10-3 em (0.01 in.) or more of volume. 

2. The number of precipitation events can be defined by the LCD. 
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3. Precipitation is stored on the land surface in the form of snow 

when the adjusted average monthly temperatures are equal to or 
below freezing; precipitation is in the form of rainfall when 

temperatures are above freezing. 

Using this technique, the total monthly runoff from the waste site 

can be estimated as follows: 

[Pms; ( CN) -0.2am. [1000 - 10 (CN)]j 2 

Vmi 
l = {CNI [Pms; {CN I + 0.8 a m; [1000 - !o (CN I] 1 

for [Pms; (CN)] ' [ 0. 2 a m; [1000 - 10 (CN)]j 

T; ' O"C 

Vm; = 0 

[Pms; (CN)] < [0.2 a 
for 

m; [1000 - lQ (CN)]j 

T; .. 0°C 

where Vmi =monthly runoff volume for the i-th month (em) 

a = conversion parameter between centimeters and inches 

(a = 2.54) 

m; = number of precipitation events during the i-th 

month 
CN = curve number. 

( 5. 9) 

(5.10) 

It is assumed that the runoff calculations using the CN technique are 

applicable, although snow may be covering the land surface. This con

dition rarely occurs, because snow usually melts in the first month that 

the average temperature rises above freezing. A complete review of the 

development of Equations (5.9) and (5.10) are presented in Whelan et al. 
(1987). 
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8) maximum potential percolation -- The maximum potential amount of moisture 

available for percolation (i.e., maximum percolation) is represented by 

the precipitation. adjusted for snowmelt during months where the adjusted 

average monthly temperature is greater than freezing. minus the average 

monthly runoff. The maximum potential percolation is expressed by the 

following expressions: 

(5.11) 

fmax; = 0 (5.12) 

where fmax; = maximum amount of moisture available for percolation 

for the i-th month (em). 

9) potential percolation -- The potential percolation defined as the 

difference between the maximum potential percolation (fmaxi) and the 

monthly PET. Mathematically, the potential percolation is expressed as 

follows: 

(5.13) 

(5.14) 

where fpi "'potential percolation for the i-th month {em). 

10) accumulated potential water loss --This step represents the potential 

soil moisture loss during a year. It is computed using the potential 

percolation and the soil-moisture retention tables published by 

Thornthwaite and Mather (1957). 

Accumulated potential water loss (Wli) refers to the potential deficiency 

of moisture in the soil water storage when the PET is significantly larger 

than the maximum potential percolation. During these periods, the 

moisture can be depleted from the soil reservoir, creating a moisture 
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deficit below saturated conditions. This condition usually occurs during 

the summer months in arid regions (e.g., the southwestern United States or 

arid Pacific Northwest). 

A site has the potential for a yearly average moisture deficit in the soil 

column if the sum of the monthly fp; values is negative. This condition 
usually occurs in arid and semiarid regions. In arid or dry areas, soil 

moisture at the end of the wet season is below field capacity; therefore, 

it is necessary to find an initial value for the accumulated potential 

water loss with which to start accumulating the negative values of fpi. 
In the RAPS methodology, this initial value is estimated using the method 

of successive approximations, as outlined by Thornthwaite and Mather 
(1957). The basis for this method is that the rate of water lass from the 

soil is proportional to the soil moisture content; that is, as the soil 

moisture decreases toward the wilting point, extracting water from the 

soil becomes increasingly more difficult. 

In humid areas, the sum of the monthly fpi values will be positive. 
Because "excess,. water exists in humid areas, the value of accumulated 

potential water loss with which to start accumulating depletion of water 

moisture from the soil is zero. 

The method outlined by Thornthwaite and Mather (1955, 1957) is used to 
compute the accumulated potential water loss. More information on 

computing the accumulated potential water loss is given by Whelan et al. 
(1987), 

11) soil moisture storage -- This step identifies the moisture contained in 
the soi 1 column at the end of each month. Soil moisture storage is 

computed using the PET and the soil moisture retention tables published by 

Thornthwaite and Mather (1957). Because the soil moisture storage 

calculations are based on the PET, the soil moisture storage calculations 
significantly influence the amount of water that percolates into the waste 

site. The soil moisture storage value for month i (ST;) represents the 

soil moisture that is retained in the soil after a given amount of 

accumulated potential water loss or gain has occurred. 
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For both humid and arid areas, ST; for the 9..!:1_ season (i.e., when fp; < 0) 
is estimated using the accumulated potential water loss values (WL;) 

computed in step 10 and the Thornthwaite and Mather (1957) soil moisture 

retention tables. The soil moisture retention tables correlate the 

relationship between WL; and ST1• Using the proper retention table, STi 
can be identified for each Wli for each dry-season month. 

For the first month of the wet season (i.e., first month with a positive 

fpi following the dry season) and succeeding months, the soil moisture 

storage is computed as follows: 

K 
I 

; =k 
(ST. 

1 
+ fp. ) 

1- 1 

where ST i = soil moisture storage for the i -th month (em) 

k = index for the first month with a positive fpi 

(5.15) 

K =index for the last month with a positive fp; value 

(Note that K can be less than k; for example, October 

(with k = 10) is the first wet month following the 

dry season and May (with K = 5) is the last wet month 

prior to the dry season). 

For more information, refer to Whelan et al. (1987). 

12) change in soil moisture storage -- The change in soil moisture storage for 

the current month is defined as the difference between the current and 

previous months' soil moistures. Mathematically, the change in this 

storage is computed as follows: 

(5.16) 

where ST; = change in soil moisture storage for the i -th month (em). 

13) actual evapotranspiration-- When the PET is less than or equal to the 

difference between the maximum potential percolation and the change in 
soil moisture storage (note the potential negative sign), the actual 
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evapotranspiration (AET) is equal to the PET. When the PET is greater, 

the AET is equal to the difference between the maximum potential 

percolation and change in soil moisture storage (note the potential 

negative sign). Mathematically, the AET is computed as follows: 

for PET. < (fmax. 
l - l 

AET
1
. = fmax. - liST. 

l l 
for PET; > (fmax; - liST;) (5.18) 

where AETi =actual evapotranspiration for the i-th month (em). 

14) leachate generation -- The moisture generated as leachate during any month 

is also a function of the adjusted average monthly temperature. 

When Ti is below freezing, zero leachate is assumed to be generated. 

LG. = 0 
l 

where LG; = leachate generation for the i-th month (em). 

(5.19) 

When Ti is greater than freezing, the leachate generated from the landfill 

is computed as follows: 

(5.20) 

Like the cover material over the waste site, the underlying waste exhibits 

a certain water-holding capacity. Fenn et al. (1975) note that the amount 

of water that can be added and stored in the waste material depends on the 

composition of the waste and its initial moisture content (which can vary 

widely) when delivered to the site. 

Theoretically, water will move through a waste layer in much the same way 

as through a soil layer; the field capacity must be exceeded before the 

leachate will move. Practically speaking, some channeling of water will 

occur, because of the heterogeneities associated with the waste, before 

field capacity is attained. 
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In an effort to avoid the complexity associated with various waste forms, 

the RAPS methodology assumes that the moisture content of the waste equals 

field capacity. The moisture that infiltrates through the soil layer 

covering the waste is assumed to eventually exit at the bottom of the 
waste. 

A complete description of the algorithms on which the source-term 

quantification is based for each of the steps highlighted above is 

provided by Whelan et al. (1987), 

5.2~2 Partially Saturated and Saturated Zones 

The groundwater component of the RAPS methodology accounts for the major 
mechanisms of constituent mobility (i.e •• adsorption/desorption), persistence 

(i.e., degradation or decay), advection, and hydrodynamic dispersion. Mobility 

is described by an equilibrium coefficient that assumes instantaneous adsorp

tion/desorption between the soil matrix and pore water. Persistence is 
described by a first-order degradation/decay coefficient; for radionuclides, 

the groundwater component of RAPS also accounts for decay products. Advection 

is described by constant, unidirectional flow in the vertical direction in the 

partially saturated zone and in the longitudinal direction in the saturated 

zone. Hydrodynamic dispersion is described in three dimensions. 

Other assumptions associated with the groundwater component of RAPS 

include the following: 

• All aquifer properties are homogeneous and isotropic. 

• Flow in both the partially saturated and saturated zones is uniform. 

• The groundwater environment is initially free of contamination. 

• The effects of withdrawal well drawdown and other transient stresses 

on the saturated aquifer are not considered in the semianalytical 
solutions. Hydraulic gradients and flow velocities are assumed to be 

provided by the user. 

The advective-dispersive equation for solute movement through a porous 

medium with constant, steady-state flow velocity forms the basis of all ground
water solution algorithms. As noted by Cadell et al. (1982), the algorithms 
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are developed for the limiting case of unidirectional advective transport with 

three-dimensional dispersion in a homogeneous saturated aquifer. Let nand ne 

represent total and effective porosities, respectively; then n - ne is the 

remaining void fraction devoted to nonflowing waters. A mass balance on a 

differential volume dV = dx dy dz gives the expression: 

ac aG aP 
neat+ (n - ne) at+ (1 - n) at+ 

n E a C + E a C + E a c + (n ~ 2 2 2) e x~ y;;z z-;;z -n)E--,-+ 
[ 

' iG 
e x axe: 

ne A C - (1 - n) A P - (n - ne) A G 

where ne = effective porosity (dimensionless) 

I iG 
E ~+ 
Y ay 

(5.21) 

C = dissolved contaminant concentration in the liquid phase in the 

flowing voids (g/ml or Ci/ml )(a) 

n = total porosity (dimensionless) 

G =dissolved contaminant concentration in the liquid phase in the 

nonfl owing voids ( g/rnl or Ci /ml) 

P =particulate contaminant concentration in the solid phase (g/g or 

Ci/g) 

u = x-component groundwater (pore water) velocity {cm/s) 

dispersion coefficients 

(cm2/s) 

in the x, y, and z directions, respectively 

diffusion coefficients in the nonflowing voids in the 

directions, respectively {cm2;s) 

A= degradation/decay constant [= (ln 2)/(half-life)]. 

t = time 

x, y, and z 

Equation (5.21) can be streamlined with some simplifying assumptions. One 

assumption is that the dissolved concentration in the nonflowing voids (G) 

(a) When two sets of units are provided, the first refers to chemicals and the 
second refers to radionuclides. 
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equals the dissolved concentration in the flowing voids (C). A second assump

tion is that the contaminant sorption process can be described by a constant 
(i.e., Kd) representing the ratio between the contaminant adsorbed to the soil 

matrix (i.e., P) and the contaminant dissolved in solution (C). A final 

assumption is that the diffusion in the nonflowing voids is comparable with the 

dispersion in the flowing voids. Using these assumptions, Equation (5.21) can 
be rewritten as 

in which 

where 

~+ 
at 

* ac u - = ax 
2 

D* a c -+ 
x ax2 

2 
0*~+ 
Y a/ 

2 
D* ~- A C 

z az2 

* D 

* u 

pseudodispersion coefficients in the 

z directions, respectively (cm2/s) 

Rf = retardation factor (dimensionless) 
S =bulk density (g/ml) 

x, y, and 

Kd =equilibrium (partition or distribution) coefficient 

(cm3/g). 

(5.22) 

(5.23) 

(5.24) 

(5.25) 

Leachate in the saturated zone is assumed to move predominantly in the 
direction of the groundwater flow. Advection represents the transport of sol

ute caused by the mass motion of water, while dispersion represents solute 

transport caused by unaccounted variations in the fluid velocity and molecular 

motion. Dispersion is considered in the longitudinal (x), lateral (y), and 

vert i ca 1 ( z) di recti ons. Soi 1 properties are assumed to be homogeneous, and 

the flow is assumed to be steady and only in the longitudinal direction. 
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As written, Equation {5.22) specifically addresses the general conditions 

for flow and solute movement in the saturated zone. However, Equation {5.22) 

can also be applied to the partially saturated zone if minor modifications are 

made. To apply the equation to the partially saturated zone, the porosities (n 

and ne) are assumed to be equal to the soil matrix moisture content. One

dimensional, unidirectional flow and dispersion are assumed to occur in only 

the vertical {z) direction. The partially saturated soil beneath the waste 

site is assumed to be at a unit potential hydraulic gradient. The moisture 

content is assumed to fluctuate between field capacity and saturation. The 

hydraulic conductivity is based on an empirical equation published by Gardner 

(1960), Gardner et al. (1970), Campbell (1974), and Clapp and Hornberger (1978) 

and is expressed by Hillel (1980) as 

K(S) = Ks (6/n) 1/m (5.26) 

where K(e) =hydraulic conductivity {cm/s) 

Ks =saturated hydraulic conductivity {i.e., permeability) (cm/s) 

e = moisture content (dimensionless) 

m =empirically based parameter that is a function of soil 

properties. 

Hillel (1980) notes that although attempts have been made to develop theo

retically based equations relating hydraulic conductivity to moisture content, 

the state of the art is such that consistently accurate a priori predictions of 

K(e) from basic soil properties have so far been difficult to attain. If the 

infiltration rate (leach rate) of water from the waste site is less than the 

soil transmission rate (i.e., hydraulic conductivity between field capacity and 

saturation), as described by the general equation for liquid flow in the par

tially saturated zone (see Hillel 1980; Hanks and Ashcroft 1980}, the water 

moves through the soil at the infiltration rate, accounting for adjustments in 

the soil moisture content. When the infiltration rate is equal to or greater 

than the transmission rate of the soil, the leachate is assumed to move at the 

transmission rate. 
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By solving Equation (5.22) with the appropriate boundary and initial con
ditions, a set of semianalytical expressions representing concentrations for 
instantaneous contaminant releases at the source is obtained. The expressions 

characterize the transport of contaminants through the partially saturated and 

saturated groundwater zones. These expressions are based on Green's functions 

and have been reported by several researchers (Cadell et al. 1982; Selim and 

Mansell 1976; Yeh 1981; Yeh and Tsai 1976). Various analytical expressions 

describing solute concentrations at selected locations and times can be 
described by one basic equation: 

in which 

where Ci~ = i-th instantaneous solute concentration at 
time t for an instantaneous source release 

location x, y, 
(cm·3)(a)(b) 

(5.27) 

(5.28) 

z and 

~ = parameter that ensures mass balance and that is based on initial 
and boundary conditions 

X; = Green's function in the x direction for the i -th solution (cm-1) 

yj = Green's function in the y direction for the j-th solution (cm- 1) 

zk = Green's function in the z direction for the k-th solution (cm- 1) 

Solutions for the advective-dispersive equations for the partially satu
rated and saturated zones have been formulated in terms of an instantaneous 
contaminant release (i.e., a pulse release over zero time). The RAPS methodol

ogy generalizes these solutions for arbitrary time-varying releases by convo

luting response functions (i.e., temporally varying contaminant leach or flow 

rates) with instantaneous contaminant release solutions. 

(a) Based on unit mass in grams. 
(b) When used in an equation, "Ci" refers to instantaneous solute 

concentration; otherwise, it refers to the units "curies.'' 
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T 

C(T) = f f(t) Ci,(T- t) dt 
0 

where T =the time over which contaminant concentration is computed {s) 

f(t) =source term expressed as a temporally varying contaminant flux 

(g/s or Ci/s) 

( 5. 29) 

Contaminant fluxes are computed to indicate the transfer of contaminants 

between successive media (e.g., between partially saturated layers or between 

partially saturated and saturated zones). The fluxes are computed when con
taminants leave one medium (e.g., the groundwater environment) and act as 

boundary conditions to the next medium to be modeled (e.g., the surface water 

environment). The RAPS methodology can calculate the discharge rate of a 
contaminant entering a partially saturated layer, the saturated zone, and a 

surface water body. It is assumed that if the surface water body is the final 

transporting medium, then all contaminants entering the subsurface environment 

will eventually enter it, except for that portion of the contaminants lost 

through degradation/decay. 

The RAPS methodology assumes a unidirectional flow field and bases its 

flux computations on contaminated material crossing an area perpendicular to 

the flow axis. Using the flow direction (x) in the saturated zone as an exam

ple, the instantaneous flux perpendicular to the x direction can be described 

by the following equation: 

dFi, = ( 
dA '" ne u Ci .e. 

ac; ') D --x ax (5.30) 

in which 

(5.31) 
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where Fi 2 =instantaneous contaminant flux resulting from an instantaneous 

contaminant release at the source {g/s or Ci/s} 

A = cross-sectional area perpendicular to the 

Ox = psuedolongitudinal dispersion coefficient 
fl ow d i recti on 

2 (em /s). 

The total flux {Fi 2 ) across the plane is therefore described by laterally and 

vertically integrating Equation (5.30): 

Fi 2 = n /m t(u 
e 0 -oo 

Ci -
2 

ac; 2) 
Ox ax- dy dz (5.32) 

where hm =depth of the contaminant plume under fully mixed conditions {em). 

As in the case of instantaneous concentrations, these equations can be 

generalized for arbitrary time-varying releases by the use of the convolution 

integral, F{-r), 

T 

F ( T) = J f(t) 
0 

A more complete review of the mathematical algorithms describing the 

groundwater pathway is presented by Whelan et al. (1987). 

5.3 DEEP-DRAINAGE RATES AT THE HANFORD FACILITY 

(5.33) 

The process of moisture movement into and through the partially saturated 

zone is one of the most difficult processes to describe with simplified 

approaches. As noted in Section 5.1, the process of water movement through a 

soll matrix is mechanist i ca 11 y camp lex and cannot be accurate 1 y described by a 

single set of regional hydrologic and hydraulic properties. While recognizing 

the difficulties associated with describing complex processes with simple 

approaches, Whelan et al. (1987) have developed a methodology for estimating 

the fraction of precipitation that is lost to evapotranspiration, percolation 

(i.e., deep drainage), and overland runoff. (Section 5.2 describes this meth

odology in more detail.) 
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Section 5.3 presents the results associated with the application of the 
methodology to the Hanford facility for estimating evapotranspiration, deep 
drainage, and runoff . (a) The results of the RAPS simulations are compared with 
other methods and with monitored data . Three additional sections follow this 

introduction to Section 5.3. First, the environmental setting at the Hanford 
facility is described . Next, a brief review of the input requirements is 
presented . Finally, results associated with estimating evapotranspiration 
rates and deep-drainage volumes at the Hanford facility are presented. 

5.3.1 Environmental Setting at the Hanford Facility 

This section presents a brief description of the environmental setting at 

the Hanford facility . Climatic conditions pertaining to the facility are 
described first, followed by a brief description of the hydrogeology of the 

region . 

5.3.1.1 Climatologic Summary of the Hanford Area(b) 

The Hanford area represents a mi ld and dry climate (Price et al. 1985) . 
Vegetation at the Hanford facility (including the mountainous areas) consists 

mainly of sagebrush, rabbitbrush, bunchgrass, cheatgrass , and other semiarid 

plants. Few trees occur, except in isolated cultivated locations (Stone et al. 
1983) . The meteorologic information on which the annual percolation (i .e., 
deep drainage) rate calculations are based was collected at the Hanford Meteor
ology Station (HMS). 

Stone et al . (1983) summarize meteorologic information from the HMS(c) 

from 1912 through 1980. Their information is based on records kept at the HMS 
from 1946 through 1980, supplemented with precipitation and temperature data 
taken by the U.S. Weather Bureau cooperative observers at a site about 16 km 
(10 mi) east-northeast of the HMS from 1912 to 1943. Monthly, annual, and 
historical summaries of the HMS data in the following categories are presented: 

(a) No appreciable runoff occurs at the sites investigated. 
(b) This section is based on Stone et al . {1983) . 
(c) The Hanford Meteorology Station is maintained for the u.s. Department of 

Energy by Pacific Northwest Laboratory, which is operated by Battelle 
Memoria 1 Institute. 
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o atmospheric surface temperatures 

o subsoil temperatures 

o precipitation 

• tower wind speeds and direction 

• sky cover, visibility, and solar radiation 

• psychrometric data 

• atmospheric pressure 

• miscellaneous meteorologic phenomena (e.g., thunderstorm frequency) 

• diffusion climatology 

• persistence and extreme values of temperatures, wind speed, and 
precipitation 

• meteorologic instrumentation. 

The HMS is situated on a plateau on the Hanford facility (Figure 5.3). The 

plateau slopes downward toward the Columbia River about 16 km (10 mi) north of 

the station and upward to the foothills of the Rattlesnake Mountains about 

16 km (10 mi) south. Elevation of the station is 233m (733ft), which is 

roughly 90 m (300 ft) above the Columbia River to the north, and the latitude 

Hanford 
Meteorology 
Station• 

L.....J 
0 10 

Kilometers 

Hanford 
Facility 

WASHINGTON 

FIGURE 5.3. Location of the Hanford Meteorology Station on the Hanford 
Facility 
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and longitude of the station is 46°34' Nand 119°36' W, respectively. Both the 

Rattlesnake Mountains south and southwest of the station and the Yakima Ridge 

to the west rise to more than 1070 m (3500 ft), while the Saddle Mountains 

beyond the Columbia River to the north rise to more than 760 m (2500 ft). 

Although not visible from the meteorology station, the Cascade Mountains 

greatly affect the climate of the Hanford Area. This mountain range is located 

beyond Yakima, Washington, to the west. Because the Hanford facility is in the 

rain shadow of these mountains, precipitation averages only 16 em (6.3 in.) 

annually. Forty-four percent of the total precipitation occurs from November 

through January; only 12% of the total precipitation occurs from July through 

September. The number of precipitation events with volumes greater than 

0.25 mm (0.01 in.) totals 68, with 40% of these events occurring from November 

through January and only 12% occurring from July through September. Finally, 

approximately 38% of all precipitation from December through February is snow. 

The average annual temperature in the Hanford Area is 12°C (53°F); the 

average summer temperature is 22°C (72°F), and the average winter temperature 

is 1.1°C (34°F). Mountain ranges to the north and east shield the area from 

many of the arctic surges, and half of all winters are free of temperatures 

lower than -18°C (0°F). Although temperatures reach 32°C (90°F) or above an 

average of 55 days per year, minimum temperatures of 21°C (70°F) or above occur 

only an average of 8 days a year. The usual cool 

age (or gravity) winds. 

nights are a result of drain-

Besides serving as a source for cool and cold air drainage (e.g., drainage 

winds), the Cascade Mountains also have a considerable effect on the wind 

regime at the Hanford facility. This drainage wind, along with topographic 

channeling, causes a considerable diurnal range in wind speed during the summer 

months. In July, the average hourly wind speed ranges from a low of 2.3 m/s 

(5.2 mph) to a high of 5.81 m/s (13.0 mph); in contrast, the corresponding · 

speeds for January are 2.5 and 2.8 m/s (5.5 and 6.3 mph), respectively. Aver

age monthly wind speeds are lowest during the winter months and highest during 

the summer months with an average annual wind speed of 3.4 m/s (7.7 mph). 

These wind speeds were recorded at a distance of 15 m (50 ft) from the ground 

surface. 
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• 

~~!though a complete summary of the meteorologic conditions are reported by 

Stone et al. (1983), only that portion of the data required to implement the 

RAPS methodology is summarized. Table 5.1 presents a summary of monthly aver

age values for parameters required by RAPS • 

5.3.1.2 Surface Hydrogeologic Setting at the Hanford Facility 

The first geologic investigations of the Pasco Basin area (i.e., the 

region immediately surrounding the Hanford area) were made around the turn of 

the century by Russell (1903), Smith (1903), Calkins (1905), and Waring (1913). 

These efforts attempted to evaluate groundwater resources of the semiarid area 

of eastern Washington. Tallman et al. (1979) note that additional early 

studies of the soils (Kocker and Strahorn 1919}, surface geology (Merriam and 

Budalda 1917; Bretz 1923), and hydrology (Parker and Piper 1949) were conducted 

in the Hanford area. 

The Hanford area is drained by the Yakima and Columbia Rivers (see Fig

ure 5.3). Short-lived ephemeral streams that exist along the western margins 

of the site (e.g., Cold Creek and Dry Creek) may flow for a short period of 

time after a heavy rainfall or snowmelt. The precipitation that falls on the 

flat landscape and infiltrates into the permeable sediments replenishes the 

soil moisture in the upper portion of the partially saturated zone. In this 

upper zone of the soil profile, the moisture is lost to evapotranspiration and 

deep drainage into the permeable surface fluvial and eolian sediments (Stone 

et al. 1972). 

The surface fluvial and eolian sediments are represented by loess and sand 

dunes. These deposits are primarily reworked sediments of the "Hanford" Forma

tion. The thickness of the wind-blown sediments varies considerably, ranging 

in thickness from zero to more than 9 m (30ft) (Tallman et al. 1979). Under

lying the surface sediments are glaciofluvial sediments of the Ringold Forma

tion, informally called the Hanford Formation. The glaciofluvial sediments are 

divided into courser sand and gravel fractions (called Pasco Gravels) that were 

deposited throughout the Hanford area, and finer sand and silt units called 

Touchet Beds) that were deposited along the edge of the Pasco Basin. The 

thickness of the Hanford Formation varies but can be as much as 100m (i.e., 

300ft) (Tallman et al. 1979). 
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TABLE Sol. Climatologic Sullllla ry for the Hanford Area (After Stone et al. 1983) 

Month 

P;:~rameter Jan, feb, March ~ ~ June l.!!..!.:i. August ~ Oct, Nov, Dec, 

Temper;:~ture ( "Cl -1 .5 2 o4 1o3 11.7 16,4 20,7 24.7 23.5 16,4 11 ,7 4o3 Oo4 

Precipitation (mml 23 15 9 10 12 14 4 6 8 14 22 23 

~ Wind speed Cm/sl 2 o9 3 o2 3o8 4o0 4o0 4 o1 3o9 3o6 3o4 3o0 2o1 2 0 7 
0 
N Cloudiness (tenths) 1o9 7 o6 6o8 604 5o9 5o3 2o9 3o4 4o1 5o8 707 8o 1 ~ 

Number of precipitation events 9 7 6 5 5 5 2 3 3 5 8 10 

M;:~ximum relative humidity (~) 89 87 " 64 62 54 40 48 56 74 89 90 

Minimum relot]ve humidity (-) 60 54 44 37 31 30 22 24 " 42 " 69 



5.3.2 Application of RAPS for Estimating Deep Drainage at the Hanford 

Facility 

To estimate the volume of water that may enter a waste site and exit as 

leachate, input parameters must be quantified. Before describing these input 

requirements, several terms should be defined: 

• deep-drainage volume -- Deep drainage or percolation refers to the 

volume of water that percolates through the partially saturated zone 

that is not susceptible to evapotranspiration. Deep-drainage water 

eventually moves to the water table surface. 

o infiltration volume -- Infiltration refers to the volume of water 

that passes through the soil surface and is susceptible to evapotran

spiration and deep drainage. 

• soil moisture capacity -- Soil moisture capacity is also commonly 

referred to as water-holding capacity or soil-holding capacity. It 

is defined as a multiple of the available water and the root-zone 

depth. 

• available water --The available water of a soil type is defined as 

the difference between the field capacity and wilting point. 

The parameters required to estimate deep-drainage rates and volumes can be 

divided into two categories: monthly climatic information and nonclimatic 

information. 

Climatic Information. The RAPS methodology requires the user to supply 
monthly information pertaining to temperature, precipitation, wind speed, 

cloudiness, number of precipitation events, and minimum and maximum rela

tive humidity. These data were obtained from standard meteorologic sum

maries compiled at the HMS. This information is presented in Table 5.1. 
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Nonclimatic Information. Nonclimatic information includes latitude, ele

vations of the weather station and the waste site, soil moisture capacity, 

overland runoff curve number, and height of the tower measuring wind 

speeds; this information is presented in Table 5.2. Each parameter is 

discussed below in more detail. 

• latitude --The latitude for a site on the Hanford facility can be 

estimated from a topographic map (e.g., USGS 7.5' topographic maps). 

Because of the central location of the HMS, the latitude associated 

with its location (i.e., 6.5°) could be used (Stone et al. 1983). 

• elevation of the HMS and the waste site --The elevation of any site 

on the Hanford facility can be approximated from a topographic map 

(e.g., USGS 7.5' topographic maps). The elevation of the HMS is 

223m (733ft) above sea level (Stone et al. 1983). 

• soil moisture capacity --The soil moisture capacity represents a 

parameter that can only be defined on a site specific basis. The 

parameter generally ranges in value from 25 to 400 mm (1 to 160 in.). 

For more information on the soil moisture capacity, refer to 

Thornthwaite and Mather (1955, 1957). 

• runoff curve number -- The runoff curve number was estimated as equal 

to 21. The curve number was determined from SCS (1972, 1982) and 

USBR (1977); its value was based on the following assumptions: 

Type I antecedent moisture condition (i.e., warm and dry soils) 

TABLE 5.2. Parameters Associated with the Hanford Facility 
as Required for RAPS 

Parameter 
Latitude 

Elevation of weather station 

Elevation of waste site 
Soil moisture capacity 

Overland runoff curve number 

Height of wind tower 

5.31 

Value 
46.5° 

223 m (733 ft) 

Site specific 
Site specific 

21 

15m (50 ft) 



hydrologic soil group A (i.e., high infiltration and low 
overland runoff potentials) 

good hydrologic conditions for potential overland runoff (e.g., 

not well forested and b~re soil exposed to wind and water erosion) 

pasture with no mechanical treatment 

For more information on defining the curve number, see Whelan et al. 
(1987). 

• height of the wind tower-- This parameter refers to the height above 

the surface at which the wind speed measurements were collected. At 
the HMS, wind speeds were collected at 15m (50ft) (Stone et al. 
1983). 

5.3.3 Results Associated with Estimating Evapotranspiration Rates and 
Deep-Drainage Volumes Using RAPS at the Hanford Facility 

This section presents the results from estimating evapotranspiration rates 

and deep-drainage volumes at the Hanford facility using the RAPS methodology. 

These results are then compared to other methods and monitored information, 

where available. This section is further divided into the following sections. 

• comparison of techniques for computing potential and actual evapo

transpiration in the Hanford area-- The evapotranspiration algo

rithms in RAPS are compared to other well-established, traditional 

techniques to test the applicability of the algorithms included in 
the RAPS methodology for computing evapotranspiration. 

• comparison of long-term deep-drainage volumes estimated by RAPS with 

measured volumes at the Hanford facility -- This section presents a 
comparison of long-term deep-drainage volumes that have been measured 

in the Hanford area with those estimated by the RAPS methodology. 

• comparison of 1983 deep-drainage volumes estimated by RAPS with meas

ured volumes at a site on the Hanford facility -- This section pres

ents a comparison of deep-drainage volumes that were measured at a 

site in the Hanford area during 1983 with those estimated by the RAPS 
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methodology. In addition, observed evapotranspiration rates during 
1983 and 1984 at a nearby site are compared to those predicted by 

RAPS. 

5.3.3.1 Comparison of Techniques for Computing Potential and Actual 

Evapotranspiration in the Hanford Area 

A hydrologic water balance (i.e., hydrologic budget) is employed in the 

RAPS methodology to estimate the annual volume of water, originating from pre

cipitation and snowmelt, that percolates at a particular site. A hydrologic 

budget is a quantitative statement of the balance between total water losses 

and gains of an area, considering both surface and subsurface water. The most 
common components of a hydrologic budget include the following factors: pre

cipitation, overland runoff, streamflow, evapotranspiration, and groundwater 

storage (Wallace 1978). Of these factors, Walton (1970), as reported by 

Wallace (1978), notes that evapotranspiration and soil moisture requirements 

have first priority on use of precipitation. Of these two factors, Wallace 

(1978) notes that soil moisture requirements are generally small compared to 

evapotranspiration. 

As noted in Section 5.2, evapotranspiration is the most important param

eter in the RAPS methodology when computing annual percolation volumes. There

fore, the algorithms in RAPS must reflect site conditions by simulating 

representative evapotranspirations. To test the applicability of the algo

rithms in the RAPS methodology for computing evapotranspiration, the algorithms 

are compared to other well-established, traditional techniques. 

The purpose of this section is to use the long-term meteorologic observa
tions that have been collected at the Hanford facility from 1912 to 1980 to 

compute and compare estimates of evapotranspiration using seven(a) approaches. 
Each approach is briefly described below. 

• Thornthwaite-Mather --This approach was developed to establish a 
relatively simple expression for evapotranspiration that would use 

readily available climatic data (Israel sen and Hansen 1962). The 

(a) Note that the RAPS methodology is based on several of the approaches 
listed and does not constitute a new or independent technique. 
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formula was developed on the postulate that temperature was a good 
index to energy. The Thornthwaite-Mather approach uses a heat index 

of monthly values based on the average temperatures for each month. 

In computing evapotranspiration, their approach addresses soil water 

deficits and water surpluses using soil moisture retention tables. 

For more information on this approach, refer to Thornthwaite and 
Mather (1955, 1957). 

• Penman -- The Penman equation represents an energy balance approach 

that correlates evapotranspiration to the amount of radiative energy 
gained by a surface (Wallace 1978). The method is composed of an 

aerodynamic term and an energy term; the relative importance of each 

term varies with climatic conditions. For more information on this 

approach, refer to Penman (1948) and Israelsen and Hansen (1962). 

• Morton -- The Morton approach represents a modification of the origi

nal Penman formulation by revising the form of the psychrometric con
stant (Wallace 1978). This approach is based on the interactions 

between the evaporating surfaces and the temperature and humidity of 

the air passing just above the surface. This method assumes that 

evaporation is governed by the supply of radiation and water to the 
surface of the surrounding area (Wallace 1978). For more informa

tion, refer to l~orton (1971, 1975, 1976) and Wallace (1978). 

• Modified Blaney-Criddle --The original Blaney-Criddle equation 
(Blaney and Criddle 1950) involves calculating evapotranspiration 

from mean monthly temperature, percentage of total annual daylight 
hours occurring during the period under consideration, and an 
empirically derived crop coefficient. For a better definition of the 
effect of climate on vegetative requirements, Doorenbos and Pruitt 

(1977) present a modified version that includes more climatic data in 

the analysis. For more information, refer to Doorenbos and Pruitt 

(1977), Gee and Simmons (1979), and Whelan et al. (1987). 

• Radiation - The Radiation method is essentially an adaptation of the 

Makkink formula (Makkink 1957). As the name suggests, this method is 

based on the amount of incoming solar radiation (Ooorenbos and Pruitt 
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1977). For more information, refer to Makkink (1957), Gee and 

Simmons (1979), and Doorenbos and Pruitt (1977). 

• Modified Penman with Correction Factor --This approach is identical 

to the Penman method except the equation is multiplied by a correc

tion factor. This correction factor is an adjustment factor to com
pensate for the effects of day and night weather conditions. For 

more information refer to Doorenbos and Pruitt (1977), Gee and 

Simmons (1979), and Whelan et a1. (1987). 

• RAPS Methodology(a) --The RAPS methodology uses the Penman, r~odified 
Blaney-Criddle, and Modified Penman with Correction Factor in deter

mining the evapotranspiration at a site. The RAPS methodology 

adjusts the input parameters to each of these approaches by consider

ing differences that exist between the station where data are col

lected and the site where the analysis is being applied. Following 

an adjustment of the input parameters (e.g., temperature and wind 

speed differences caused by differences in elevations), RAPS then 

applies these three methods to the site and chooses the method that 

provides the most conservative results. For more information, see 

Whelan et a1. (1987). 

As indicated above, numerous methods have been developed to estimate evap
oration from wet plant and soil surfaces. During periods when surfaces are 

sufficiently wet, evaporation proceeds to a maximum or potential rate (Gee and 

Simmons 1979). When plants are included in the surface, the concept of poten

tial evapotranspiration (PET) is used. Gee and Simmons {1979} note that 
according to Rosenburg (1974) 

"Potential evapotranspiration (PET) is the evaporation from an 

extended surface of short green crop which fully shades the ground, 
exerts little or negligible resistance to the flow of water, and is 
always well supplied with water. Potential evapotranspiration cannot 

exceed free water evaporation under the same weather conditions." 

(a} Note that the RAPS methodology is based on several of the approaches 
listed and does not constitute a new or independent technique. 
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Gee and Simmons (1979) continue to note that under arid conditions, PET 

rates are seldom achieved, because surfaces are most often dry or drying, and 

vegetation is sparse. Virtually all evapotranspiration models, including the 

ones mentioned in this section, are based on the PET concept. 

Gee and Simmons (1979) and Wallace (1978) compare various combinations of 

the above six approaches (excluding RAPS) with Hanford area climatologic data. 

Gee and Simmons (1979) compare four of the approaches to Hanford climatic data 

for the years 1947 and 1948. These years {i.e., 1947 and 1948) were chosen 

because 1) their annual precipitation volumes were nearly equal; 2) their total 

annual precipitations were above average [23.5 and 24.1 em (9.25 and 9.49 in.), 

respectively]; and 3) their rainfall distribution patterns were completely 

different. Figures 5.4 and 5.5 show the cumulative PET at the Hanford site 

based on data from the HMS for the years 1947 and 1948, respectively. 

These figures demonstrate the applicability of the techniques upon which 

the RAPS methodology is based (i.e., Modified Blaney-Criddle, Modified Penman, 

and Penman); as such, results from the RAPS methodology are not presented in 

these figures. The results of this analysis indicate that, except for the 

Penman method, all other approaches yield the same cumulative PET (Gee and 

Simmons 1979). 

Wallace (1978) compared three of the techniques listed above (i.e., 

Penman, Morton, and Thornthwaite-i~ather) on 1 ong-term, historical data col

lected at the HMS. The data used in the analysis corresponded to long-term 

average climatic values from 1912 to 1970. Figure 5.6 presents the monthly 

estimated PET for each of the three techniques. For comparison, the results 

from a simulation using the RAPS methodology is also included. The RAPS 

results are based on historical data collected at the HMS for the time period 

corresponding to 1912 to 1980; these data differ little from those associated 

with 1912 to 1970. 

Potential evapotranspiration does not provide one with the amount of water 

that has evaporated and transpired; its calculation is important, though, 

because it estimates the actual evapotranspiration, which is used in calculat

ing the deep-drainage volume at a site. Figure 5.7 presents a comparison of 

estimated actual evapotranspiration values for the Thornthwaite-Mather, Morton, 
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and RAPS approaches . The fi rst two app roaches are based on HMS climatic data 

for the period 1912 to 1970 , while the latter approach corresponds to the HMS 

climatic data for the period 1912 to 1980. 

5.3 . 3. 2 Comparison of Long-Term Deep-Drainage Volumes Estimated by RAPS 
with Measured Volumes at the Hanford Facility 

This section (and Section 5. 3. 3. 3) presents a compar ison of long-term 

deep -drainage volumes that have been measured in the Hanford area with those 
estimated by the RAPS methodology . With this comparison, we can qualitatively 

demonstrate the applicabi lity of applying the RAPS methodology to a semiarid or 

arid environment . This demonstration is important because many of the 
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techniques used in this analysis were originally developed for humid environ
ments in which these methods have been shown to apply . 

Gee and Jones (1985) note that recharge at the Hanford facility is known 
to vary , depending on the interrelationships of soil, plant , and climatic vari
ables . Water that is not recycled by root water uptake or evaporation moves 
through the subsurface soil to the water table as recharge . Soil and vegeta
tive types can significantly influence the ability of a waste site to impede 

the movement of water through the site. For example, the soil moisture capac
ity of a clay soil is larger than that of a coarse sandy soil, therefore 

resulting in a greater abil i ty to "hold" more of the moisture, assuming all 

other conditions are equival ent . 
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Vegetation is important because many waste sites are seeded to ensure the 
integrity of the soil covering from the effects of soil erosion caused by water 

and wind . However, the type of vegetation can affect the volume of water that 

reaches and passes through the waste. Deep- rooted vegetation (e . g. , Russian 

thistle) can sign ificantly increase a soil's moisture capacity over that of 
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shal low-rooted vegetation (e .g., certain grasses). At many sites, shallow
rooted grasses are used to stabilize the soil covering because the roots cannot 
reach the waste site proper. 

Because of the variety in soil and vegetation types that exist in the 
Hanford area, a single value defining the deep drainage (i.e., recharge) 
through the soil is not possible. Gee and Jones (1985) estimate that the 
annual water recharge to the water table at the Hanford facility varies from 0 
to 8.5 em (O to 3.3 in.), and these estimates depend on climatic conditions as 

well as soil and vegetative coverings. Table 5.3, as compiled by Gee and Jones 
(1985) , shows estimates of recharge at a number of arid areas, including 

Hanford. 

The RAPS methodology estimates deep drainage at the Hanford facility using 
the approach outlined in Section 5.2 and by Whelan et al. (1987). As noted in 
Section 5.3.2, RAPS requires the user to supply monthly information pertaining 
to temperature, precipitation, wind speed, cloudiness, number of precipitation 
events, and minimum and maximum relative humidity; this information is pre
sented in Table 5.1. Other information includes latitude, elevation of the 

weather station and the waste site, soil moisture capacity, overland runoff, 
curve number, and height of the tower measuring wind speeds; this information, 
except for the soil moisture capacity, is presented in Table 5.2. 

The results of applying the RAPS methodology to the data sets outlined in 
Tables 5.1 and 5.2 are presented in Figure 5.8. The results are based on the 
elevation of the waste site equaling that of the HMS. Based on the RAPS analy
sis, Figure 5.8 shows the soil moisture capacity versus the deep-drainage vol
ume curve for the Hanford area. As this figure indicates, the volume of water 
that is available to percolate through the partially saturated zone to the 
water table is a function of the moisture capacity of the soil. As noted in 
Section 5. 3.2, the soil moisture capacity is a function of the available water 
(i .e ., field capacity minus wilting point) and root zone depth. 

Table 5.4 presents an example calculation for estimating the average

annual deep-drainage volume at the Hanford facility for a soil with a moisture 
capacity of 2.5 em (1 in.). These results (i.e., Table 5.4) are structured to 

coincide with the fourteen steps outlined in Section 5.2. For soil with a soil 

5.41 



TABLE 5.3. Reported Estimates of Recharge at Selected Arid Sites 
[sources reported in Gee and Jones (1985}] 

Annua 1 Estimated Recharge 
Precipitation Recharge as % of 

Source Location Method (em) (em) Precieitation 
Enfield, Hsieh, and Hanford Site Darcy flux 16 <1 <6 
Warrick (1973) (200 Area} 

Browne 11 et a 1. (200 Area} Neutron probe 16 0 0 
(1975) 

Jones (1978} (200 Area) Neutron probe 16 <0.5 <3 

Gee and Kirkham (300 Area) Neutron probe 28 6 21 
(1984) and lys i meter 

Dincer, Al-Mugrin, Saudia Arabia Triti urn 8 2 25 
and Zimmerman (1974) tracer 

<Jl 
100 to 15o(a} . Sammis, Evans, and Arizona Darcy flux, 22 15 to 22 +:> 

N Warrick (1982) tritium, 
temperature 
profile 

Allison, Stone, and Austra 1 i a Chloride 30 1.4 5 
Hughes (1985) tracer 

Stephens (1985) New Mexico Darcy flux 18 4 22 

Narasimhan, White, Wyoming Darcy flux 22 2.1 10 
and Tokunaga (1985} 

(a} Includes irrigation. 
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moisture capacity of 2.5 em (1 in.), the results indicate that the long-term, 
average-annual, deep-drainage rate at this site in the Hanford facility is 

estimated as 1.5 em/year (0.59 in./year). 

The results, presented in Figure 5.8 and Table 5.4, of the RAPS analysis 
qual i tatively match the recharge values, reported by Gee and Jones in 
Table 5.3, for the Hanford area for annual average precipitation of 16 em 
(6.3 in.). Section 5.3.3.3 provides a quantitative comparison between meas
ured, site-specific deep-drainage volumes and volumes simulated by the RAPS 
methodo 1 ogy. 
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TABLE 5. 4. Average Annual Infiltration Volume falculations Using the RAPS 
Methodology at the Hanford Facility a) 

Month 
Parameter Jan. Feb. March ~ ~ June ~August~ Oct. Nov. Dec. 

Unadjusted temperature -1.5(b) 2.4 1.3 11.7 16. 4 20.7 24 . 7 23 . 5 18.4 11.7 4.3 0.4 

Adjusted temperature -1 .4 2. 5 7. 4 11.9 16. 5 20 .9 24.8 23.6 18.6 11 . 8 4.5 0.5 

Potential evapotranspiration o<bl 20 47 78 122 147 166 139 88 44 14 8 

Precipitation as rainfall 0 15 9 10 12 14 4 6 8 14 22 23 

Precipitation as snowfall 23 0 0 0 0 0 0 0 0 0 0 0 

Precipitation adjusted for snowmelt 0 39 9 10 12 14 4 6 8 14 22 23 

Overland runoff 0 0 0 0 0 0 0 0 0 0 0 0 

Maximum potential Infiltration 0 39 9 10 12 14 4 6 8 14 22 23 

Potential Infiltration 0 19 -38 -68 -110 -133 -162 -133 -80 -30 8 15 

Accumulated potential water loss <-ll (c) -38 -106 -216 -349 -512 -644 -725 -754 

Soli moisture storage 22 

Change In soli moisture storage 0 

Actual evapotranspiration 0 

Infiltration volume 0 

25 

3 

20 

15(d) 

4 

-21 

29 

0 

0 0 

-4 0 

14 12 

0 0 

0 

0 

14 

0 

0 

0 

4 

0 

0 

0 

6 

0 

(a) See Whelan et al. (1987) for a complete explanation of the components Included In this table. 
(b) Values In units of •c for temperature and mm for other terms. 
(c) Starting point for accumulating negative water potentials. 
(d) Based on numbers that have been rounded off. 

0 0 7 22 

0 0 7 15 

8 14 14 (d) 8 

0 0 o<d> o 



5. 3.3 . 3 Comparison of 1983 Deep-Drainage Volumes Estimated by RAPS with 
Measured Volumes at a Site on the Hanford Facility(a) 

Gee and Kirkham (1984} conducted a field study to measure and predi ct 
water movement under vegetated and bare soil at two nearby sites on the Hanford 

facility. This section describes their work and compares their measured 

results for deep drainage with those simulated by the RAPS methodology . 

Description of the experiments conducted by Gee and Kirkham (1984) . 
The years 1983 and 1984 are considered to be wet years in the Hanford 

area. Rainfall volume during 1983 was 28 .1 em {11 . 1 in . ) and 

exceeded the long-term historical average [15.9 em (6.26 in.)] by 

177%; above-normal precipitation at the Hanford facility continued 

through the first half of 1984, exceeding the long-term average by 

131%. They note that in 1983, January, February , March, November, 

and December accounted for nearly 75% of the annual precipitation . 

To illustrate the dramatic change in the amount of precipitation, 

Figure 5. 9 presents the temporal distribution of precipitation over 

the months of the year for 1) 1912 through 1980 as collected at the 
HMS, 2) 1983 as collected at the HMS, and 3) 1983 as collected at the 

vegetated site (the Grass Site) . 

The data used in the experiments conducted by Gee and Kirkham (1984} 
were collected by recording precipitation events; monitoring other 

meteorological variables , including air temperature, humidity , and 

wind speed; measuring the water content of the soil profile ; and 
measuring evapotranspiration losses from lysimeters at the nearby 

Buried Waste Test Facility (BWTF) site. Additional climatic data, 
including solar radiation, were obtained from the HMS for 1983 and 
1984. A climatic summary for 1983 as compiled at the HMS is pres

ented in Table 5.5; only those parameters required as input to the 

RAPS methodology are presented. 

The Grass Site is located in a slight depression that is approxi 

mately 900 m {3000 ft) wide and several thousand meters (a couple of 

(a ) This section is based on Gee and Kirkham (1984) . 
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TABLE 5. 5. 1983 Climatol ogic Summary for the Hanford Area 

Month 
Parameter Jan. Feb. March April May June Ju ly Auqust Sep. Oct. Nov. Dec. -- --

Temperature <"C) 3. 1 4.9 9.2 10.6 17. 7 16. 6 21.6 23.6 16. 5 11 . 4 6.4 - 6 .0 

Precip itation (mm) 37 35 25 11 13 17 6 3 12 13 54 54 

Wind speed (m/sl 3 . 2 3 . 4 3.9 3.6 4.6 4.6 4.6 4. 0 3 . 7 2. 5 3.5 2.5 

Cloudiness (tenths) 6 . 4 8 . 4 7. 5 5. 3 5. 4 6. 2 5. 0 4. 7 3. 0 5.6 6. 1 6. 2 

(Jl Number of precipitation events 10 15 10 4 3 6 5 5 2 4 16 15 . 
~ Averaqe re lat i ve humidity (•) 81.7 63. 5 66. 0 50 . 9 34 . 9 36. 6 37 . 4 37.9 41 . 6 51.9 66.1 75.4 -....J 

• 



miles) long. Several years ago, a range fire removed vegetation from 

the site, and brush growth now appears only at the burn area perim
eter . The grasses that reappeared are typical of disturbed areas at 

the Hanford Site and are primarily cheatgrass and Sandburg bluegrass, 

comprising 35 and 27% of the total cover, respectively . Grass roots 

were not found below 1 m {3 ft). 

Gee and Kirkham (1984} describe the soil as well drained and nearly 

uniform to a depth of 3. 5 m (11 . 5 ft). The top 60 em {2 ft) contain 

79% sand, 17% silt, and 4% clay and is classified as a sandy loam; 

the next 2.9 m (9.5 ft) contain 92% sand, 5% silt, and 3% clay. A 
rock -gravel layer exists below this depth. Although a detailed 

description of the site without vegetation (the Bare Site) was not 

provided, they did classify it as having a sandy soil . 

Gee and Kirkham {1984) measured evapotranspiration rates with the 

north and south weighing lysimeters located at the BWTF, 2 km 

(1 . 2 mi) north of the Grass Site. The north weighing lysimeter was 

located on a bare soil surface, and the south weighing lysimeter was 

located on a surface covered with vegetation similar to that at the 

Grass Site. A complete description of the operation of these lysim
eters as well as the details of the experiments is presented in Gee 

and Kirkham {1984}. 

Application of RAPS to the Grass and Bare Soil Sites for 1983 and 
1984. The RAPS methodology was applied to the Grass and Bare Soil 

Sites described by Gee and Kirkham {1984} using the meteorological 

summaries compiled by the HMS for the years 1983 and 1984. The input 
requirements to RAPS are reviewed as follows: 

• climatic data-- The climatic data for 1983 are presented in 

Table 5. 5. 

• elevation of the test site and the HMS -- The elevation of the 
test site was approximated from a topographic map published by 
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(a) 

(b) 

Tallman et al. (1979); the elevation of the site was estimated 

at 150m (500ft) above sea level. The elevation of the HMS is 
223m (733ft) above sea level (Stone et al. 1983). 

c runoff curve number -- The runoff curve number was estimated at 

21. The curve number was determined from SCS (1972, 1982) and 

USSR (1977) using the assumptions outlined in Section 5.3.2. 
For more information on defining the curve number, see Whelan 

et al. (1987). 

Because no calibration is necessary to apply the RAPS methodology, 
the data listed above represent the only requirements to implement 

RAPS. 

Deep-Drainage volume results for 1983. Results associated with the 

RAPS analysis (i.e., solid line) are presented in Figure 5.10. This 

figure presents soil moisture capacity versus deep-drainage volume at 

the Grass and Bare Soil Sites in 1983 and is not associated with 
Table 5.4, although Table 5.4 presents example calculations for 

Hanford using average-annual climatic conditions from 1912 through 

1980. To estimate the deep-drainage rates at these sites, the soil 

moisture capacity has to be estimated. 

For the Grass Site, a field capacity of 13%(a,b) is estimated from a 

soil moisture release curve for Hanford area soils, developed by 
Sisson and Lu (1984); a wilting point of 5%(a,b) is estimated from 

Sisson and Lu (1984); and a root zone depth of 1m (3 ft) is esti

mated from Gee and Kirkham (1984). From this information, the soil 
moisture capacity for the Grass Site is estimated as 8 em (3 in.). 
Because the soil at the Bare Soil Site is classified as sandy and, 

more importantly, is void of vegetation (and, therefore has no root 
zone), the soil moisture capacity of the soil at the Bare Soil Site 

defaults to 2.5 em (1 in.). Based on these assumptions, the 

This value correlates with those in other references, such as Israelsen 
and Hansen (1962), Eagleson (1970), and Hanks and Ashcroft (1980). 
Suction head versus moisture content. 
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deep-drainage volumes at the Grass and Ba re Soil Sites during 1983, 
as simulated by the RAPS methodology (see Figure 5.10) , are estimated 

as 5. 3 em (2 .1 in . ) and 10 .8 em (4 . 25 in . ), respectively . 

Gee and Kirkham (1984) summarize their findings in the following : 

Both direct measurements of actual drainage and indirect meas

urements of changes in moisture profiles confirmed that water 

moves below the root zone and is lost to deep drainage during 

periods of low evapotranspiration . Measurements indicated at 

that over 10 em of drainage occurred during a 1-year period from 

ba re sandy soil and over 5 em of drainage from a grass-covered 

field site . 
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Results of their analyses (i.e ., data points) are plotted on 

Figure 5. 10 . 

Deep-drainage volume results for June 1983 through May 1984 . Gee and 

Kirkham (1984) also measured deep-drainage volumes over the 1-year 

period from June 1983 through May 1984. For comparison with the 
Grass Site, they monitored the water that drained from the south 

weighing lysimeter at the BWTF site for the June 1983 through May 

1984 test period. Although soil type and vegetation are slightly 

different at the BWTF and Grass Site, Gee and Kirkham (1984) note 

that water loss patterns should be similar . They also noted that for 

this 1-year period, "over 6 em of drainage was measured at the SWL 

(south weighing lysimeter), in qualitative agreement with the field

measured •• • drainage for the grass site . " 

The RAPS methodology was also applied to the Grass Site for the 

period June 1983 through May 1984. Except for climatic data, the 
same input that was used for the 1983 calendar year simulation was 

used for this simulation . The climatic data were updated to include 

January 1984 through May 1984; this information is presented in 
Table 5.6. By again assuming a soil moisture capacity of 8 em 

(3 in . ), RAPS estimated the deep-drainage volume at this site to be 

1 em (0.4 in.) . For the Bare Soil Site with a soil moisture capacity 

assumed as 2. 5 em (1 in . ), RAPS estimated the deep-drainage volume to 

be 6. 4 em (2 . 5 in . ) . 

TABLE 5.6 . Climatologic Summary for the First 5 Months of 1984 
for the Hanford Area 

Parameter Januar,t Februar,t March April ~ 
Temperature ( oc) -0. 2 3.7 8.4 10. 3 13 . 3 
Precipitation (mm) 6 24 26 15 14 
Wind Speed (m/s) 2.5 2.8 3.3 4. 1 4. 0 
Cloudiness (tenths) 7.1 8. 4 6. 7 6.8 6.4 
Number of precipitation events 4 14 12 5 7 
Average relative humidity (%) 7 4. 7 67 . 3 58.1 49.5 44 .3 
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Actual evapotranspiration results . The actual evapotranspiration 
rates predicted by the RAPS methodology from June 1983 through May 

1984 are compared with the evapotranspiration rates measured in the 

south weighing lysimeter at the BWTF Site . Gee and Kirkham (1984) 

published actual evapotranspiration rates only for the months January 

1984 through Apr il 1984. Figure 5.11 presents a comparison of the 
observed and simulated actual evapotranspiration rates for the first 
4 months of 1984. 

Summary . 
obtained 

studied. 

Because of soil and plant characteristics, the results 
by Gee and Kirkham (1984) are spec i fic to the field plots 

Although the RAPS methodology addresses these particu l ar 

e Observed (South Weighing Lysimeter) 

6 --~-- Simulated (RAPS Methodology) 
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FIGURE 5.11 . Comparison of Observed and Simulated Actual Evapotranspiration 
for the First 4 Months of 1984 at the Burial Waste Test 
Facility Site on the Hanford Facility 
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sites also, RAPS represents a more general analysis and can only dif

ferentiate sites at Hanford facility through the soil moisture capac
ity parameter. In addition, although the simulated results of RAPS 

appear to reflect the conditions at the Hanford facility, the RAPS 
calculations are too coarse to accurately compute, in any consistent 

manner, deep-drainage patterns at various locations at the Hanford 

facility. It must be remembered that the RAPS methodology is com

posed of components that describe, in a very simple manner, highly 

complex phenomena associated with moisture movement in the partially 

saturated zone. 

5.4 APPLICATION OF THE RAPS METHODOLOGY TO THE PARTIALLY SATURATED ZONE 
AT SITE 216-Z-1A 

The 216-Z-1A waste disposal site at DOE's Richland Operations (i.e., Han

ford) facility in Richland, Washington, is used to demonstrate the applicabil

ity of the partially saturated zone component of the RAPS methodology. The 

location of the 216-Z-1A waste site at the Hanford facility is shown in Fig

ure 5.12. This site was selected for demonstration purposes because of the 

availability of information pertaining to construction, disposal history, and 

known spacial and temporal distributions of radionuclides beneath the site. 

The sections to follow describe the 216-Z-1A site and outline the results of 

previous studies performed to characterize the movement of contaminants below 
the site. The parameters used in the application of the methodology are 

described and quantified, and a comparison between monitored and simulated con

taminant concentrations in the partially saturated zone beneath the 216-Z-1A 
site is presented. 

5.4.1 Description of Site 216-Z-1A 

The 216-Z-1A underground disposal site was constructed in 1949 to receive 

radioactive waste generated from the analytical and development laboratories 
and process operations in the Z plant (see Figure 5.12). The 216-Z-1A disposal 

site, described by Price et al. (1979}, used an underground crib (i.e., a liq

uid dispersal system) to deposit liquid waste in cobble and coarse, sandy soil. 

The crib consisted of a tile drain field of 20-cm-diameter (8-in.-diameter) 
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vitrified clay pipe placed in a herringbone pattern. A continuous 79-m-long 

(260-ft-long) central distribution pipe, which connected fourteen 21-m-long 
(69-ft-long) secondary laterals, was segmented at 0.3-m (10-ft) intervals. The 

tile field rested on 1.2 m {3.9 ft) of cobble with a minimum slope of 1% and 

was overlain with 15 em {5.9 in.) of cobbles and 1.5 m (4.9 ft) of sand and 

gravel (see Figure 5.13}. The site excavation covered an area 60-m (200-ft) 

wide, 110-m (360-ft) long and 5.8-m (9.2-ft) deep. Sloping side walls reduce 

the drain field floor to an area 35 by 84 m (120 by 280 ft). A layer of poly

ethylene covered by 30 em (12 in.) of sand and gravel was added to the site in 

1964 to prevent upward migration of waste liquid. 

Approximate 
Slope 

Vitrified Clay Pipe 

FIGURE 5.13. 216-Z-1A Crib Construction Details (After Price et al. 1979) 
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From 1949 to 1959 the 216-Z-1A site received overflow from the 241-Z-361 
settling tank via three adj acent underground cribs: 216 -Z-1, 216-Z-2 and 

216-Z-3 (Price et al . 1979 ; Kasper et al. 1979) . An estimated 50 g (0 .11 lb) 

of plutonium was disposed of to the 216-Z- 1A crib along with 106 1 (2.64 x 

105 gal) of a dilute, basic, aqueous solution. The site was inactive from 1960 

until 1964, when it was reactivated to receive aqueous and organic waste from 

the Plutonium Reclamation Facility located in Z plant. This waste was a con

centrated solution of nitrates with an average pH of 1.0 and was disposed of 

directly to the 216-Z-1A crib. From 1964 to 1969, 57 kg (125 .7 lb) of plu

tonium-239,240 and 1 kg (2.2 lb) of americium- 241 were disposed of in 5. 2 x 

106 1 (1.37 x 106 gal) of waste containing less than 5% organic waste, 

primarily carbon tetrachloride (CC1 4), tributylphosphate (TBP), and dibutyl 

butyl phosphonate (OBBP) (Price et al. 1979) . The site was closed in 1969 

after receiving a lifetime total of 57 . 05 kg (125.8 lb) plutonium-239,240 and 

1 kg (2 . 2 lb) americium-241 released in 6.2 million liters (1 .63 x 106 gal) of 

liquid waste. The 216-Z-1A site received the highest estimated cumulative 

transuranic inventory of all cribs on the Hanford Site. 

The liquid wastes entered the tile field at three different points from 
1964 to 1969. In 1966, the point of entry was moved from the head of the cen

tral distribution pipe (i . e., Point A in Figure 5. 14) to bypass the first one

third of the drain field. This was accomplished by installing a stainless 

steel pipe through the overburden and into the central distribution pipe at 

Point B (see Figure 5.14). The entrance was moved to Point C (see Figure 5.14) 
in 1967 to distribute wastes in the lower one-third of the drain field. A sum

mary of the inventory of contaminants released from the tile field from 1949 to 

1969 is presented in Table 5.7. 

Characterization studies performed on the 216-Z-1A crib (Price and Ames 

1976; Price et al. 1979; Kasper et al . 1979) indicate some movement of both 

plutonium- 239,240 and americium-241 beneath the site. Numerous wells were 

drilled in and around the crib site for the 1979 study by Price et al . 
(1979) . Figure 5.14 presents a plan view of the tile field and well locations 

at the 216-Z-1A site. The samples collected at this site were analyzed for 
their geological and radiological characteristics. The geological analysis 
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TABLE 5. 7. Summa ry of Contaminant Inventories Released from the 216-Z-1A Site 

Mass Activity(a) K (b) Flux d Year Constituent (9} {Ci} {ml/9) {Ci /y_r) 
1949- 59 239pu 50 3.1 0.63 0.305 
1949-59 240pu 50 11 0.63 1.14 
1964-69 239pu 57000 3500 0.63 697 
1964-69 240Pu 57000 13000 0. 63 2600 
1964-69 241Am 1000 3200 0.1, 0.5 638 

(a) Activity based on mass of contaminant . 
(b) For amer icium- 241 , Hajek and Knoll (1966) reported an 

equi li bri um coefficient of <1 ml/g; values of 0. 1 and 0. 5 ml/g 
were used i n the s i mulation exercise. 

showed that the sediments underlying the 216-Z- lA site are unconsolidated sand, 

silt , and gravel of the Hanford Formation . (a) The depth of the Hanford 

Formation is approximately 40 m (130 ft) in this location . The sediment near 

the 5.8-m (17 . 4-ft) excavation depth and extending 10 to 15m {33 to 49ft) is 
categorized as sandy coarse to fine pebble. A medium to fine sand unit 10-m to 

20-m (33- ft to 66- ft) thick underlies the sandy coarse layer. Figures 5. 15 
and 5. 16 present the stratigraphy of the subsurface region under the 216-Z- 1A 

waste site for cross sections A-A' and B-B' , respectively. The water table 
beneath the site is at approximately 61 m (200 ft) . 

The radiological analyses performed by Price et al . (1979} indicate the 

highest concentrat i on of pl utoni um-239 ,240 (4 x 104 nCi/g) and amer icium-241 
(2 . 5 x 103 nCi/g) were found directly beneath the cent ral distribution pipe of 

the crib . Isoplet hs for the total activity measured beneath the 216 -Z- 1A site 
for cross sections A-A' and B-B' are presented in Figures 5.17 and 5.18 , 

respectively. For more information on the distribution of contaminants beneath 
the 216-Z- lA waste site, refer to Price et al . (1979) . 

5.4.2 Application of RAPS to Site 216-Z-1A 

To apply the partially saturated component of the RAPS methodology to the 

216-Z-lA site, a waste disposal scenario must be developed that simplifies the 

(a) 'Hanford Formation' is a local te rm to describe the multiple layers of 
flood-deposited sand and gravel beneath the Hanford Site (DOE 1986}. 
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complexities of the real-world situation and addresses the most important 

parameters needed to model a hazardous waste site . This scenario is developed 
below and the parameters used in the 216-Z- 1A model are discussed and 

quantified. 
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5.4.2.1 Scenario Development for Site 216-Z-1A 

Much of the detail of the environmental setting and disposal history at 

the 216-Z-1A site is described in Section 5.4.1. The five areas of concern in 
assessing a hazardous waste site, as outlined in Chapter 3.0, are constituents 

of interest and form of the constituents, level of contamination, mechanism of 

rel ease, source of the water transporting the contaminants, and the time frame 
over which the contaminants are released into the environment. These areas as 

they relate to the 216-Z-1A site are: 

1) constituents of interest and form of constituents -- The primary con

stituents of concern used in the assessment exercise are plutonium-
239,240 and americium-241; these constituents were chosen because 

monitored information was available for each constituent. 

2) level of contamination -- The level of contamination is described by 

the inventory of constituents released from the 216-Z-1A crib site 

during the operational life of the site. The release of plutonium-

239,240 and americium-241 occurred in two separate incidents. The 

first release occurred from 1949 through 1959, while the second 

release occurred from 1964 through 1969. The inventory of constit

uents released during these incidents is presented in Table 5.7. 

3) mechanism of release -- The contaminants were contained in an aqueous 

waste that was directly discharged to the soil in the partially 

saturated zone beneath the 216-Z-1A waste site. Three points of 

entry were used to deliver the waste to a central distribution piping 
system, which then released the waste to the soil. The location of 

the three points of entry (i.e., Points A, B, and C) are illustrated 
in Figure 5.14. 

4) source of water - The contaminants flowed to the disposal site as an 
aqueous solution that was primarily acidic with a pH of 1. The waste 

flowed to the site via a settling tank and three other crib struc

tures during the period from 1949 to 1959. From 1964 to 1969, the 

waste was released to the 216-Z-1A crib directly from the plutonium 
processing plant. 
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5) time frame -- The release of the contaminants is shown on an annual 
average basis in Table 5.7. 

Now that these five areas of concern have been addressed, the specific 
parameters relating to these areas can be defined. 

5. 4.2 . 2 Quantification of Parameters for Site 216-Z- 1A 

The parameters required for application of the partially saturated zone 
component of the RAPS methodology are discussed and defined below. 

1) temporally distributed contaminant fluxes -- The temporally distrib
uted fluxes rep resent the most important information used in this 
assessment exercise . Section 5.4.1 presents a summary of the masses 

of plutonium- 239,240 and americium- 241 that were released from the 
waste site during the operational life of the site . Because activity 
in terms of curies is required by the RAPS methodology, the annual 
average mass in terms of grams discharged from the waste site had to 

be converted to units of curies. The equation used to convert mass 
in grams to activity in curies is (Friedlander et al. 1964): 

Activity in curies = M ln(2) N I t 112 

in which 

N = 6. 0225 x 1023 I atomic mass 

where M = mass of constituent (g) 
N =number of radioactive atoms per unit mass 

t 112 =decay half-life of radionuclide (year-1) 

(5.34} 

(5.35) 

Because no information was available to estimate the percentage of 
the total mass contributed by plutonium-239 and plutonium-240 , each 

is assumed in the analysis to individually account for the total 

mass . The temporally distributed fluxes of plutonium-239,240 and 
americium- 241 are listed in Table 5.7. 
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2) decay rate-- The half- lives of plutonium-239, plutonium-240, and 
americium-241 are 24,400 years, 6,537 years, and 465 .7 years, respec 

tively (Weast 1984; Cadell et al . 1982}. Based on the first-order 
decay assumption for radioactivity, the corresponding decay rates for 

plutonium-239, plutonium- 240 , and americium-241 are 2.84 x 10-5 

year-1, 1.06 x 10-4 year-1, and 1.49 x 10-3 year-1, respectively . 

3) equilibrium coefficient --The equilibrium coefficient (Kd) attempts 

to describe that portion of contaminant moving with the groundwater 
and that portion adsorbing to the surrounding soil. It is defined as 

the ratio between the mass (or activity) of constituent per unit 

weight of soil and the mass (or activity) per unit volume of solu

tion. Because the RAPS methodology assumes that an equilibrium 
coefficient (Kd) represents a valid technique for redistributing a 

contaminant between particulate (i . e. , Ci/g) and dissolved (i . e . , 

Ci/ml) phases, the Kd was used to convert particulate concentrations 

to concentrations of solutions that might be in contact with the 
sediments and assumed to be in chemical equilibrium with them. This 

was done for comparison purposes only . The comparison could also be 

made on the solid phase by calculating simulated solid-phase concen

trations. Delegard and Barney (1983) performed several experiments 
using simulated wastes at Hanford to determine representative Kds for 

Hanford soil. In their tests, they varied the pH and organic com
position of the waste. The Kd for plutonium- 239,240 ranged from 

300 ml/g for a dilute, noncomplexed (i.e . , with organics ) waste to 
0.63 ml/g for a concentrated, complexed waste. The waste solution 

that was discharged from the 216-Z-1A waste site contained organics 
with a low pH; therefore, it represented a concentrated, complexed 

waste stream. Hajek and Knoll (1966} found that a Kd of 2.5 ml/g was 
representative of the reaction between actual untreated 216-Z-1A 

wastes and 216-Z-1A sediments. Organic materials found in the waste, 
however, reduced the sorption of plutonium even further; therefore, 

for this assessment, a Kd of 0.6 ml/g was used . This value would not 

necessarily accurately represent continued elution of 239Pu through 

the sediment column because of waste-sediment interactions that have 
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neutralized the acidic waste, resulting in precipitation of 239Pu 

solid phases. Delegard et al. (1981) indicate that less than 1% of 
the plutonium in the 216-Z-1A would be mobilized by natural environ

mental conditions. Delegard and Barney (1983) also performed several 
experiments to determine a representative Kd for americium-241. For 

americium-241, the Kd ranged from 300 ml/g for a concentrated noncom

plexed waste to 5.6 ml/g for a concentrated, complexed waste. Hajek 

and Knoll (1966) also performed analyses with americium-241 and Han

ford soils. Their test results indicated a Kd for americium-241 of 

less than 1 ml/g (i.e., < 1 ml/g). Because Hajek and Knoll's (1966) 

Kd value for americium-241 (i.e., < 1 ml/g) tested lower than that of 

Delegard and Barney {1983) (i.e., 5.6 ml/g), the Hajek and Knoll 
estimate was used in the assessment. Because Hajek and Knoll did not 

provide a precise value for the Kd, values of 0.1 ml/g and 0.5 ml/g 

were used to represent the Kd for americium-241. Two Kds are used in 

the assessment to demonstrate the sensitivity of the methodology to 

Kd selection. 

4) length and width of waste site -- It is difficult to estimate a rep
resentative length and width of a herringbone tile field. The 

spacial distribution of the waste below this configuration greatly 

depends on which sections discharge the waste material. Because the 
spacial distribution of the contaminants below the waste site were 

available from supporting documentation (e.g., Price et al. 1979), a 
representative length and width of the waste site could be estimated. 

The area containing the leaching contaminated effluent is estimated 
from Figures 5.17 and 5.18. From the spacial distribution of the 

waste beneath the 216-Z-1A waste site, the length and width of the 
waste site was estimated from Figures 5.17 and 5.18, respectively, as 

being 79 m and 10 m, respectively. If the spacial distribution of 

the contaminants below the site had been unavailable, the length and 

width would have been set equal to one-half the length and width of 

the tile field, respectively. This "rule-of- thumb" should provide 

an adequate representative area for the RAPS assessment. 
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5) porosity -- Delegard and Barney {1983) suggested that a value of 38% 

is a typical value for porosity of Hanford soils. 

6) bulk density -- the bulk density of the site can be computed from the 

porosity and by assuming a specific weight of the alluvial soil of 

2.65 g/cm3• The equation for computing bulk density is as 
follows:(a) 

B = (1 - n) Sw 

where B = bulk density (g/cm3) 

n = porosity 
Sw = specific weight (g/cm3) 

{5 .36 ) 

7) field capacity -- Field capacity is defined as the soil water content 

of an initially well-watered soil that has drained by gravity to a 

nearly constant water content. Field capacity is a term used to 

describe the upper limit of soil moisture that is normally available 

for plant water uptake. This upper limit is defined as the water 

content in a uniform profile after wetting and draining has ceased 

(or is neglibibly small) under a surface condition with no evapora

tion. For some sandy soils, field capacity can be estimated to be a 

water content value that corresponds to a field matrix potential 

(i .e., negative of the suction head) of approximately -100 em. The 

field capacity for this analysis is estimated from a soil moisture 

release curve developed by Sisson and Lu (1984) for a coarse alluvial 

Hanford soil. This moisture release curve is presented in Fig-

(a) 

ure 5.19. From Figure 5.19, the field capacity is estimated to be 8% 
(volume basis) . 

Normally, the porosity is determined from the bulk density. Specific 
weights (i.e., particle density) usually

3
range between 2.6 to 2.8 g/cm3• 

A commonly used value of Sw is32.65 g/cm , although some Hanford soils 
have been measured at 2.8 g/cm • 
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8) leach rate -- The leach rate of 0.36 cm/d (0 .14 in./d) was calculated 
from the maximum average annual flow of aqueous waste into the site 
(i . e., 1.04 x 106 1/year (2 .7 x 105 gal/year)) and the surface area 
of the site (i . e., 790m2 (8.5 x 103 ft 2)). 

9) saturated hydraulic conductivity-- The saturated hydraulic conduc
tivity value of 4320 em/day was obtained from Sisson and Lu (1984) as 
representative of medium to course alluvial Hanford soils. 
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10} longitudinal dispersivity -- Although a generalized theory to 
describe dispersivity has not yet been developed, according to EPA 
(1986} some investigators (e.g., Gelhar and Axness 1981} have 
reported simple, linear dependencies, based on mean travel distance, 
for dispersivity in the flow direction. Gelhar and Axness (1981}, 
although not recommending a particular relationship, suggest that the 
dispersivity might be defined as being approximately equal to 10% of 

the mean travel distance. Given that a better approximation is 
unavailable at this time and that "EPA (U.S. Environmental Protection 
Agency) believes that this relationship is a reasonable approximation 
••• " (EPA 1986), this relationship is assumed for this assessment. 

11) soil-type coefficient --The soil type coefficient refers to the 
exponential parameter defined in Equation {5.26) (i.e., m). Clapp 

and Hornberger {1978) have defined this soil-type coefficient as a 
function of soil type. For alluvial material, their suggested value 

of 0.09 was used in the assessment. 

A summary for the data employed as part of this assessment is presented in 
Tabl e 5.8. 

5.4.3 Results Associated with the Application of RAPS to Site 216-Z-1A 

The subsurface component of the RAPS methodology computes spacially and 
temporally distributed contaminant concentrations in the partially saturated 
zone beneath a hazardous waste site. Results of the application of the RAPS 

methodology to the 216-Z-1A site are presented in this section. The results of 
the assessment are presented in Figures 5.20 through 5.29. The results pre
sented in these figures represent a snapshot in time. The temporal distribu
tion of the concentration, as the contaminant passes a particular location, is 
unavailable. These results represent only the spacial distribution of the con
taminant approximately 30 years after the initial release of the waste into the 
environment. 

Fi gures 5.20 through 5.25 present observed and simulated isopleths (i.e., 
contours of constant concentration) for plutonium-239,240 and americium-241 for 
two different cross sections through the site: A-A' and B-B'. The location of 
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TABLE 5.8. Data for the 216-Z-lA Site Assessment 

Parameter 
Contaminant decay rate 

Plutonium-239 
Plutonium-240 

Americium-241 
Contaminant equilibrium coefficient 

Plutonium-239,240 
Americium-241 

Leach rate 
Saturated hydraulic conductivity 
Bulk density 
Porosity 

Field capacity (by volume) 
Longitudinal dispersivity 
Soil-Type coefficient 
Length of disposal site 
Width of disposal site 

each cross section is illustrated in Figure 5.14. 

Value 

2.84 x 10-5 yr-1 

1.06 x 10-4 yr-1 

1.49 x 10-3 yr-1 

0.63 ml/g 
0. 1 and 0.5 ml/g 

0.36 cm/d 
4320 cm/d 

1.65 g/cm3 

0. 38 
0.08 
0.1 of depth 
4. 05 

79 m 
10 m 

Figures 5. 20 and 5.21 pres-
ent isopleths for plutonium-239,240 for cross sections A-A' and B-B', respec
tively. Figures 5.22 and 5.23 present isopleths for americium-241, using a Kd 

of 0. 1 ml/g, for cross sections A-A' and B-B', respectively. Figures 5.24 and 
5. 25 present isopleths for americium- 241, using a Kd of 0.5 ml/g, for cross 
sections A-A' and B-B', respectively. 

For the simulated results, Kd affects travel time and prediction of the 
spacial distribution of the contaminant . As Figures 5.22 through 5.25 indi 
cate, as Kd increases, the contaminant's travel time increases and, as one 
moves farther from the site, the contaminant's concentration decreases. For 

the observed results, an increase in Kd will result in a decrease in the 

observed concentration . Care, therefore, must be exercised when analyzing 

these results. 
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Figures 5.26 through 5.29 present both observed and simulated concentra
tions as a function of depth for plutonium-239, plutonium-240, and americium-

241. Each figure presents observed concentrations at wells W18-149, W18-150, 

and W18-165. Wells W18-149 and Wl8-150 represent centrally located wells along 

the main branch of the tile field. Well Wl8-165 represents a peripheral well 
of the drain field. The location of each well is shown in Figure 5.14. 

Figures 5.26 and 5.27 present comparisons between simulated and observed 

plutonium-239 and plutonium-240 concentrations, respectively, as they vary with 

depth. Figures 5.28 and 5.29 compare simulated and observed americium-241 

concentrations for Kds of 0.1 ml/g and 0.5 ml/g, respectively. Note in the 

latter two figures the effect the equilibrium coefficient has on the spacial 
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Concentrations Beneath the 216-Z- 1A Waste Site 

distribution of the contaminant concentrations . In these figures, both the 
simulated and observed concentrations increase as the Kd decreases (as one 
would expect). 

5. 5 APPLICATION OF THE RAPS METHODOLOGY TO THE PARTIALLY SATURATED ZONE 
AT SITE 216-Z-8 

The 216-Z-8 waste disposal site at DOE's Richland Operations (i.e . , 
Hanford) facility in Richland, Washington, is also used to demonstrate the 
applicability of the partially saturated zone component of the RAPS methodo

logy . Figure 5. 30 shows the location of the 216-Z-8 waste site at the Hanford 
facility. This site was selected for demonstration purposes because of the 
availability of information pertaining to construction, disposal history, and 
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known spacial and temporal distributions of radionuclides beneath the site. 
The sections to follow describe the 216-Z-8 site and outline the results of 
previous studies performed to characterize the movement of contaminants below 
the site. The parameters used in the application of the methodology are 
described and quantified, and a comparison between monitored and simulated 
contaminant concentrations in the partially saturated zone beneath the 216-Z-8 
site is presented. 

5.5.1 Description of Site 216-Z-8 

The 216-Z-8 French drain underground disposal system consisted of a large 
settling tank that overflowed into a French drain. The disposal system is 

illustrated in Figure 5.31. Marratt et al. (1984) note that the French drain 
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consists of two large-diameter, gravel-filled, vitrified clay pipes placed on 
end, end-to-end, over a gravel-filled excavation . The top of the drain was 
sealed with concrete to prevent the upward flow of waste solution. Figure 5.32 
shows the French drain. 

The 216-Z-8 underground waste disposal system discharged liquid waste from 
a 58,500-1 (15,456-gal) sil i ca settling tank to the French drain that immed

iately allowed the waste to leach into the partially saturated zone below the 
site (see Figure 5.31) . The French drain received filter cake backflush and 
rinse water from a plutonium reduction slag and crucible dissolution process in 
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the Z plant from 1955 to 1962. The location of the Z plant is illustrated in 
Figure 5.30 . The French drain received overflow from the settling tank after 
October 1957. The French drain structure shown in Figure 5.32 was constructed 

to hold more than 1000 1 (264 gal) of waste so that the waste solution could 

completely percolate into the soil beneath the site during periods between 

waste discharges (Marratt et al. 1984) . 

A site 5. 3-m (17-ft) deep and 1. 5-m {4 .9-ft) square at the bottom was 

excavated to place the drain. The site was backfilled 0.9 m (3 ft) from the 

bottom with gravel, and two sections of a 0. 9-m-diameter (3-ft -diameter) clay 

vitreous pipe were placed end -to-end in the center of the excavation . A con

crete collar was poured just above the gravel layer, and the pipe was filled 

with gravel . The overflow pipe from the silica storage tank entered the French 

drain through a cement cap poured at the top of the clay pipe of the French 

drain . After backfilling, the structure was 2. 5 m {8.2 ft) below grade, with 

the waste entering the gravel base at 4.4 m {14 . 4 ft) below the surface 

(Marratt et al. 1984). 

From measurements of the liquid level in the silica settling tank, DOE 

(1986) felt that the 216-Z-8 French drain received waste from the 234-5Z build

ing in the Z plant from October 1957 to April 1962. They estimated that 
approximately 9590 1 {2530 gal) of liquid waste containing 48.2 g {0.106 l b) of 

plutonium-238,239 was discharged into the 216-Z-8 French drain. The Stenner 

et al . (1988) report indicated that the inventory of plutonium- 239 discharged 

to the French drain was 2.76 Ci. Stenner et al. {1988) also noted that approx
imately 1000 kg (2200 lb) of sodium hydroxide (NaOH), which represents approx

imately a 2.6 molar NaOH solution, were also discharged to the French drai n 

during this time . 

Marratt et al. {1984) conducted a characterization study to determine the 

distribution of radionuclides beneath the French drain and to investigate a 

suspected leak in the settling tank. One well was drilled 1m (3 ft) south of 

the drain, and radiological and geological analyses were performed. The soil 

immediately beneath the French drain was found to be composed of silty, sandy 
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medi um to fine pebble typical of the Hanford Formation(a) soils. The highest 

pl utonium-239 concentration observed in the well was 4.62 nCi/g and occurred at 
a depth of 7.6 m (25ft). From data collected from the well samples, they 
est i ~ated that 4 to 5 m3 (5 to 7 yd3) of radioactively contaminated sediments, 
at concentrations greater than or equal to 10 nCi/g, lay directly underneath 
the French drain. 

5.5 . 2 Application of RAPS to Site 216-Z-8 

To apply the partially saturated component of the RAPS methodology to the 
216-Z-8 site, a waste disposal scenario must be developed that simplifies the 

complexities of the real-world situation and addresses the most important 
parameters needed to model a hazardous waste site. This scenario is developed 
bel ow and the parameters used in the 216-Z-8 model are discussed and 
quantified. 

5.5.2.1 Scenario Development for Site 216-Z-8 

Much of the detail of the environmental setting and disposal history at 

the 216-Z-8 site is described in Section 5.5.1. The five areas of concern in 
assessing a hazardous waste site, as outlined in Chapter 3.0, are constituents 
of interest and form of the constituents, level of contamination, mechanism of 

rel ease, source of the water transporting the contaminants, and the time frame 
over which the contaminants are released into the environment. These areas as 
they relate to the 216-Z-8 site are: 

1) constituents of interest and form of constituents -- Monitoring 

information was available, which identified plutonium-239 as the 
primary constituent of concern. 

2) level of contamination -- The total inventory of plutonium-239 dis
charged into the French drain over a 5.1-year time span equalled 2.76 
Ci (Stenner et al. 1988). 

3) mechanism of release During the operational life of the site, 
9590 1 (2530 gal) of an aqueous waste containing 2.76 Ci of 

(a) Hanford Formation is a local term used to describe the multiple layers of 
flood-deposited sand and gravel beneath the Hanford Site. 
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plutonium- 239 was directly released into the French drain, which had 

a diameter of 0.91 m (3 ft) . The waste passed th rough 2.8 m (9.2 ft) 

of gravel before reaching the partially saturated zone . 

4) source of water -- The waste stream originated in the 234- 5Z building 

in the Z Plant exclusion area and passed through a settling tank 

before reaching the 216-Z-8 French drain . The aqueous waste stream, 

therefore , represents the major source of the liquid transporting the 

plutonium- 239 th rough the pa rtially saturated zone . 

5) time frame -- The level of contamination is averaged over the 
5. 5-year period f rom Octobe r 1957 to April 1962 . 

5.5 . 2. 2 Quantification of Parameters for Si te 216-Z-8 

The parameters required for application of the partially satu rated zone 

component of the RAPS methodology are : 

1) temporally distributed contami nant fluxes - - The temporally dis

tributed contaminant fluxes represent the most important information 

used in this assessment exercise . The mass flux was calculated as an 

annual average from the estimated activity of plutonium-239 dis
charged to the 216-Z-8 site from October 1957 through April 1962, as 

repo rted by Mar ratt et al . (1984) and Stenner et al. (1988); that is, 

2.76 Ci over 5. 5/yea rs . 

2) decay rate-- The half-life of plutonium- 239 is 24,400 years (Weast 
1984, Codell et al. 1982) . Based on the first-order decay assumption 

for radioactivity , the corresponding decay rate for plutonium-239 is 
2.84 x 10- 5/ year. 

3) equilibrium coefficient -- As noted in Section 5.4.2 . 2, Delegard and 

Barney (1983) performed several experiments to determine representa

tive Kd values for various radionuclides leached through Hanford 

soils. As noted previously , they varied the pH and organic composi

tion of the waste and estimated Kd values for plutonium-239 from 

these tests . Because plutonium- 239 was not discharged with organic 

material, the waste stream was classified as a noncomplexed solution . 

The inventory of NaOH in the waste stream also classified the waste 
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stream as being between a dilute and concentrated solution . A Kd 
equaling 71 ml/g was associated with the dilute solution, while the 

concentrated solution had a Kd of 2.2 ml/g . Because it represented a 
more conservative estimate, 2. 2 ml/g was chosen to represent the 
equilib r ium coefficient. 

4) length and width of waste site - - Figure 5. 32 indicates that the 
dimensions of the 216-Z-8 French drain system increase from top to 
bottom. The circular pipe on top has a diameter of 0.9 m (3 ft) , 

resulting in a cross -sectional area of q. 64 m2 (6 .8 ft 2). The square 

base of the French drain is 1.5 m (4.9 ft) on side, resulting in a 
cross -sectional area of 2. 25 m2 (24 . 2 ft 2). The cross-sectional area 
of the base is, therefore, over 3.5 times as large as that of the 
standing pipe on top . Given that two sets of dimensions are availa
ble to describe the French drain system, the most conservative, but 

realistic, dimensions are associated with the standing circular pipe 
on top and were chosen to represent those of the French drain . A 

characteristic length and width, equaling 80 em (2.6 ft), was com
puted by taking the square root of the cross-sectional area of the 
circular pipe . 

5) porosity -- Because a representative porosity for the gravel used in 

the French drain was unavailable from site documents, the porosity of 
the gravel layer was estimated from Israelson and Hanson (1962) as 

equaling 30%. Sisson and Lu (1984) reported a porosity of 32 . 5% for 
soils typical of those found below the French drain. 

6) bulk density - - The bulk density can be estimated from 

Equation (5.36), a soil particle density of 2.65 g/cm3, and the 
porosity of a particular soil • . For the gravel layer used in the 
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French drain, the bulk density was computed as 1.8 g/cm3. (a ) For the 
alluvial material below the French drain, the bulk density was 
estimated as 1.9 g/cm3• 

7 ) field capacity-- The field capacity for thi s analysis is estimated 

from the soil moisture release curve presented in Figure 5. 19, as 
developed by Sisson and Lu (1984) for a coarse alluvial Hanford 
soil . From Figure 5. 19, the field capacity is defined as 8% (volume 

basis), corresponding to a suction head of 100 em. Field capacity 

for the gravel layer was unavailable from site documents. Based on 
soil characteristics data published by Israelson and Hanson (1962), 

the field capacity of the gravel layer was assumed to be 6% (volume 
basis) . 

8) leach rate -- The leach rate of 0.79 cm/d (0.31 in./d) was calculated 
from the maximum average annual flow of aqueous waste into the site 
(i . e. , 9590 1 (2530 gal) over 5. 1 years) and the cross-sectional area 
of the site (i . e., 0.64 m2 (6 .8 ft2)) . 

9) saturated hydraulic conductivity --The saturated hydraulic conduc
tivity value of 5360 cm/d (2110 in . /d) was obtained from Sisson and 
Lu (1984) and corresponded to the appropriate Hanford soil for which 
the porosity and bulk density were obtained . The saturated hydrauli c 
conductivity value of 86,400 cm/d was obtained for the gravel layer 

from Freeze and Cherry (1979). 

10) l ongitudinal dispersivi ty - -As noted in Section 5. 4. 2.2, although a 

generalized theory to describe dispersivity has not yet been devel
oped, EPA {1986) reports that some investigators (e.g . , Gelhar and 
Axness 1981) have reported simple, linear dependencies, based on mean 
travel distance, for dispersivity in the flow direction . Gelhar and 

Axness, although not recommending a particular relationship, suggest 
that the dispersivity might be defined as being approximately equal 

(a) Normally the porosity is determined from the bulk density . Specific 
weights (i.e ., particle density) usually

3
range between 2.6 to 2.8 g/cm3• 

A commonly used value of Sw is
3
2.65 g/cm , although some Hanford soil s 

have been measured at 2.8 g/ cm • 
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to 10% of the mean travel distance. Given that a better approxima
tion is unavailable at this time and that "EPA (U.S. Environmental 
Protection Agency) believes that this relationship is a reasonable 
approximation ..... (EPA 1986), this relationship is assumed for this 

assessment. 

11 ) soil-type coefficient --As noted in Section 5.4.2.2, the soil-type 
coefficient refers to the exponential parameter defined in Equation 
(5.26) (i.e., m). Clapp and Hornberger (1978) have defined this 

soil-type coefficient as a function of soil type. For alluvial 
material, their suggested value of 0.09 was used in the assessment. 
They did not, though, provide any values for soils with particle 
diameters larger than sand-sized particles. Although correlated 

relationships based on Clapp and Hornberger's (1978) data were 
investigated to estimate an appropriate value of a soil-type 
coefficient for gravel, no acceptable value was determined. Because 
an acceptable value for gravel was unavailable, it was assumed 

equivalent to that of sand (i.e., 0.09). 

A summary for the data employed as part of this assessment is presented in 
Tabl e 5.9. 

5.5.3 Results Associated with the Application of RAPS to Site 216-Z-8 

The subsurface component of the RAPS methodology computes spacially and 
temporally distributed contaminant concentrations in the partially saturated 
zone beneath a hazardous waste site. Results of the application of the RAPS 
methodology to the 216-Z-8 site are presented in this section. The results of 
the assessment are presented in Figure 5.33. The results presented in this 
figure represent a "snapshot" in time. The temporal distribution of the con
cent ration, as the contaminant passes a particular location, is unavailable. 
These results represent only the spacial distribution of the contaminant 
approximately 27 years after the initial release of the waste into the 
envi ronment. 

For the simulated results, Kd can affect the travel time and the predic

ti on of the spacial distribution of the contaminant. As Figures 5.22 through 
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TABLE 5.9. Data for the 216-Z-8 Site Assessment 

Parameter 
Contaminant decay rate 
Contaminant equilibrium coefficient 
Leach rate 
Length of disposal site 
Width of disposal site 

Gravel Layer: 

Saturated hydraulic conductivity 
Bulk density 
Longitudinal dispersivity 
Porosity 
Field capacity (by volume) 
Soil-type coefficient 

Sand Layer: 

Saturated hydraulic conductivity 
Bulk density 
Longitudinal dispersivity 
Porosity 
Field capacity (by volume) 
Soil-type coefficient 

Value 
2.84 x 10- 5 yr-1 

2.2 ml/g 
0.79 cm/d 

79 m 
10 m 

86400 em/~ 
1.79 g/cm 
0.1 of depth 
0.30 
0. 06 
4.05 

5360 cm/d 
3 1.86 g/cm 

0. 1 of depth 
0.325 
0.08 
4.05 

5. 25 indicate in the assessment of the 216-Z-lA waste site, as Kd increases, 
the contaminant's travel time increases and, as one moves farther from the 
site, the contaminant's concentration decreases. For the observed results, 
expressed in units of Ci/ml, an increase in Kd will result in a decrease in the 
observed concentration. Care, therefore, must be exercised when analyzing the 
results presented in Figure 5.33. 

Although the simulated plutonium-239 concent rations are a couple of orders 
of magnitude above those of the observed concentrations, the actual discrepancy 
may not be as large as these results indicate . First, a conservative equili

brium ~oefficient was assumed for the waste stream. By assuming a slightly 
larger Kd, the predicted concentrations would be reduced and would more closely 

approach those of the observed concentrations. Second, the representative 

cross-sectional area of the waste site was conservatively chosen as being equal 
to the area of the standing pipe (see Figure 5.32) as opposed to being set 
equal to the area of the base of the French drain , whose area is over 3.5 times 
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Concentrations Beneath the 216-Z-8 Waste Site 

that of the standing pipe. An increase in the representative cross-sectional 

area would have decreased the simulated contaminant concentrations beneath the 
French drain. Finally, the observed concentrations (in units of Ci/g) were 

collected at a well 1.5 m (4.8 ft) from the center of the French drain. The 

observed concentrations directly under the French drain are most likely higher 

than those measured in the nearby observation well and, therefore, higher than 
the observed concentrations plotted in Figure 5.33. 
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5.6 APPLICATION OF THE RAPS METHODOLOGY TO THE SATURATED ZONE AT THE 
SOUTH FARMINGDALE-MASSAPEQUA DUMP SITE 

As noted in Section 5. 1, the well-known dump site in South Farmingdale
Massapequa, on Long Island, New York, was chosen to demonstrate the~pplicabi l 

ity of the algorithms for the saturated zone component of the RAPS methodology. 

Because data pertaining to this site have been used rather extensively by 
researchers (e.g., Anderson 1979; Pinder 1973; Codell 1982} for testing other 
models, both simple and complex, the RAPS methodology was also i mplemented 
using these data . This section first describes the contamination of the 

groundwater at the South Farmingdale-Massapequa dump site, then reviews the 
parameters used in the analysis, and finally discusses the resu l ts associated 

with implementing the RAPS methodology at the dump site . 

5.6 . 1 Description of the South Farmingdale-Massapequa Dump Site(a) 

This section describes the chromium and cadmium contamination of the 

groundwater in the South Farmingdale-Massapequa Area, which was investigated 
from 1940 until 1963. Figure 5.34 presents a map of the area under study 

(Perlmutter and Lieber 1970}. 

Based on partial records that existed for this period, Ku et al. (1978} 
briefly reviewed the events surrounding the contamination of the aquifer 
beneath the South Farmingdale-Massapequa dump site. They note that metal

plating waste had infiltrated through waste disposal basins from an indust rial 
park in the South Farmingdale-Massapequa area into the upper glacial aquifer 
(i . e. , water table) since the early 1940s . The resulting plume of altered 
groundwater with elevated chromium and cadmium levels extended approximately 

1300 m (4265 ft) downgradient from the disposal basins and discharged into 
nearby Massapequa Creek (Ku et al . 1978 }. 

Ku et al. (1978} also note that the alteration of the quality of the 
groundwater in the South Farmingdale-Massapequa area was first discovered in 

1942 when elevated levels of chromium were detected (Davids and Lieber 1951, 

(a) This section is based on Codell et al . (1982}, Perlmutter and Lieber 
(1970}, Pinder (1973}, Lieber et al. (1964), Ku et al. (1978), and 
Anderson (1979) . 
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after Ku et al. 1978) . The contamination was attributed to the discharge of 
liquid industrial plating wastes into the disposal basins at the industrial 
park and subsequent leaching into the upper glacial aquifer . 

The depth of the upper glacial aquifer in the area of concern ranges from 
20 to 43 m (66 to 141ft) (Codell et al. 1982). Ku et al . (1978) report t hat 
1) the aquifer consists mainly of medium to course sand with lenses of fine 
sand and gravel, 2) porosity averages about 35%, and 3) the average hydraulic 
conductivity is estimated to be 6.5 m/d (260 ft/d) . 

Codell et al . (1982), citing Perlmutter and Lieber (1970), note that 
records suggest that during the early 1940s, possibly as much as 1.1 mill i on 
liters per day [0.3 mgd (mi l lion gallons per day)] of contaminated effluent was 

pumped at the industrial park . The amount of contaminated effluent recharged 
in the following decade is uncertain, but probably ranged from an estimated low 

of about 0.08 million liters per day (0.02 mgd) in 1957 to an estimated high of 
0.49 million liters per day (0 . 13 mgd) in 1953. The estimated recharge of con
taminants and cooling water in 1963 was about 0.19 million liters per day (0.05 

mgd) . It is estimated that during the early 1940s as much as 0.8 to 1.1 mil
lion liters (0 . 2 to 0.3 million gallons) of effluent, containing about 24 kg 
(52 lb) of chromium and smaller amounts of other metals, was discharged daily 
into the upper glacial aquifer. Perlmutter and Lieber (1970) mention that a 
1953 sample of the effluent contained 1.2 mg/1 (1.2 ppm) of cadmium. In 1949, 

a chromium-removal unit was installed at the plant. Since then, chromium 
leaching information has been scarce . 

5.6 . 2 Application of RAPS to the South Farmingdale-Massapequa Dump Site 

This section briefly reviews methods for manipulating available data and 
converting complex real-world situations to more simplified scenarios that are 
more consistent with the limitations and assumptions that form the basis of the 

RAPS methodology. This section also describes the parameters of interest and 
modeling results and presents a comparison between monitored and simulated con

taminant concentrations in the aquifer surrounding the site. 
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5.6.2.1 Scenario Development for the South Farmingdale-Massapequa 

Dump Site 

Section 5.6.1 briefly describes the events that led to the contamination 

of the groundwater at the South Farmingdale-Massapequa dump site. Although the 

data from the site are limited, there is enough information to estimate the 

source term and address the five areas of critical concern outlined in Chap

ter 3.0. The five critical areas, as they relate to the South Farmingdale

Massapequa dump site, are as follows: 

1} constituents of interest and form of constituents -- The constituents 

of interest are hexavalent chromium and cadmium. The constituents 

are part of a liquid effluent waste stream that was discharged 

directly to a holding basin. 

2) level of contamination -- Although the exact flux and concentration 

of each constituent was not in the supporting documentation, enough 

information was in the reports to estimate the contaminant flux rates 
to and corresponding concentrations in the aquifer. The method used 

to estimate the contaminant fluxes and concentrations will be 

presented in Section 5.6.2.2. 

3} mechanism of release -- The liquid effluent discharged to the holding 

basin was the fluid transporting the chromium and cadmium to the 

subsurface aquifer. 

4) source of water -- The liquid effluent discharged to the holding 

basin was also the source of "water" transporting the constituents to 
the saturated subsurface aquifer. The liquid flux was the driving 

force behind the movement of the contaminants. 

5) time frame --The contaminants were discharged to the holding basin 

over a 23-year period. The distribution of the contaminant fluxes 
over this time can be estimated from site documents; the method used 

for estimating the contaminant fluxes will be presented in Sec-
tion 5.6.2.2. 

Once the five areas of concern have been addressed, the specific param

eters used in the assessment can be defined. The various methods used to 
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define these parameters are outlined in detail and illustrate how data can be 
manipulated to meet input requirements of the RAPS methodology. 

5.6. 2.2 Quantification of Parameters for the South Farmingdale-Massapequa 
Dump Site 

The values of the parameters used in the analysis are those used by Codell 
et al. (1982) and Pinder {1973) and reported by Anderson {1979). The value for 

each parameter used in the assessment is identified below, along with a brief 
explanation of how the parameter was defined: 

1) temporally distributed contaminant fluxes --The temporally distrib
uted fluxes are the most important information used in this assess

ment exercise . Although they are not specifically identified in the 
supporting documentation, they can be calculated from it. 

Given the background information presented in Section 5.6.1, the 
effluent concentration and leach rate of chromium in the early 1940s 
were 20.8 to 31.2 mg/1 (20.8 to 31.2 ppm) and 8.62 x 106 g/year 

(1.90 x 104 lb/year), respectively. The early 1940s are assumed as 
1940 to 1943. A range in values for the effluent concentration and 

leach rate of chromium depends upon the recharge rate assumed for the 
analysis (see Section 5.6 . 1) . 

From 1944 to 1949 the assumed recharge rate of effluent was based on 

the 1953 value of 0. 49 million liters per day {0 .13 mgd). The rate 
of 1.1 million liters per day (0 .3 mgd) was not used because it only 
pertained to the early 1940s . The concentration for the period 1944 
to 1949 was based on that of the early 1940s, because the chromium
removal unit had not yet been installed . 

For the years after 1949, Pinder (1973) suggested that an assumed 
reduced chromium effluent of 10 mg/1 {10 ppm) produced results con
sistent with the effluent analyses obtained during a sampling program 

conducted in 1962. Using this information, the leachate from 1950 to 
1953 was assumed to be 1.79 x 106 g/year (3.94 x 103 lb/year). The 

effluent concentration and leach rates of chromium in 1957 were 
assumed to be 10 mg/1 (10 ppm) and 2.74 x 105 g/year (6 . 03 x 
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102 lb/year), respectively. This was based upon a recharge rate of 
0.08 million liters per day (0.02 mgd) . The concentration and leach 
rates in 1963 were assumed to be 10 mg/1 (10 ppm) and 6.88 x 
105 g/year (1 .51 x 103 lb/year), respectively; this value was based 
upon the recorded recharge rate of 0.19 million liters per day 

(0 .05 mgd). 

Fewer data were available for cadmium than for chromium. As noted 
earlier, Perlmutter and Lieber (1970) reported that a 1953 sample of 
the effluent contained 1.2 mg/1 (1.2 ppm) of cadmium. Based upon 
this information, it was assumed that the cadmium concentration in 
the effluent remained constant at 1.2 mg/1 (1.2 ppm) and that the 

recharge rate of effluent as the same as that assumed for chromium. 
Under these circumstances, the leach rates of cadmium were 4.96 x 
105 g/year (1 . 09 x 103 lb/year) for 1940 to 943, 2.15 x 105 g/year 
{4 .73 x 102 lb/year) for 1944 to 1953, 3.32 x 104 g/year 

(73 .0 lb/year) for 1957, and 8. 30 x 104 g/year (183 lb/year) for 
1963. 

Finally, it was assumed for chromium and cadmium that a linear rela
tionship for the source function extended during the time spans of 
1953 to 1957 and 1957 to 1963. Although this assumption may be 

incorrect, no better relationship is known . The temporal variations 
of the source functions for cadmium and chromium are presented in 
Figures 5. 35a and 5.35b, respectively. 

2) degradation rate -- Because hexavalent chromium and cadmium do not 
degrade in the environment, the degradation rates were assumed to be 
zero. If the geochemistry at the site had dictated that these con
taminants would precipitate out of solution and remain in that state, 
a pseudodegradation rate could have been assigned to each constitu
ent. Because there is no indication in the supporting documentation 
of this occurring and because a zero degradation rate represents a 
conservative assumption, the degradation rate for each constituent is 
assumed to be zero . 
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FIGURE 5.35. Source Function for (a) Cadmium and (b) Chromium 

3) equilibrium coefficient for hexavalent chromium and cadmium-
Callahan et al. (1979) note that the hexavalent form of chromium is 
quite soluble, existing in solution as a complex ion, and is not 
sorbed to any significant degree by clays or hydrous metal oxides. 

Rai et al. (1984) note, though, that the adsorptive behavior of 
hexavalent chromium in soil is not well documented. They also note 

that several column attenuation studies have indicated qualitatively 

that chromate is relatively mobile through soil. Because little is 
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known about the behavior of the hexavalent chromium at the site and 
because assuming zero for the equilibrium coefficent is conservative, 
the equilibrium coefficent is assumed to be zero . 

Callahan et al . (1979) note that compared to other heavy metals cad

mium is relatively mobile, although it does have adsorptive proper

ties . Rai et al . (1984) state that the adsorptive behavior of 
cadmium is a function of the cation exchange capacity of the soil; 

the pH; the percent of organic mate rial; the amounts of aluminum, 

calcium, and zinc present; complexation by organic ligands; and the 

competition with other cations for adsorption sites. Because little 
is known about the geochemical behavior of cadmium at the site, and 

because an equilibrium coefficent of zero is conservative, the 
equilibrium coefficent is assumed to be zero. 

4) length and width of waste site -- The horizontal extent of the leach

ing contaminated effluent is unknown . Perlmutter and Lieber (1970) 

have mentioned indirectly that the area source, as represented by the 
recharge-basin complex, could be described as an area with a diameter 

of 61 m (200 ft). Based on this assumption, the length and width of 
the area source were assumed to be 54 m (177 ft) (i.e . , the square 
root of the area). 

5) aquifer thickness -- According to Perlmutter and Lieber (1970), the 
aquifer ranged in thickness between 20 and 43 m (66 and 141 ft) . 
Although both of these aquifer depths have been addressed in the 

analysis, the smaller value would be used in any exposure and health 
effects assessment exercise. 

6) porosity-- Perlmutter and Lieber (1970), Pinder (1973), Ku et al. 
(1978), and Anderson (1979) indicate that the porosity of the satu
rated aquifer is 35%. 
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7) bulk density - - The bulk density at the site can be computed from 

from the porosity , assuming a specific weight of the alluvial soil of 
2.65 g/cm3. (a) From Equation (5 . 36), the bulk density of the soil 

3 was estimated as 1.77 g/cm • 

8} groundwater flow velocity - - Perlmutter and Lieber (1970} estimated 

the groundwater velocity as being between 15 cm/d (5.9 in . /d) and 46 

cm/d (18 in./d), whereas Pinder (1973) suggested a value of 43 . 2 cm/d 

(17 in . /d) . Pinder•s value of 43 . 2 cm/d (17 in . /d) was assumed for 

this exercise (Perlmutte r and Lieber 1970; Pinder 1973) . 

9) longitudinal, lateral (t ransverse), and vertical dispe rsivities 

Pinde r (1973} noted that in the absence of measured values for these 

properties for the study area, estimates based on tests conducted in 

similar material could be used . Anderson (1979) notes that a trial
and-error procedu re by Pinder (1973) (using Pinder•s numerical model) 

was employed to update these values, and the measured chromium con

centration distribution was satisfactorily reproduced, with a longi 

tudinal dispersivity of 21 . 3 m and a transverse dispersivity of 

4.27 m. The vertical dispersivity was assumed to equal that of the 

late ral dispersivity . 

The data employed for this simulation are summarized in Table 5.10 . 

5.6. 3 Results Associated with the Application of RAPS to the South 

Farmingdale-Massapequa Dump Site 

The subsurface component of the RAPS methodology calculates the concentra

tions at points downgradient of an area source in a uniform aquifer, using ana

lytical solutions to the equations of mass transfer for conservative substances 

in a porous medium. This component was employed in the onsite modeling of 
chromium and cadmium contamination of the groundwater in the mouth Farmingdale

Massapequa area , Nassau County, New York . The results of the model simulation 

are presented in Figures 5.36 through 5. 39 . 

(a) Normally the porosity is determined from the bulk density . Specific 
weights (i.e . , particle density) usually range betwee~ 2.6 to 2.8 g/cm3• 
A commonly used value of specific weight is 2. 65 g/cm • 
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TABLE 5.10. Data for the South Farmingdale-Massapequa Chromium-Cadmium 
Site Modeling 

Parameter 

Contaminant degradation rate 
Contaminant equilibrium coefficient 

Groundwater velocity 
Aquifer thickness 

x-Oirection dispersivity 

y-Oirection dispersivity 

z-Oirection dispersivity 
Bulk density 

Length of disposal site 
Width of disposal site 

Porosity 

Value 
0 yr-1 

0 ml/g 

43 .2 cm/d 
2000 em to 4300 em 

2130 em 

427 em 

427 em 

1.72 g/cm3 

5400 em 
5400 em 

0. 35 

The solid curve in each figure rep resents the simulated results when the 

aquifer was 20m (66 ft) thick, while the broken curve represents the simulated 

results when the aquifer was 43 m (141 ft) thick . The 20-m (66-ft) and 43-m 

(141-ft) values represent the minimum and maximum saturated aquifer thick

nesses. The shaded area in each figure represents the range of the observed 

contaminant concentrations reported by Perlmutter and Lieber (1970). This 

observed range is presented to show that the concentration is not uniformly 

distributed in any direction within the aquifer . Thus, the measured concentra

tion depends on the location and the time the sample was taken. The observed 

data have not been averaged because such averaging could be distorted to 

produce desired results . Finally, the simulated range (solid and broken 

curves) is presented because the aquifer thickness varied from 20m (66 ft) to 

43 m (141 ft) within the simulation area . 

Figures 5.36 and 5.37 illustrate temporal and spacial variations in chro
mium concentration. Both figures present the same results, but in different 

forms. Note that chromium samples were not regularly collected until 1949. 

Figure 5. 36 presents the temporal variation in chromium concentration at five 

locations downgradient of the area source . It also presents the simulated 

5.101 



10 

240 Meters Downgradient 
of Area Source 

20 

10 

960 Meters Downgradient 
of Area Source 

- 0 
" 

o..___........_ ____ .a.....o::......:;......:;._........:;~£....,t~--~ 
e 45 26 r--------------, -e40 480 Meters Downgradient 

of Area Source 
::J ·e 
0 ... 

.s::. 
u -0 
c: 
.S! -«< ... -c: 
Q) 
c.J 
c: 
0 
u 

20 

30 

20 
10 

10 

0 
34 

30 

20 

10 

0 ~~~----~~~LL~~~~~ 
1940 1945 1 950 1955 1960 1 965 

Time 

1950 

1200 Meters Down
gradient of Area Source 

1955 1960 1965 

Time 

~ Observed Range 
Simulated 

---- (Aquifer Depth = 20 m) 
____ Simulated 

(Aquifer Depth = 43 m) 

FIGURE 5.36. Temporal Variation in the Chromium Concentration at Oifferent 
Locations Downgradient of the Area Source 

5.102 



(Jl . -0 
w 

40 9.0 ~.------------------------, 

I Year 1949 

36 8 .0 

32 ·- 7.0 

28 

6.0 

24 

5.0 

::::: 
01 

20 

.s 
E 16 4.0 
::l ·e 
0 12 ~ 
u 10 
0 

3.0 

2.s•rcc~ , , 

-j«- - ----
c 
2 
o; 30 
~ 

c ~ Observed Range 
Year 1962 

8 26 c 
0 

___ Simulated I 
1 (Aquifer Depth = 20 m) 0 

u --- - Simulated 
22 (Aquifer Depth = 43 m) 

8 
18 

6 

4 

6 

~t----..... _J~ I ~~~ 
240 480 720 960 1200 240 480 720 960 1200 

Distance Downgradient From Area Source (meters l 

FIGURE 5.37. Spatial Variations in the Chromium Concentration for the Years 1949, 1953, 1958, 
and 1962 



3.0 

2.0 

1.0 

-

240 Meters Downgradient 
of Area Source 

\ 
/' 

~ ~ 
~---

a, 0.0 L_ _ _Jl__ _ __L_ _ __k,~£..£..£..£...L.L..L.____J 

E -
E 
::::J 

480 Meters Downgradient 
of Area Source 

E 2.0 
~ 
(Q 

u -0 
c: 
0 
·; 1.0 
.... -c: 
Q) 
(J 

c: 
0 
u 0 .0 11!::.-_ _i_ __ ..~,____.~...L.L.L...f...aL..~---l 

2.0 ,....----------------., 
720 Meters Downgradient 
of Area Source 

1.0 

0. 0 :____.oL__L_ _ ___J. __ ..J....<:..L...£...c::...J<::..L....----l 

1.0 

1.0 

960 Meters Downgradient 
of Area Source 

/'" 
I ' I ......._ __ _ 

........ 

/ i' 0 .0 ..__.c;,a;;. __ _,__ __ ..__ _ ___.___. _ _, 

1 940 1 945 1950 1955 1 960 1965 

Time 

~ Observed Range 

Simulated 
(Aquifer Depth = 20 m) 

_ _ _ _ Simulated 

(Aquifer Depth = 43 m) 

1 940 1 945 1 950 1 955 1 960 1965 

Time 

FIGURE 5.38. Temporal Variation in the Cadmium Concentration at Different 
Locations Downgradient of the Area Source 

5.104 



(.]1 . 
........ 
0 
(J'l 

1 6 
I . 

Year 1949 I 080 I Year 1958 

' ---
1.4 ... \\ 

'\.. / I 065 

\ 
1.2 1-

\ 
\ I 0 .50 

\ I o.35L~~-------
\ ' ··t \ .... ......_ ----~ 

Cl> s 
E 
::> e 
'0 0 .6 I I ............. C: I 015 
"' u 
0 
c 
!2 Year 1953 
~ "l ~ Observed Range I 1.1 
c 
·8 Simulated 

(Aqu1fer Oeplh - 20 m) c 
0 ). u 

26 - - -- S1mulated - (Aqu1fer Depth = 43 m) 

08 

~ ,.r ~. 14 ~ 05 

08 - - - - - - - - --
0.2 

0 .1 
240 480 720 960 1200 240 480 

Distance Downg radiant From Area Source 1 meters) 

FIGURE 5.39. Spatia l Variation in the Cadmium Concentration for the Years 1949, 1953, 1958, 
and 1962 



migration of the contaminant as it moves downgradient from the area source. 

Figure 5.37 presents the spatial variation of chromium concentration for the 
years 1949, 1953, 1958, and 1962. 

Figures 5.38 and 5.39 illustrate temporal and spacial variations in 

cadmium concentration. Again, both figures present the same results, but in 
different forms. Figure 5.38 presents the temporal variation in cadmium 

concentration at five locations downgradient from the area source. This figure 
also presents the simulated migration of the contaminant as it moves downgra

dient from the area source. If the simulated migration of the concentration is 
accurately depicted in Figure 5.38, then the bulk of the contamination would 
already have passed the point 1200 m (3937 ft) downgradient of the area source 
before regular sampling for cadmium began in 1953. The fact that regular sam
pling of chromium before that of cadmium indicates that chromium contamination 
was initially of greater concern. Figure 5.39 presents the spatial variation 
of cadmium concentration for the years 1949, 1953, 1958, and 1962. 

The temporal rate of change of the maximum observed concentrations between 
sampled data points in Figures 5.36 and 5.38 is assumed to be linear in Figures 

5.37 and 5.39. The longitudinal variation of the maximum observed concentra
tions between sampled data points is also assumed to be linear. These assump
tions may not be true, but they are used in the absence of a better 
relationship. 

The predicted ranges of contaminant concentrations were generally equiva
lent to the measured ranges. The general trends of the observed concentrations 
are reflected in the computed plots in most cases. These trends are due to 
several factors: 

1) The South Farmingdale-Massapequa chromium-cadmium site had an ade
quate amount of data associated with it. Therefore, input parameters 
were defined according to site characteristics. 

2) Perlmutter and Lieber (1970) indicate that the longitudinal extent of 
the plume is principally caused by advection of water and its dis

solved constituents in the horizontal direction. The average rate 
and direction of such movement is controlled chiefly by natural 
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velocities and flow patterns. Perlmutter and Lieber also note that 
the advection is fairly uniform throughout most of the plume, and 
that the only significant hydraulic barrier to longitudinal growth 
observed was the discharge zone of Massapequa Creek (see Fig-
ure 5.34). These flow properties are well suited to this model. 

3} Enough information was available to adequately describe the tabular 
source function (see Figure 5.35} because simulated contaminant 
levels tended to reflect variations in observed contaminant levels. 
Note that the tabular source function has a significant impact on the 
contaminant concentration hydrograph. 

4} The dispersion and adsorption-desorption mechanisms were insignifi
cant relative to the advection process (Perlmutter and Lieber 1970}. 

5) Contaminant degradation is not an important factor in determining 
contaminant levels. 
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6.0 ATMOSPHERIC COMPONENT OF THE RAPS METHODOLOGY 

6.1 INTRODUCTION 

The RAPS atmospheric pathway model includes components for modeling of 
contaminant emission, movement, dilution, and deposition . These components 

were tested by applying the model at selected DOE sites . 

Two cases were selected for this testing effort . The first case was a 
large area source of a particulate contaminant, which allowed the virtual area 
and particle suspension routines to be tested. The second case was a site with 

detai led stack release and monitoring data so that the ability of the RAPS 
rout i nes to predict air and surface concentrations from routine stack releases 

could be tested . 

The B-C cribs site at the DOE Hanford facility was selected to test the 
surface-particulate suspension component of RAPS . The suspension of radio
active materials from areas with surface contamination has historically been 
expressed in terms of a resuspension parameter that relates surface concen

tration to the air concentration directly over the contaminated surface . The 
RAPS code is tested by comparing resuspension parameters derived from the RAPS 

output with resuspension parameters measured in past studies at Hanford . 

The Mound facility in Ohio was selected to test the air and surface con
centration outputs of the RAPS code for a site with stack releases . This 
testing application of RAPS differs from a ranking application as a component 
of the RAPS methodology . The RAPS methodology is designed to provide relative 

rankings of sites at a facility, and considers only one source at a time . 
However monitoring data represent the cumulative impact of all emissions from 
the facility . To obtain an output from RAPS that represents a cumulative 
impact, a single combined source term is used for the stack releases at the 
Mound facil i ty. 

6. 2 MATHEMATICAL FORMULATIONS 

The formulations for the atmospheric pathway include components for 

computing emission, transport and dispersion, and deposition rates. The RAPS 
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model uses different formulations depending on the nature of the release . For 
a stack or vent release , the model includes initial dispersion and plume rise 
formulations . For an area release, the model includes an initial dispers i on 

formulation . The same transport, dispersion, and deposition routines are used 
in all cases . 

For all emission -based atmospheric transport scenarios, RAPS requires the 
definition of an atmospheric release rate . One option for defining the sus
pended particle flux from an exposed contaminated area is to compute the 

emission rate using input surface and site characteristics . A computed soil 
emission rate based on these characteristics is referred to as both suspension 
and resuspension . The term 11 resuspension .. derives from nuclear applicati ons 
involving suspension of radioactive materials previously deposited from the 
air . Because the component is also able to treat surface contamination not 

deposited from the air (e .g., a spill of materials onto a surface), its primary 
name is the suspension component . 

The outputs of the atmospheric component of RAPS are predicted air and 
surface concentrations . The air concentration computation includes emission, 
transport and dispersion, and depletion (from deposition) rates . The surface 

concent rations are computed as the accumulation of material caused by depo

sition processes . 

6.2.1 Particle Suspension Component 

The suspension of respirable particles (those with diameter less than 
10 urn) from contaminated areas at DOE sites may be calculated using empirical 
relationships based on studies of wind erosion and surface disruption . The 
RAPS outputs for suspension from contaminated surface areas are expressed in 
terms of an airborne soil concentration normalized to a unit surface contami
nation. These soil concentration arrays are converted to arrays of contaminant 
concentrations using the fraction of surface contamination in the suspended 

soil . 
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The computation of the suspension of contaminants from a surface into the 
atmosphere requires both contaminant and site data. These data are used first 

to define which formulations apply to the site and second to compute the sus

pension rates. 

The RAPS methodology for computing suspension rates is an adaptation of 
the methodology proposed by Cowherd et al. (1984} for rapid computation of 

potential long-term impacts from spills of hazardous materials. This methodo
logy includes formulations for suspension by winds, vehicular traffic, and 

other physical disturbances of the surface. 

This section describes tests of the wind suspension component. The wind 

suspension of surface material appeared to be a potential mechanism for suspen

sion of surface materials at the selected DOE facility. Although the facility, 

for the sake of this test, was assumed not to have any suspension by vehicles 
or other physical disturbances, RAPS does have formulations for computing such 

emissions from mechanical surface disturbances. 

Cowherd et al. (1984} define the steps for determining potential respira

ble particulate emission from wind erosion. The soil particle size distribu

tion, apparent roughness of the site, vegetation cover, presence of a crust on 

the soil, and presence of nonerodible elements (e.g., large stones) are used to 

define the potential for suspension. Depending on the results of this pro
cedure, the site is characterized as having 1) unlimited erosion potential, 

2) limited erosion potential, or 3} no erosion potential. 

The methodology uses different formulations for the two cases with wind 

erosion potential. For the no erosion potential, Cowherd et al. (1984} suggest 
that if the site is completely covered with vegetation or if there is a thick 

crust and no mechanical disturbances occur at the site, it can be assumed that 
no contaminants are suspended. However, for certain contaminants, even very 

small suspension rates from well-stabilized surfaces may be significant. 
Test i ng was needed to determine if the erosion formulations give reasonable 

resul ts over the range from bare, unstabilized surfaces to well-stabilized 
surfaces. 

6.3 



The potential fo r wind erosion is quantified in terms of a threshold 
friction velocity . The greater the value of the threshold friction velocity 

for a site, the lower the potential for particle suspension . The threshold 

friction velocity for the contaminated area is determined by knowing the mode 

of the aggregate size distribution and using a formula derived from the graphi
cal relationship given in Cowherd et al . (1984), 

u* = exp [0 .4118428 log (X) + 4. 1671713] 

where u* = threshold friction velocity (cm/s) 
X = aggregate size distribution. 

(6.1) 

If there are any nonerodible elements in the contaminated area, a correc

tion factor must be applied to the threshold friction velocity computed with 

Equation (6 . 1) . This correction factor is based on the fraction of surface 

coverage . This factor is based on graphical results given by Cowherd et al. 

(1984), derived from wind tunnel studies by Marshall (197 1) . As the silhouette 

area of nonerodible elements increases, so does the threshold friction 
velocity. 

Once the threshold friction velocity has been determined, the erosion 
potential of the contaminated area can be classified by calculating the 

critical friction velocity at a given height above the surface using the 

equation 

* u' = r uc log (Z/Zo) 

where u' = critical friction velocity at 7-m height (cm/s) 
r = von Karman constant (0 . 4; dimensionless) 
* uc = corrected threshold friction velocity (cm/s) 

Z =reference height above the surface (7 .0 m) 

Zo = surface roughness height (m). 
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The value of Z is usually 7 m; the surface roughness height of the site, 

Zo, i s related to the size and spacing of the roughness elements in the area. 
Figu re 6.1 illustrates Zo for various surfaces {Cowherd and Guenther 1976). 

Once the critical friction velocity has been calculated, the erosion 

potential of the area can be determined. If the critical friction velocity is 
less than 75 cm/s, the area has unlimited erosion potential; otherwise the area 

has l imited erosion potential. 

For estimating particulate emissions from a contaminated area having 
limited wind-erosion potential, the following equation is used to predict 
potential emissions: 

ElO = 0.83 [fp{u)(l-v)/{PE/50) 2] 

where ElO = annual average emission rate per unit surface area (mg/m2/hr) 
f = frequency of mechanical disturbances (number/mo) 
u =observed maximum wind speed for periods between disturbances 

(m/s) 

p(u) =erosion potential {g/m2) 

v = vegetation coverage on surface (fraction) 
PE = Thornthwaite's Precipitation Evaporation (PE) Index 

(dimensionless) 

( 6. 3) 

The frequency of disturbances per month, f, is defined as the number of 
actions that could expose fresh surface material. A disturbance could be 

vehi cular traffic, plowing or turning of the soil, or mining or construction. 
The erosion potential, p{u), depends on the maximum wind speed, u, so that 

p{u) = 6.7 (u - u') if u > u' 
{6.4) 

p{u) = 0.0 if u < u' 

The vegetation fraction varies from 0 for bare ground to 1 for total 
coverage. The Thornthwaite's PE Index is used as a moisture-correction 
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parameter for wind-generated emissions . Cowherd et al. (1984) provide a map 
with values of PE for all regions in the contiguous United States . 

For an area with unlimited erosion potential, the relationship for the 
surface emission rate is 

E10 = 0.036 (1 -v)(u/u• )3 F(x) 

where u = mean annual wind speed (m/s) 
F(x) = integration function . 

(6 .5) 

The vertical flux of particles smaller than 10 um in diameter is assumed 
to be proportional to the cube of the horizontal wind speed. This relationship 

was originally developed from measu rements made by O'Brien and Rindlaub {1936) 
in studies at the mouth of the Columbia River and later measurements made by 
Bagnold (1941) in the Egyptian desert . Chepil (1951) found this same relation
ship using results from wind-tunnel experiments. 

The integration function F(x) comes from the cubic relationship of the 
vertical transport of particles and the wind speed . It is defined in graphical 

format by Cowherd et al . (1984) . This relationship can be broken into the 
following four discrete parts: 

F(x) = 0.0 if X < o.o 

F(x) = 1.91 if o.o ( X < 0.5 
( 6.6) 

F(x) = 1.9 (x-0 .5) 0.6 if 0.5 ( X < 1.0 

F(x) = 1.6 (x-1.0) 1.3 if l.U ( X 

where x = 0.886 u• /u. 

Similar formulations are used to compute emissions per unit area for 
mechanical disturbances . However, mechanical disturbances were not computed in 
the selected test case . 

Once the emission factors for wind erosion have been determined, the 
emission rates for respirable particles can be calculated from the relationship 
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R10 = E10 area/cpr 

where R10 = emission rate for wind erosion (g/s) 
area = area of source contamination (m2) 
cpr =climatological suspension factor (dimensionless). 

(6.7) 

The climatological suspension factor allows for the frequency of suspen

sion conditions to be included . This factor is based on regional factors 
tabulated by Cowherd et al. (1984) based on output from a series of runs of the 
Industrial Source Complex-Long Term (ISCLT) model (Bowers et al. 1979). 

The total emission rate is the sum of the wind-erosion and mechanical
disturbance emission rates . The total emission rate is used as input to the 
atmospheric dispersion, transport, and deposition model described in Sec
tion 6.2.2. 

This atmospheric model determines air and surface concentrations of the 

suspended soil materials. The concentrations resulting from the suspension of 
a specific surface contaminant, e, are computed using the following equations: 

where Ce =airborne contaminant concentration (g/m3) 
C =airborne soil concentration (g/m3) s 

(6.8 ) 

(6.9 ) 

a= mass fraction of contaminant in the suspended surface soil (g/g) 
Se = surface concentration of deposited contaminant (g/m2) 

Ss = surface concentration of deposited soil material (g/m2) 

Historically, a resuspension factor has been used at Hanford in reporting 
the results of studies of airborne suspension of particles by wind action (and 

other means) from a contaminated surface. The resuspension factor is defined 
as the ratio of air concentration and source-area surface concentration, 
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(6 . 10) 

where K = resuspension factor (m-1). 

Although a resuspension factor is not explicitly used, RAPS outputs can be 
interpreted in terms of equivalent factors for comparison with the results of 
past Hanford studies. 

6.2.2 Dispersion, Transport, and Deposition 

The prediction of contaminant movement through the atmospheric pathway 
uses algorithms that address atmospheric suspension and emission of contami
nants at a site and the subsequent transport, diffusion, and deposition of 

these airborne contaminants . Input to the model includes site-specific 
climatological information, such as wind speed and direction, stability, and 

precipitation. Output from the model consists of average air and surface con 
taminant levels . 

Once contaminated material is airborne, it is transported and dispersed by 
air movements . The contaminant will be carried by the winds, and the atmos
pheric contaminant concentration will be reduced by dispersion and deposition 
processes. 

The relative importance of the atmospheric pathway is controlled by a 
combination of local topographic and climatological influences . Controlling 

parameters include distance and direction from the inactive waste site and 
local wind conditions and stability . Because dispersion is strongly a function 
of the downwind distance, the physical distances between the contaminant site 
and potential areas of impact are of prime importance. The local frequencies 
of wind directions, particularly in areas where winds are topographically 
channeled, are important in calculating the exposure and risk associated with 
the atmospheric pathway. 

A standard, straight-line, sector-averaged Gaussian model was selected as 
the basis of the atmospheric pathway model . Such a model meets the RAPS objec
tive of assessing the long-term, average risk from the various inactive waste 

sites . This model provides a consistent framework for computing average 
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exposures and incorporates the major factors that control the emission, trans
port and dispersion, and deposition of various contaminants . 

The sector-averaged atmospheric model is particularly applicable in RAPS 

because it allows long-term site data to be incorporated directly . The sector
averaged model computes long-term average exposures by a weighted summation of 

exposures . These exposures span a matrix of cases covering a range of com
binations of atmospheric stability, wind speed, and wind direction. Climat o
logical data, representing average, long-term conditions, are used to define 
the frequency of occurrence of each case in the computation . 

No single, simple atmospheric model can be expected to be equally appli

cable to all sites. The sector-averaged Gaussian model is best applied to a 
site located on a flat, uniform plane. It is used only as an approximation for 
sites located on other types of terrain . 

Although atmospheric influences on sites in complex terrain or on coast
lines are quite different from those on sites located on a flat, uniform plane, 
the use of a straight-line Gaussian model will generally provide reasonable 
exposure estimates to the first major terrain feature. As the regional influ

ences become more important at greater distances, the straight-line Gaussian 
model becomes less accurate . 

In applying the sector-averaged model to si tes in complex terrain, careful 

attention is needed to ensure that the estimate of risk is reasonable. For 
example, it may be appropriate to adjust some of the inputs for sites in com
plex terrain to reflect local wind fields. A terrain interaction option can be 
used to account for the potential of plume interaction with local topography. 
A local channeling option can be used to approxi mate the atmospheric exposures 
at sites where the emissions may be carried by l ocal winds channeled by 
terrain. 

The Gaussian diffusion equation for the concentrations of a contaminant in 
a plume downwind of a continuous point source release has been gi ven by Slade 

(1968) as 
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Ck = __ Q_k ___ exp [- y2/(2 o~)] 
2 1T 0 0 u 

y z 

{6.11) 

where Ck = time-averaged value of concentration for contaminant form k (g/m3) 

Qk = amount of material released from a point source of contaminant form 

k (g/s) 
k =index on elemental contaminant form [k = 1, 2, ••• , p; p =number 

of forms representing a gaseous state and {p-1) ranges of particle 

sizes] 

x,y,z = positions in a Cartesian coordinate system that are oriented such 
that the x axis is in the direction of the mean horizontal wind 
vector, they axis is crosswind, and the z axis is vertical height 
above local ground level (m) 

oy = standard deviation of the distribution of material in a plume in 
they direction (m) 

oz = standard deviation of the distribution of material in a plume in 
the z direction (m) 

u =average value of wind speed in the x direction at the height of the 

plume centerline (m/s) 
H =height of release over local ground level (m). 

The crosswind integrated concentration from a continuous source is 
obtained by integrating Equation (6.11) with respect to the crosswind distance 
(y) from - B to + B : 

Qk 
CWI = ---

/21T 0 u z 

(exp [- (z- H) 2/{2 i)] + exp [- (z + H) 2!(2 i)]) z z 

6.11 

{6.12) 



where CWI =crosswind integrated concentration (i.e., that perpendicular to 
wind direction) (g/m2). 

The frequency of combinations of wind speeds, wind directions, and dif

fusion rates can be summarized in a joint frequency table of speed, direction, 
and stability. The sector-averaged concentration for one set of wind speed, 

direction, and stability conditions is given by 

C .. k(x,z) = Qk Rk(x) (-21 )1/2 o ~ I lJ 1r j. 1rxn 
1 z . 

J 

(exp [- (z - H)
2
/(2 o~. )] + exp [- (z + H)

2
/(2 o~_)J) 

J J 
(6.13 ) 

where Cijk(x,z) = sector-averaged atmospheric concentrations for wind speed 
i, stability condition j, and contaminant form k for the 

downwind distance x and height z above local ground level 
(g/m3) 

i = index on wind speed (i = 1, 2, • 

speed classes) 
. . ' m; m = number of wind 

j = index on stability conditions (j = 1, 2, • • • , n; n = 

number of stability conditions) 
Rk(x) = plume source depletion fraction as a function of downwi nd 

distance x for contaminant form k (dimensionless) 
ui = wind-speed central value for wind-speed interval class 

i (m/s) 
= standard deviation of concentration in the vertical 

dimension for stability class j (m) 
n =number of wind direction sectors (n = 16) (dimensionless) 

(2n x/n) = sector width. 

The indexed variables are defined in terms of central values for each 

frequency class of atmospheric conditions. The removal of the contaminant from 

the atmospheric plume, by various depletion processes, is computed using the 

equation 
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where fractional losses are defined as 
r = radioactive decay term (dimensionless) 

c = chemical decay term (dimensionless) 
d = dry deposition loss term (dimensionless) 
w =wet deposition loss term (dimensionless). 

(6 . 14) 

The central wind speed, ui, in a wind-speed category is not directly 

applicable to the movement of an atmospheric plume in the region of interest . 
The wind speed must be adjusted for differences in height and local surface 
roughness . The atmospheric component of RAPS uses relationships from the 
atmospheric surface-layer similarity theory given by Paulson (1970), Businger 

et al. (1971), and Hanna et al . (1982) to compute an equivalent central wind 
speed at plume height for each wind-speed category . To provide a height 

adjustment of the wind speed as a continuous function of the local surface 
roughness, these relationships are used in preference to less general power-law 
approximations (Irwin et al. 1979).(a) 

The local surface roughness is characterized by a surface roughness 
length. Table 6.1 shows examples of the magnitude of this parameter for vari 
ous surface covers (see also Figure 6. 1). The surface roughness lengths in 

TABLE 6. 1. Typical Surface Roughness Lengths 

Surfaces 

Snow, sea, desert 
Lawn 
Grass (5 em) 
Grass (tall) 
Mature root crops 
Low forest 
High forest 
Urban area 

Roughness 
Length (em) 

0 .005 to 0.03 
0.1 

1 to 2 
4 to 9 

14 
50 

100 
100 

(a) Irwin, J. S., S. E. Gryning, A. A. M. Holtslay and B. Sivertsen. 1985. 
Atmospheric Modeling Based on Boundary Layer Parameterization . Draft 
Report . u.s. Environmental Protection Agency, Washington, D.c. 

6. 13 



the region surrounding the release are used to account directly for local 
influences in both dispersion and dry deposition computations. 

The average air concentration, C(x,z) in g;m3, at ground level (z = O) for 

a population located a certain distance and direction from the waste site is 

computed as the sum of the concentrations over the i, j, and k indices, as 

given by 

n m p 
C(x,z) = L L L 

i=1 j=1 k=1 
[f .. c .. k(x,z)] 

lJ lJ 
(6.15) 

where fij =climatological fractional frequency of occurrence of the ith wind 
speed and jth stability class conditions within the specified 

direction (dimensionless) 
n,m,p =number of wind speed, stability, and contaminant forms, 

respectively. 

Deposition to surfaces can occur as the result of either wet or dry 
deposition processes. Wet deposition is the scavenging of the contaminant by 

precipitation or cloud droplets. Dry deposition is the direct deposition of 

the airborne contaminant onto a surface by such processes as impaction, sorp

tion, and gravitational settling. The total deposition at a specified locat i on 

is computed as the sum of the wet and dry deposition fluxes to the surface: 

n m p 
T(x,z) = l L L [fiJ. D;J·k(x,z) + g WiJ·k(x,z)] 

i=1 j=1 k=1 

where T(x,z) = total surface concentration (g/m2) 

Dijk(x,z) = dry deposition flux (g;m2) 

{6.16) 

g =climatologic fractional frequency of occurrence of the indexed 

precipitation conditions within the specified direction 

(dimensionless) 

Wijk(x,z) =wet deposition flux for wind speed i, stability class j, and 

contaminant form k (g/m2). 

6.14 



The value for dry deposition [Dijk(x,z)] is computed from the sector

averaged concentrations given in Equation (6.13) using the equation 

C .. k(x,z) T 
0 ( ) = lJ~-----.. k x,z R 
lJ ijk 

{6.17) 

where R· .k =dry deposition resistance for wind speed i, stability class j, lJ 
and contaminant k (s/m) 

T = time period for deposition (s). 

The value for wet deposition is given by 

w .. k(x,z) lJ 

z 
= g T 6 L Cijk{x,z) dz 

where Z = depth of the wetted plume layer (m) 
L = scavenging coefficient (s-1). 

{6.18) 

The atmospheric transport, dispersion, and deposition computations account 
for the size of the source by modifying the initial dispersion. A typical 
width for the source is used to define a virtual distance of travel for 
computing initial vertical dispersion. 

The RAPS atmospheric component uses six atmospheric-stability classes to 
characterize the dispersion rates. The atmospheric-stability classes are 
designated by the letters A to F (Slade 1968) and are commonly referred to as 

the Pasquill-Gifford Stability Categories. Classes A, B, and C stand for very 
unstable, unstable, and slightly unstable conditions, respectively; D stands 
for neutral conditions; and E and F stand for stable and very stable condi
tions, respectively. Dispersion is fastest under very unstable conditions 
{Class A) and slowest under very stable conditions (Class F). 

The Pasquill-Gifford dispersion curves used in the atmospheric component 
of RAPS are expressed as a function of elapsed travel time for the plume. This 
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travel time is computed as the sum of the travel times over various local sur
faces, thus directly allowing for local wind shear effects in the dispersion 
computation. 

Radioactive materials with short half-lives decay significantly while 

still airborne. The radioactive decay plume depletion term (r) in Equa-

tion (6.14) is computed assuming exponential decay. A similar approach is used 
for the chemical decay term. 

As shown in Equation (6.17), the dry deposition rate is computed using a 

value for total resistance (Rijk). The total resistance, which is the inverse 
of the deposition velocity, is computed at each point as the sum of the atmos

pheric and surface resistances: 

where 

R1.J.k = R + R 
aijk sijk 

(6.19) 

=atmospheric resistance for wind speed i, stability class j , 

and contaminant k (s/m) 
=surface resistance for wind speed i, stability class j, and 

contaminant k (s/m). 

The atmospheric resistance represents the resistance to the transfer of a 

contaminant from the atmospheric layer to the ground surface. The RAPS formu

lations for atmospheric resistance are based on micrometeorological relat i on

ships (Paulson 1970; Businger et al. 1971; Golder 1972). These formulations 

allow the atmospheric resistance to vary with the wind speed, stability, and 

upwind surface roughness. The surface resistance is a function of the surface 
roughness and the properties of the contaminants. For particulate matter , the 

gravitational term is included in the empirical curves used to define the 

resistances (Sehmel and Hodgson 1980). 

For dry deposition, a mass budget approach is used to compute the source 

depletion fraction [i.e., parameter din Equation (6.14)]. Although these 

fractions are applied as a source depletion model such as the one given in 

Slade (1968), the surface depletion effects documented by Horst (1984) are 

accounted for in the RAPS dry deposition model by the atmospheric resistances. 
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The computation of the atmospheric resistance term is based on assuming empiri
cal shapes of micrometeorological profiles such that the RAPS model accounts 
for equilibrium effects of surface depletion under a 10-m height. 

The climatological scavenging of contaminants is calculated by RAPS using 

an approach suggested by Slinn (1976). This climatological calculation pro
vides an order-of-magnitude estimate of wet deposition rates. This computation 

accounts for the major factors affecting the wet deposition rate for the vari

ous combinations of releases and receptors between sites. 

Wet deposition is computed as the integral of 

height in Equation (6.18) using Equation (6.11). 

et al. (1982) for the wet flux (Fwet), is 

the concentration over 

The result, as given by Hanna 

(6.20) 

Equation (6.20), converted to a sector-averaged form for the total deposi

tion, is expressed as 

(6.21) 

The scavenging coefficient is defined for a specified volume of a plume as 

the ratio of airborne contaminant removed by precipitation scavenging to the 
airborne contaminant concentration. The scavenging coefficient varies with the 

rainfall type and rate, saturation conditions, and contaminant characteristics. 

The model assumes a neutral stability for all precipitation conditions. The 

wet deposition plume depletion term [w in Equation (6.14)] is obtained using 

w = exp (- L x I U) (6.22) 

In summary, the atmospheric pathway component of the RAPS model takes into 
account local site influences. The region around the site is assigned one of 
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four roughness classes to define local dispersion rates . The atmospheric and 

surface deposition concentrations are computed using these dispersion coeffi

cients plus climatological site data. Major removal and decay mechanisms are 

incorporated in the atmospheric component of RAPS . These computations are 

fo rmulated to provide reasonable estimates of contaminant deposi t ion rates as 

input to the overland transport and exposure assessment components of RAPS . 

6. 3 SUSPENSION COMPUTATION TEST APPLICATION 

An area on the DOE's Hanford Site was selected for testing the surface 
pa rticulate suspension computation of the atmospheric pathway code. To test 

the model outputs in a situation where nonzero data exist for comparisons, the 

suspension from a contaminated area was computed as it existed in the past at a 

time when it was the subject of intensive field and modeling efforts. 

This special computation was made only for testing purposes. Application 
of the RAPS methodology at the Hanford Site for a current ranking of facilities 

will give quite di fferent results, since the surface contamination at the site 

has la rgely been eliminated . 

6. 3. 1 Site Description 

The contaminated area selected is the B-C cri bs area . The B-C cri bs area 

was an active, unlined waste trench for supernatant liquids containing active 

cesium (137cs) and strontium (90sr). 

The area surrounding the B-C cribs became contaminated in the late 1950s 
after active disposal ceased and animals began burrowing into the contaminated 

undersoil . The exposed soil and material became a salt lick fo r local animals 
and this allowed the contamination to spread farther . When the spread of con

tamination was discovered, the site was classified as a radiation zone. The 
burrow holes were sealed and routine surveillance was started . Figure 6. 2 i s a 

1975 map of the controlled B-C cribs area showi ng contaminated areas, nearby 

roads, air sampling locations, and fire breaks. The contaminated area is 

subdivided into two zones; zone A is the more highly contaminated area l ocated 

within the larger , ove rall area of contamination, zone B. 
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200 East Area 

Main Highway 4-S 

Contaminated Areas 

~Zone-A 

l2J Zone- B 

FIGURE 6.2. B-C Cribs Controlled Area 

The contaminated area covered about 2000 acres of land near the center of 
the Hanford Site. The contamination was estimated to be 14 curies of 137cs and 
81 curies of 90sr, mainly associated with animal waste. 

Since the discovery and sealing of the contaminated area, no additional 

spread of contamination by biological or meteorological mechanisms has been 
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detected. The contaminated animal wastes were removed. Routine environmental 
surveillance included contaminant air samples, monthly radiation surveys, 
bimonthly groundwater samples, and semiannual biological samples (O'Farrell and 

Gilbert 1975). 

Range fires occur from time to time at Hanford; current management 
practices are aimed at preventing a major range fire over this area. Mishima 
(1964) studied the potential for resuspension of surface contaminants in a fire 

and found that less than 0.1% of the material would be injected into the air by 
a fire. However, he also concluded that once the vegetation had been removed 

from the surface by fire, the wind erosion potential for the site would become 
very great. Therefore 50-ft firebreaks were added to the area to reduce the 

chance of a fire spreading through the area (see Figure 6.2). As part of the 
current model testing, the hypothetical case of a bare, unstabilized surface is 

included for comparison with the resuspension rates indicated by Mishima's 

studies. 

A detailed modeling effort of the suspension potential of the B-C cribs 

area was conducted by Horst (1976). Horst used gridded aerial survey data from 
the B-C cribs area to define a detailed grid of surface concentrations. He 
predicted downwind air concentrations using a Gaussian dispersion surface sus

pension model. Horst's model treats suspension as a positive surface source 
and deposition as a negative surface source term. Air concentrations normal

ized to surface emission rates are computed for the stability classes. This 
computation is based on the observed horizontal distribution of the surface 
contamination and an assumed ratio of deposition velocity to the mean wind 
speed . To simplify the calculations, the air concentration is assumed to be 
uniform in the crosswind direction and the source term is a constant. 

Figure 6.3 is a detailed contour map from Horst (1976) of the results from 
a 1975 aerial survey of the B-C cribs area. This map provides considerable 
detail on the extent and distribution of the contamination . The dotted 

boundary marks the area that was gridded for Horst's model runs . Table 6.2 

gives the values for the letters used to label contours in Figure 6.3. 
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Surface Contamination 
137 

Cs B-C Crib Area 

SOOM 

FIGURE 6. 3. Contours of 137cs Surface Contamination in the B-C Cribs 
Controlled Area (Horst 1976) 

TABLE 6. 2. Surface Contamination
2
Labels 

For Figure 6. 3 (~Ci/m ) 

Label Value Label Value 
A 0.12 F 0.88 
B 0.18 G 1.33 
c 0.26 H 2.00 

D 0. 40 I 3.00 

E 0.59 J 4.50 
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Horst's results from a simplified surface flux model are shown in Fig
ure 6.4, where the normalized suspended air concentration is plotted as a 
function of downwind distance from a uniform area source. The numerical solu

tion values for no deposition (solid lines), deposition (dashed lines), and 

analytical approximation values for deposition (discrete points) are given in 
Figure 6.5 for Pasguill (stability classes) A (unstable), D (neutral), and F 
(stable) . 

An average surface contamination of 1. 29 ~Ci/m2 was computed from the 
digitized data in Figure 6.3. Horst's results are expressed in a normalized 
fashion such that a resuspension factor must be assumed to obtain a predicted 
air concentration. For comparison of Horst's detailed modeling with the RAPS 
output, the resuspension factor implied by the outputs of the two models was 

computed . Reasonable magnitudes of the implied resuspension factors relative 
to values obtained in other studies at Hanford will indicate that the models 
show comparable outputs . The following relationship was used to compute the 
implied resuspension factor, K, [see Equation (6.10}]: 

K = C I (Y * G) 

where C =mean air concentration (~Ci/m3 ) 
Y =normalized air concentration (dimensionless) 
G = surface contamination value (~i/m2 ). 

(6.23) 

The mean air concentration, C, is computed by the RAPS code as descr i bed 

below. The normalized air concentration is taken from Horst's results as given 
in Figure 6. 4, with a deposition velocity to wind speed ratio of 10-2 (Horst 

1976} . The neutral stability curve was selected as representing average 
conditions. 

Values fo r the resuspension factor reported in the literature show varia
tion over 11 orders of magnitude . This wide range appears to reflect real 

differences over different kinds of surfaces (Slinn 1976}. A smaller range of 

resuspension factors for wind erosion from natural surfaces has been reported 
for Hanford. Healy and Fuquay (1959}, Mishima (1964, 1973), Bruns (1976) , and 
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Resuspension From B-C Crib Area Pasquill 0 , Vd/ u = 0 

t ~ . 
1 200M 

1 

--------G--------~ 

FIGURE 6.4. Contours of Normalized Suspended Air Concentration uC/K in the 
B-C Cribs Controlled Area (Horst 1976) 

Sehmel (1977) have provided various values for resuspension factors at 
Hanford. These studies were mainly concerned with defining the suspension 
potential for the B-C cribs area. 
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FIGURE 6.5 . Normalized Suspended Air Concentration (uC/KG} for a Uniform Area 
Source as a Function of Downwind Distance (Horst 1976) 

The literature-derived resuspension factors for Hanford's B-C cribs area 
are plotted in the top portion of Figure 6.6. Sehmel (1977) reports a range of 
possible values varying from 7 x 10-8 to 4 x lo-11 (m-1). The upper limit of 
this range corresponds to values from range fire tests done by Mishima {1973} 

and field measurements made in the B-C cribs area (before stabil i zation ) by 
Healy and Fuquay in 1959. The lower limit corresponds to results of studies 

based on aerial measurements made after the area had been stabil i zed (Bruns 

1976} . 

Because different techniques and assumptions were used to compute resus

pension factors in these various studies, the question of equival ence of the 

reported resuspension factors arises . Although some part of the variation 

6.24 



0'1 . 
N 
(.}'l 

1 o -13 

e Data Pomts 

A Typical Average Value 

C RAPS Output 

I After Surface Before Surface I Sehmel (1977) 
Stabilization ·-------·---. Healy and Fuquay (1959) 

Stabilization • 
Bruns ( 1976) 

After Fire 

• Mishima (1973) 

50% 1% 
0------------ -c- c-o-- -C Average Sector 

99.9% 90% 1 0% 

10% 
0------------o---- -CCC Maximum Sector (WSW) 

99.9% 90% 30% 1% 
c------------C-- C- -00 Minimum Sector (E) 

99.9% 90% 50%10% 1% 

1 o -12 1 o-11 10- 10 10-9 10-11 10 7 to-e 

Resuspension Factor (m- 1
) 

FIGURE 6.6. Comparison of Resuspension Factors 

Literature 
Values for 
Resuspension 
Factors for 
Hanford 

Resuspension 
Factors Computed 
from RAPS-
Horst Model 
Comparison for 
Various Percentages 
of Vegetation 
Surface Cover 



is likely to be the result of differences in experiment designs, these reported 
resuspension factors represent the best available data for testing the appli 
cation of the RAPS code at Hanford . 

6.3.2 Application of RAPS Suspension Component to Hanford 

The RAPS model was run for the Hanford B-C cribs area. A joint frequency 
summary (Table 6. 3) of winds and stability based on two years' meteorological 

data from a tower located at the nearby Hanford 200 W Area was used as input . 
A surface area of 60,000 m2 was used. 

TABLE 6.3. Hanford Wind Speed, Wind Direction, and Stability Summary 
Stab-
ility W.ind (b) Wind Direction 
Class Range N ~ NE ENE E ESE SE SSE S Sg,J SW WSW W \tDl NW NNW 

A 1 0.26 0.24 0.18 0.29 0.49 0.,5 0.28 0.13 0.08 0.04 0.08 0.10 0.12 0.16 0.19 0.29 
2 1.19 0.77 0.60 0.54 1.25 0.88 0.64 0.59 0.70 0.35 0.61 1.03 1.07 1.06 1.26 0.96 
3 0.02 0.05 0.10 0.00 0.00 0.01 0.01 0.00 0.01 0.05 0.18 0.73 0.59 0.78 0.70 0.02 
4 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.04 0.06 0.01 0.02 0.00 0.00 
5 0.01 0.01 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 
6 0 .26 0.24 0.18 0.29 0.49 0.25 0.28 0.13 0.08 0.04 0.08 0.10 0.12 0.16 0.19 0.29 

B 1 0.17 0.11 0.11 0.16 0.11 0.11 0.07 0.04 0.06 0.02 0.00 0.02 0.06 0.01 0.06 0.11 
2 0.33 0.16 0.14 0.08 0.28 0.18 0.12 0.20 0.13 0.05 0.17 0.16 0.24 0.22 0.26 0.17 
3 0 .00 0.02 0.01 0.00 0.00 0.00 0.02 o.oo 0.04 0.04 0.05 0 . 14 0.05 0.14 0.10 0 .00 
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.00 0.00 0.00 
5 0.00 o.oo 0.00 0.00 0.00 o.oo o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6 0.17 0.11 0.11 0.16 0.11 0.11 0.07 0.04 0.06 0.02 o.oo 0.02 0.06 0.01 0.06 0.11 

c 1 0.11 0.08 0.04 0.13 0.11 0.06 0.02 0.01 0.08 0.05 0.05 0.00 0.01 0.01 0.07 0.02 
2 0.10 0.10 0.07 0.04 0.18 0.22 0.19 0.13 0.06 0.01 0.05 0.07 0.20 0.34 0.25 0.16 
3 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0 .00 0.05 0.08 0.07 0.08 0.13 0.02 
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 . 00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 
5 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0 . 00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 
6 0.11 0.08 0.04 0.13 0.11 0.06 0.02 0.01 0.08 0.05 0.05 0.00 0.01 0.01 0.07 0.02 

D 1 0.65 0.45 0.41 0.69 0 .55 0.39 0.35 0.22 0.21 0.08 0.14 0.14 0.36 0.54 0.41 0.39 
2 0.59 0.52 0.26 0.25 0.61 0.64 1.23 0.54 0.70 0.26 0.54 0.67 1.73 2.84 2.14 0.60 
3 0.04 0.12 0.02 0.00 0.00 0.01 0.04 0.11 0.06 0 . 18 0.23 0 . 49 0.67 2.36 0.60 0.01 
4 0.01 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 o.oo 0.01 0.01 0.10 0.04 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 
6 0.65 0.45 0.41 0.69 0.55 0.39 0.35 0.22 0.21 0.08 0.14 0.14 0.36 0.54 0.41 0.39 

·E 1 0.42 0.28 0.31 0.37 0.63 0.37 0.41 0.21 0.35 0.21 0.22 0.30 0.47 0.51 0.35 0.46 
2 0.33 0.25 0.12 0.11 0.48 0.54 0.71 0.78 0.66 0.47 0.56 0.92 4.01 4.15 1.53 0.49 
3 0.04 0.13 0.01 0 .00 o.oo 0.01 0.00 0.04 0.06 0.08 0.24 0.35 0.71 1.19 0.17 0.00 
4 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.01 o.oo 0.00 0.02 0.00 0.00 
5 0.00 0.01 0.00 0.00 0 .00 0.00 0.00 0 . 00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
6 0.42 0.28 0.31 0 . 37 0 .63 0.37 0 .41 0 . 21 0.35 0.21 0.22 0.30 0.47 0.51 0.35 0 . 46 

F 1 0 .42 0.13 0.27 0.30 0.65 0.42 0.34 0.30 0.40 0.28 0.24 0.24 0.56 0.37 0.48 0.31 
2 0.16 0.06 0.01 0.05 0.22 0.53 0.89 0.94 0.62 0.38 0.52 1.01 4.16 4.08 1.41 0.28 
3 0.02 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0 . 02 0.01 0.02 0.04 0.07 0.02 0.02 0 . 00 
4 c.oo 0.00 o.oo o.oo 0.00 0.00 0.00 o.oo 0.01 0.00 0.00 o.oo o.oo o.oo 0.00 0.00 
5 0 .00 0.00 o.oo 0.00 0.00 0 . 00 0.00 0.00 0.00 o.oo 0.00 0.00 o.oo 0 .00 0. 00 0 . 00 
6 0.42 0.13 0.27 0.30 0.65 0.42 0.34 0.30 0 . 40 0.28 0.24 0.24 0.56 0.37 0.48 0.31 

(a) Meteorological 1lbSeiVations fran Hanford 200W area, "1\pdl 1, 1982 to March 31, 1984. 
(b) Wind Ranges(m/s): 1((1.8), 2(1 . 8 to 3.6), 3(3.6 to ~ .0 ) , 4(5.8 to 8.5), 5(8.5 to 11.0),6( ) 11.0). 
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The RAPS model can calculate concentrations for emissions in three differ
ent particle radius sizes (7.5, 3.0, and 0.3 un). Studies have indicated that 
suspended radioactive materials at Hanford (and other sites) tend to be asso
ciated with larger particle sizes (Sehmel 1981), so the 7.5-un size range 
values were used to compute resuspension factors. Another choice of particle 

range would change the predicted concentrations only slightly and would not 
significantly affect the comparison results given below. 

Because Hanford resuspension factors are available for various states of 
stabilization, RAPS model runs were made with different values for the per
centage of vegetation cover. To simulate a post-fire condition with an 
unstabilized surface, vegetation covers of 10% and 1% were used. Vegetation 

covers of 90% and 99.9% were used to represent a well-stabilized surface. A 

50% value for the vegetation cover represents a typical, intermediate case. 

An equivalent resuspension factor could not be computed from the RAPS 
output alone because the surface contamination was defined as radioactivity per 

area rather than radioactivity per volume. To compute airborne radioactivity 
concentrations, Equation (6.8) requires that the radioactive contamination per 
volume of soil be known. The conversion of surface contamination values to 
volume contamination values requires that a certain thickness be assumed for 
the surface layer. 

The output comparisons can be used to compute an implied thickness for the 
surface layer. Taking the case of an unstabilized surface with a resuspension 
factor of 1.1 x 10-7 m-1 (Figure 6.6), the average concentration computed by 

RAPS at 200 '" for a 1% vegetation cover (2.6 x 10-6 g/m3) and a typical Hanford 
bulk soil density {1.4 x 106 g;m3) results in an estimate of a 10- to 20-~ 
surface thickness. This thickness represents the value that would be used in 
the source concentration conversion to have the RAPS outputs exactly agree with 
the historical estimates of suspension rates at Hanford. 

The air concentrations computed by RAPS for 200m downwind of the modeled 
area are used in Equation (6.23) to compute equivalent resuspension factors 

implied by the comparison of the two models. 
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RAPS output provides concentrations in the sixteen direction sectors 
around the site . The resuspension factors computed for the comparison of the 
RAPS and Horst models are reported here for three cases: 1) average resuspen

sion factor (average for all directions), 2) maximum resuspension factor (in 
sector to east) and 3) minimum resuspension factor (in the sector to west
southwest). These cases define the range of the computed values for various 
directions . 

The resuspension ratios implied by the comparison of models outputs are 
presented in the lower portion of Figure 6.6. The resuspension values for a 
range of vegetation cover percentages are given for the minimum average sector 
and maximum sector values. 

6.3.3 Discussion of Suspension Testing Results 

The magnitudes and range of resuspension factors computed with the RAPS 

model compare quite well with the resuspension factors that have been derived 

in past field and modeling studies at Hanford . Because the RAPS formulations 
were not based on the Hanford studies, this test result independently confirms 
the applicability of the RAPS suspension formulations. 

The RAPS resuspension factors based on a vegetation cover of 99.9% are of 
the same order of magnitude as those reported from past studies of well
stabilized surfaces at Hanford. The equivalence of model results with the B-C 
cribs resuspension factor measured by Bruns (1976) after surface stabilization 

shows that the RAPS suspension formulation provides credible results when 
applied to sites with a high percentage of vegetation cover. In this test, the 

model was able to provide reasonable estimates of the very low emission rates 
expected from well - stabilized surfaces . 

The RAPS resuspension factors calculated for the sparser vegetation covers 
of 50%, 10%, and 1% runs are all within an order of magnitude. The average 

sector resuspension value given a vegetation cover of 1% is 9.3 x 10-8 m-1, 
which is equivalent to the results of Mishima (1973) for a range fire (7 x 

10-7 m-1). If the air concentration from the sector with the maximum value is 
used to compute the resuspension factor, a value of 1.1 x 10-7 m-1 is obtained. 
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The RAPS suspension formulations are a generalized method of accounting 
for differences in suspension influences between sites. The testing results 

show that the RAPS formulations for wind suspension of particles simulate 

documented surface emission rates at the DOE facility. This favorable com

parison held over the range from well-stabilized to unstabilized surfaces. 

6.4 TRANSPORT, DISPERSION, AND DEPOSITION AT THE MOUND FACILITY 

This section provides background information related to atmospheric 

releases from the operations at the Mound facility. Additional information on 
this facility may be found in other sections of this document. 

6.4.1 The Mound Facility 

The Mound facility is government owned and is operated by the Monsanto 

Research Corporation for the u.s. Department of Energy. The Mound facility 

began operations in 1949, manufacturing nonnuclear weapons components and 

tritium-containing nuclear weapons components. Production activities are 

conducted in 105 buildings. 

The Mound facility is located on 306 acres in southern Montgomery County 

in southwestern Ohio. It lies at the southern boundary of the city of 
Miamisburg and 0.93 km (0.58 mi) due east of the Great Miami River. The site 

is 16 km (10 mi) south-southwest of Dayton, Ohio, and 50 km (31 mi) north

northeast of Cincinnati. Additional information on the location and setting of 

the Mound facility is given in Section 3.3.2. 

A network of 20 ambient-air monitoring stations and an onsite meteoro
logical tower monitor air concentrations for the Mound facility. Figure 6.7 

shows the locations of these stations. Five of the air monitoring stations are 
located onsite. The other 15 air monitoring stations are located offsite in 
the region surrounding the facility at various distances. The farthest is a 

single station 44.8 km (28 mi) from the Mound facility. 
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6.4.2 Atmospheric Transport and Dispersion Climatology 

The location of the Mound facility provides complex influences on the 
local atmospheric transport and dispersion climatology . The facility is 
located at the top and side of a bluff adjacent to the Great Miami River. The 

facility's location on the inside of a gentle curve in the river valley 
includes a small sidewall valley imbedded in the bluff . In addition to the 

larger-scale winds, the local winds are expected to be influenced by drainage 

flows associated with the river valley as well as by the sidewall valley . 

Onsite wi nd statistics for a 4-year period reported by Carfagno and Farme r 
(1986) are given in Table 6. 4 and plotted in Figure 6.8. The wind data were 

collected from sensors 50 m high on a tower. This height is typical for the 

Mound facility ' s stacks . A second wind rose, from the Wright-Patterson Air 

Force Base located about 19 km (12 mi) no rtheast of the Mound facility, is 

included in Figure 6.8 for comparison . The winds onsite are similar to those 

represented by the mo re detailed wind rose based on 5 years of meteorological 
observations at the official Dayton U.S. Weather Bureau Station located near 

Vandalia, Ohio, 19 km (12 mi) north of the Mound facility . Table 6.5 contains 
the Dayton wind rose data for each of the six stability classes. 

The onsite winds are measured at the height at which Mound stack releases 

are likely. Releases from vents and other low-elevation sources may be influ

enced by wake effects or shallow drainage flow effects . Local dispersion 

patterns for low-elevation releases may differ from the pattern fo r the stack 
releases. 

6.4.3 Radioactive Atmospheric Releases 

Activities at the Mound facility are sources of radioactive air emissions 

to the atmosphere. Plutonium is used as a heat source for radioisotope thermo
electric generators manufactured at Mound . Tritium is separated and enriched 

at the Mound facility . Atmospheric emissions of Pu and tritium that occur as a 

resul t of these activities and related operations are routinely monitored . 
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TABLE 6.4. Average Winds at the Mound Facility, by Sector(a) 

Average 

Direction 
Frequency 

(%) 
Wind Speed 

(m/s) 
N 4.2 4.3 
NNE 4. 5 4.1 
NE 4. 9 4.0 
ENE 4. 9 4. 0 
E 4. 5 4.1 
ESE 4. 1 3.9 
SE 4.4 4. 1 
SSE 4.7 4. 2 
s 6.0 4. 4 

ssw 9.7 5.0 
sw 12.4 5.6 
WSW 8. 7 5. 2 

w 5.4 5.0 

WNW 5.3 5. 1 
NW 6.0 4.7 

NNW 4. 4 4. 4 

CALM 6.1 0. 0 

TOTAL 100 . 0 
AVERAGE 4. 4 

(a) Based on a 4-year (1981 to 
1984) summary of winds at 
50-m height from Ca rfagno 
and Farmer (1986) . 

Because extensive emission and environmental monitoring data are available 
for both materials, 238Pu and tritium were selected for testing the application 

of RAPS at Mound . Monitoring data are available for operations f rom 1974 to 

the present. The data for 1985 were used to test the application of RAPS . 

Studies at Mound have documented the surface soil concentrations of Pu 
both onsite and offsite . Assuming that the offsite surface concentrations are 
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TABLE 6.5. Dayton Wind Speed, Wind Direction, and Stability Summary 

Wind Wind Direction 
Range(b) N tl£ llE ~ E ESE SE SSE:;-' - s::::------=ssw=-..!M..--=wsw:;;•---,w..--=\oHoi=--·NW Nl<M 

1 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 0.02 0.00 0.02 0.01 0.02 0.01 0.01 0.00 0.05 0.01 0.01 0.02 0.02 0.04 0.02 0.03 
3 0.01 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.05 0.06 0.01 0.02 0.02 
4 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 o.oo o.oo 0.00 0.00 0.00 0.00 0.00 0.00 
2 0.10 0.03 0.05 0.06 0.09 0.03 0.07 0.08 0.15 0.04 0.07 0.11 0.11 0.10 0.06 0.07 
3 0.19 0.12 0.09 0.15 0.15 0.14 0.14 0.12 0.21 0.11 0.25 0.30 0.27 0.12 0.12 0.14 
4 0.04 0.01 0.03 0.05 0.03 0.02 0.02 0.02 0.02 0.05 0.07 0.10 0.05 0.03 0.02 0.02 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6 0.00 0.00 o.oo o.oo 0.00 o.oo 0.00 0.00 0.00 o.oo o.oo 0.01 0.00 0.00 0.00 0.00 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 0.10 0.07 0.05 0.07 0.08 0.08 0.07 0.03 0.10 0.05 0.07 0.10 0.11 0.11 0.05 0.07 
3 0.23 0.09 0.14 0.10 0.18 0.14 0.25 0.18 0.30 0.17 0.20 0.37 0.29 0.16 0.14 0.07 
4 0.21 0.11 0.19 0.22 0.22 0.17 0.23 0.17 0.51 0.35 0.63 0.59 0.53 0.30 0.35 0.25 
5 0.05 0.02 0.03 0.02 0.05 0.01 0.01 0.02 0.05 0.05 0.10 0.15 0.10 0.04 0.04 0.01 
6 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.00 0.00 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 ~00 
2 0.31 0.19 0.15 0.15 0.18 0.20 0.22 0.16 0.29 0.21 0.22 0.30 0.33 0.14 0.14 0.15 
J 0.90 0.42 0.50 0.46 0.51 0.70 0.95 0.65 1.39 0.65 0.69 0.85 1.17 0.78 0.71 0.51 
4 0.85 0.42 0.60 0.68 0.90 0.90 1.28 0.74 2.34 1.29 0.95 1.20 1.85 1.42 1.01 0.63 
5 0.59 0.36 0.47 0.41 0.70 0.61 0.46 0.38 2.56 1.74 1.67 1.79 3.37 1.51 1.21 0.63 
6 0.25 0.05 0.05 0.03 0.10 0.11 0.02 0.11 0.66 0.35 0.38 0.79 1.31 0.42 0.08 0.11 
1 o.oo o.o-o-o:oo-o:oo-o~oo o.oo o.oo o.oo o.oo-o.oo o.oo o.oo o.oo o.oo o.oo o.oo 
2 0.22 0.09 0.09 0.09 0.15 0.14 0.14 0.15 0.23 0.14 0.13 0.21 0.21 0.06 0.09 0 . 09 
3 0.38 0.22 0.21 0.29 0.43 0.45 0.69 0.36 0.92 0.43 0.55 0.42 0.65 0.45 0.38 0.37 
4 0.11 0.10 0.15 0.11 0.22 0.22 0.21 0.15 0.87 0.42 0.34 0.42 0.52 0.23 0.25 0.21 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0 . 01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

F 1 0 .00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 0.55 0.28 0.14 0.20 0.30 0.26 0.30 0.48 0.36 0.30 0.35 0.38 0.64 0.19 0.24 0.31 
3 0.38 0.18 0.25 0.24 0 . 39 0.44 0.53 0.51 0.83 0.46 0.59 0.45 0.56 0.39 0.27 0.39 
4 0 .00 0. 00 o.oo o.oo 0 .01 0 . 00 0 . 00 0.00 0 .00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 o.oo 0.00 0 . 00 0.00 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 
6 0.00 0.00 o.oo o.oo 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0,00 o.oo 0.00 0.00 0.00 

(a) Meteorological dl6ervat10ns fran Dayton, Ohio, Jan.l, 1970 to Dec.31, 1974. · 
(Q) Wind Ran<Jeli(RI/S): 1((.8) 1 2(.8 to 2.2) 1 3(2.2 LO .LO), 4(3.8 to 6.0), 5(6.0 to 11.0), 6()11.0). 



mainly the result of air-to-surface deposition processes, these surface con
centration data provide a means of checking the deposition portion of the RAPS 

model. 

In addition, the contaminated surface area is a potential source of 
resuspended airborne Pu . Although RAPS can compute a source term for such an 
area, surface characteristics data are insufficient to make this computation a 

useful test of the model. (In the formal application of RAPS to a facility, 
such a computation would be made using data collected for the purpose . ) 

6.4.4 Application of RAPS To Mound's Stack Releases 

The selection of meteorological data for input to RAPS turned out to be a 
useful exercise. The only onsite data (Table 6. 4} consisted of average fre

quencies and magnitudes of winds as functions of wind direction; no onsite data 
for atmospheric stability or the distribution of wind speeds are avai lable . A 
complete joint frequency summary of wind speed, direction, and stability was 
prepared from data from the Dayton weather station (Table 6.5). The RAPS 
methodology was tested by using both the onsite and the regional data . Both 
data sets were used to identify how the use of limited data affects the 

application of RAPS . 

Conventional wisdom for application of models like RAPS is that the more 
detailed meteorological data set should be used . If major differences between 
the data sets are noted, the more complete set might be adjusted to agree with 
the less detailed but nearer-site data. However, given the similarity of these 
two wind roses, no adjustment of data is indicated for the Dayton data to be 
applied to the Mound facility . 

The average annual precipitation of 10. 31 em {40 . 59 in . ) used was based on 
the 30-year record at Miamisburg, Ohio . The region receives a mixture of 
thunderstorms and stratus storms; therefore, a moderate rainfall intensity of 
0.5 cm/hr was used . 

Surface roughness lengths were determined for the site and surrounding 
region f rom photographs, topographical maps, and land-use maps. The roughness 
elements varied from 200 em for populated areas to 80 em for areas with a 
mixture of farmlands and trees. 
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RAPS in its current fo rm is designed to model one source at a time . How
ever, contaminants may be released from several stacks at the Mound facility. 
Therefore, to apply RAPS at this site, all stack releases were combined into a 
single stack release from a central point within the Mound facility . Mound 
facility stack data were provided by D. Ca rfagno.(a) Table 6.6 contains these 
data. A set of typical stack parameters was defined : a stack height of 46 m 

(150ft), a stack diameter of 1.5 m (5 ft), and an exit velocity of 10 m/s 
(2000 ft/min). 

The total 1985 emissions of 238Pu and tritium to the air were 5.1 x 
10-6 Ci and 4795 Ci, respectively (Carfagno and Farmer 1986) . These values 

were used as a sou rce term to allow comparison with the 1985 air monitoring 
data contained in the same report . 

Table 6.7 lists the measured concentrations of 238Pu in air at offsite 

locations in 1985 (Carfagno and Farmer 1986) . The locations refer to the 
monitoring sites shown in Figure 6.7. Table 6.8 lists measured concentrations 

of tritium oxide in air at offsite locations in 1985 (Carfagno and Farmer 
1986). 

(a) 

TABLE 6.6. Mound Stack Data 

Stack Stack Height Exit Diameter Exit Velocity 
Name [m {ft)] [m {ft)] [m/s ~ft/min}] 

HH 23 (7 5) 0.9 {3.0) 3.7 (739) 
NCOPF 40 {130) 0.7 (2.33) 14.0 {2763) 

SM- PP 61 (200} 1.8 (6 . 0) 6.1 (1220) 

SWIC 40 (130} 0.9 (3 . 0} 12.5 (2480) 

T-WEST 61 (200} 2.4 {8.0} 4.1 (808) 

HEFS 45 {148} 2.0 ( 6. 5) 8.8 (17 32) 

WDALR 15 (48) 1.2 (4.0} 6.8 (1321) 

WOAHR 15 {48) 0.6 (2 .0} 2.8 (555) 

WDSS 15 {50) 0.3 ( 1.0} 16 .4 {3220) 

Letter from D. Carfagno (Monsanto Research Corporation) to G. Whelan 
(Pacific Northwest Laboratory), dated August 22, 1986. 
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TABLE 6.7 . Concentrations of 238Pu, Including Environmental Levels 
in Air at Offsite Sampling Locations in 1985 (From 
Carfagno and Farmer 1986} 

Number 238Pu 
of 

Location Sam~les 
oo-18 ~til~~) 
Average a' 

101 3 2.6 ! 5.36 

102 4 8.19 ! 9.14 

103 4 6.5 ! 5.88 

104 4 1.88 t 1.3 

105 4 2. 62 t 4.19 
108 4 0.2 t 0. 25 

110 4 0. 18 ! 0. 17 
111 4 0. 35 ! 0. 16 

112 4 0. 99 ! 1.89 
115 4 0. 08 ! 0.17 

118 4 11.0 ± 11.0 
119 4 0. 15 ± 0. 13 
122 12 8.58 t 6.64 
123 12 40 . 3 ± 62 . 7 
124 12 13 .8 ± 9.43 

(a) Lower detection limit (LDL) for 
monthly values of 238Pu in air is 
0.69 x 1o-18 ~Ci/mlA for quarterly 
values, 0. 14 x 10-1o IJ(:i/ml . 
Lower dete~~~on46imi~ fo~ ~nthly values of •2 Pu 1n a1r 1s 
0.38 x 10-18 ~Ci/ml~ for quarterly 
values, 0.08 x 10- ~i/ml . 

(b) Error limits are estimates of the 
standard error of the estimated 
means at the 95% confidence level . 
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TABLE 6.8 . Incremental Concentrations of Tritium Oxide in Air at 
Offsite Sampling Locations in 1985 (From Carfagno and 
Farmer 1986) 

Number Tritium Oxide 
of {10-12 JJCi/ml) 

Location Sameles Minimum(a) Maximum( a) Average(a,b,c) 

101 42 e. 1 • 40 .4 17.4 t 3.98 
102 51 3.94 70 . 9 29 . 2 t 5. 03 
103 52 e.l. 43 .6 10.9 t 3. 57 
104 52 e.l. 52 . 3 9. 39 t 4.08 
105 49 e. 1 • 26.6 4.89 t 3. 09 
108 50 e.l. 21.2 2.3 t 2.91 
110 49 e.l. 26 . 2 0.99 t 2.72 
111 51 e. 1 • 20.8 e. 1 • 
112 52 e .1. 19 .5 2. 45 t 2.81 
115 45 e. 1 • 11.6 e.l. 
118 50 e.l. 31.7 6. 49 t 3.1 
122 51 e.l. 68 . 3 11.7 ± 4.79 
123 52 e. 1 • 116 .o 20.2 t 6.62 
124 50 e. 1 • 55 . 5 18 .2 ± 4.04 

(a) Average environmental level (e.l .) subtracted from the 
data . 

(b) Lower der2ction limit (LDL) for tritium oxide in air is 
14 X 10- ~Ci/ml . 

(c) Error limits are estimates of the standard error of the 
estimated means at the 95% confidence level . 

Figure 6.9 illustrates modeled and monitored 238Pu concentrations for 
1985. The computed values are based on the assumption of a release with plume 
rise from a typical Mound facility stack. The concentrations computed using 
onsite and Dayton meteorological data differ slightly but are essentially 

equivalent . The computed and monitored concentrations are within the same 
order of magnitude . 

Given the complexity of atmospheric transport and dispersion processes at 
the Mound facility, the RAPS model could be underestimating ground-level 
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FIGURE 6.9. Comparison of Computed and Monitored 238Pu Air Concentrations 
for 1985 Operations at Mound, Based on a Typical Stack Release 

concentrations by assuming elevated releases. Therefore, an additional test 
was made for the limiting case with all releases modeled as ground-level 
releases. The results are shown in Figure 6.10. A comparison of Figures 6.9 
and 6.10 shows that the 238Pu concentrations computed are sensitive to the 
initial release assumptions and that assumption of a ground-level release 
provides a better fit with monitored 238Pu data than the assumption of a stack 
release. 

Figure 6.11 illustrates how monitored and modeled concentrations based on 

a stack release varied with downwind distance. Figure 6.12 presents the same 
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information for a ground - level release assumption. The modeled results are 
given for the sectors with the highest and lowest computed concentrations as 
well as the average sector. Those monitoring sites that are very close to the 

Mound facility are plotted at a distance of 1.0 km. 

Figure 6. 13 contains a comparison of the computed and monitored incremen

tal tritium air concentrations based on the assumption of a stack release. For 

comparison with monitoring data, a tritium dioxide emission fraction of 0.55 is 

assumed . The RAPS output for a nondepositing gas was selected as being appro

priate for tritium. The tritium results show a strong relationship between 
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Typical Stack Release 

computed and monitored values as seen above for the 238Pu comparisons. The 
scatter is about the same , although the RAPS model consistently overp redicts 
for tritium rather than underpredicts as it did for 238Pu . 

The RAPS-predicted 238Pu surface concentrations were compared with surface 
contamination measurements in the region surrounding the Mound facility (DOE 
1979) . Figu re 6. 14 shows these data obtained mainly during 1977 . At offs i te 

locations, these data rep resent the long- term accumulation of Pu from plant 
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operations previous to 1977. Plutonium-238 is deposited by wet and dry 
procsses and removed by resuspension processes. 
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FIGURE 6. 13. Comparison of Computed and Monitored Tritium Air Concent rations 
for 1985 Operations at Mound, Based on a Typical Stack Release 

The values from the northeast sector were selected for comparing the 
measured and predicted values. Table 6.9 contains the Pu deposition rates 

predicted for 1 year of operation (1985) as a function of distance . Although 

the variation with distance is quite similar to that shown in Figure 6.14, the 
magnitudes for one annual cycle of deposition are, as expected, much smaller 
than the values measured. 

To predict similar deposition values for all plant operations before 1977 

requires that a source term be defined. Total stack emission rates of 65 uCi 
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are reported for the years 1974, 1975, and 1976 (Carfagno and Westendo rf 1974; 
Carfagno and Robinson 1975; Farmer et al. 1976) . To allow a comparison to be 

made, it was assumed that this rate of 238Pu emission applied to the 28 years 

of operations before 1977 . The available documentation did not state in which 
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TABLE 6.9. Total Annual 238Pu Deposition, Computed for 
the Year 1985 for the Northeast Sector 

Distance Stack Ground Level 
Downwind Releas2 Releas2 

(km) {mCi/km } {mCi/km } 
0. 20 3.4 X 10-5 5.5 X 10-3 

0.78 2.6 X 10-5 4.0 x 1o-4 

2. 35 6.7 X 10-6 5.5 X 10-5 

6.6 1.3 X 10-6 9.3 X 10-6 

18 .3 3.0 X 10-7 1.6 X 10-6 

years of operation 238Pu emissions did occur or whether such emissions were 
greater or less than those reported. Given that newer control technology has 

progressively tended to reduce emissions from operations like those at the 
Mounds facility, the expected trend is that the earlier emission rates would 
have been greater than later rates. 

Tables 6. 10 and 6. 11 contain comparisons of the computed and measured 

values for the stack release and ground-level release assumptions, respec
tively . It is assumed that no 238Pu is lost from the surface -- once it is 
deposited, it is assumed to stay on the surface. Although a fraction of the 
deposited 238Pu may represent background values, that fraction of the measured 

values is expected to be quite small . This conclusion is based on the strong 
dependence between the 238Pu concentrations and distance from the Mound 
facility, as shown i n Figure 6.14. 

The current emissions from the Mound stacks are expected to have particles 
with a typical radius of about 0.3 ~. Emissions in the early years of opera
tions may have had larger particle sizes as a result of different filtration 
technology or practices . Tables 6.10 and 6. 11 contain comparisons for emission 
assumptions of both 0.3- and 7.5-~ particles. 

All of the modeled values are much less than the measured values. How
ever, the values agree within one or two orders of magnitude for the 7 . 5 - ~

radius particle stack release and 0.3-um-radius particle ground-level release. 

Given the uncertainty in the definition of the total emission rate, agreement 
in absolute magnitude is not expected . The fact that the application 
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TABLE 6. 10 . Comparison of Computed Total 238Pu Deposition with Measured Soil 
Concentr.(ations in the No rtheast Sector , Assuming a Stack 
Release a) 

Emi ssion Assumption of Emission Assumption of 
Distance Measured 0 . 3 - ~m-Radius Particles 7 . 5- ~-Radius Particles 
Downwind Con centra~ ion Concentra~ion 

Ratio(b) 
Concentra~ion 

Ratio(b) {km) {mCi/km } {mCi/km } {mCi/km } 
0. 20 100.0 0.023 4350 .0 5.1 20.0 
0.78 50.0 0. 017 2880 .0 0. 47 107 .0 
2. 35 5.0 0.0044 1130 .0 0.92 54.0 
6.6 0.6 0. 00091 661.0 0.0119 47.0 

18.3 0. 1 0.00020 495 .0 0.0013 9.4 

(a) Based on Dayton meteorological data; measured values were obtained from 
DOE (1979: Figure 3.14) . 

(b) Ratio of measured to computed values . 

TABLE 6. 11. Comparison of Computed Total 238Pu Deposition with Measured Soil 
Concentr.(ations in the Northeast Sector, Assuming a Ground-Level 
Release a) 

Distance Measured 
Downwind Concentra~ion 

{km) {mCi/km } 
0.20 100.0 
0. 78 50 .0 
2.35 5.0 
6.6 0.6 

18.3 0. 1 

Emission Assumption of 
0 . 3 -~-Radius Particles 
Concentra~ion 

(mCi/km } 
3. 63 
0. 27 
0. 040 
0. 0061 
0.0011 

Ratio(b) 

28.0 
188 .0 
139.0 
98 .0 
94.0 

Emission Assumption of 
7 . 5 - ~-Radius Particles 
Concentra~ion 

(mCi/km } 
22 . 4 
0. 35 
0. 011 
0.00037 
0.0000011 

Ratio(b) 

4.2 
142.0 
470.0 

1560.0 
8550.0 

(a) Based on Dayton Meteorological data; measured values were obtained from 
DOE (1979 : Figure 3.14) . 

(b) Ratio of measured to commuted values. 

of the RAPS model to the Mound facility appeared to underpredict 238Pu air 

concentrations by about a factor of ten implies that it will similarly 

underpredict deposition rates . 

6.46 



6.4.5 Discussion 

The limited onsite and complete regional meteorological data sets gave 
essentially equivalent results. Thus RAPS could be applied to the stack 
releases at the Mound facility using only the available onsite meteorological 

data. 

The stack parameters chosen are a compromise between the two 61-m (200-ft) 
stacks, which accounted for 84 .8% of reported Pu emissions during 1985, and the 

other, shorter stacks that accounted for the remaining 15.2%. The use of a 

single emission source to represent a number of stack releases will mainly 
affect the concentrations computed in the immediate vicinity of the facility . 
With distance from the site, the specific release characteristics become pro
gressively less important . 

The meteorological complexity of this facility makes topographic lowering 
of the height of elevated plumes a possibility . A model run assuming ground
level release represents the extreme case of no stack or plume rise . This 
latter case was tested not because such a situation is expected to occur, but 
to provide data points representing the most extreme case of plume downwash. 

The concentrations predicted for 238Pu assuming an elevated plume were 
about an order of magnitude smaller than the monitored values, but both varied 
identically with distance from the facility. A similar result occurred for the 

tritium comparisons, except that the predicted values for tritium were about an 
order of magnitude larger than the monitored values. These differences are 
within the order-of-magnitude accuracy expected for the model at a site with 

complex dispersion influences . 

The consistent underprediction of 238Pu concentrations at all distances 
suggests that the cause is not random variability. The better agreement 
obtained when a ground-level release was assumed suggests that the plumes may 
be downwashed by the local topography. It is also possible that the stack 
sampling underestimated the emission rate or that another source, such as 
resuspension of surface materials, may be involved . 

As compelling as the plume downwash argument seems for the 238pu com
parisons, the consistent overprediction of tritium using the assumption of an 
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elevated plume shows the RAPS model is not consistently underpredicting 
environmental concentrations when applied to the Mound stack emissions. Thus, 
taking the results as a whole, the assumption of a stack release with plume 
rise appears to be appropriate for this applicati on . 

The comparisons of surface concentrations of 238Pu show that the RAPS 
model does predi ct the observed patterns of long-term deposition in the region 
around the Mound facility. Although the surface concentrations are consis

tently underpredicted by the RAPS model, the uncertainties in the definition of 
the emissions makes absolute agreement unlikely. Although the case based on 

the assumption of a ground -level release of 7 . 5 - ~ particles does not simulate 
the observed environmental variation, the case based on the assumption of a 
ground-level release of 0.3-~ particles does . The assumption of an elevated 
plume with either size particle results in outputs that simulate the environ
mental vari ations reasonably well . 

The comparisons using the atmospheric components show the RAPS model is 
able , when emission rates have been reported , to predict the environmental 
concentrations within an order of magnitude of those observed . In addition, 

the comparisons show that the RAPS model is able to predict the observed 

environmental variations quite accurately. 
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7.0 EXPOSURE AND HEALTH EFFECTS COMPONENT OF THE RAPS METHODOLOGY 

7.1 INTROOUCTION(a) 

The exposure pathway and health effects components of the RAPS methodology 
estimate how much individuals in a defined population group will be exposed and 
the potential health effects from such exposure to chemical and radioactive 
contaminants. The primary exposure modes considered are inhalation, external 
exposure (including dermal contact), and ingestion. The exposure analysis 

begins from the environmental concentrations predicted by analyses of the four 
environmental pathways. The exposure analysis produces an estimate of the 

uptake by individuals in the exposed population group. The uptake estimate is 
then used in the health-effects analysis to determine the Hazard Potential 
Index {HPI) for each contaminant at the site. 

The mathematical models for the exposure pathway analysis were selected 
for easy application to a variety of sites. The analysis itself is designed to 
represent the important site parameters affecting exposure without requiring 
onerous input data or complex analyses. As such, the analysis is much simpler 
than a detailed environmental assessment that might be performed in conjunction 
with a detailed site analysis. 

The exposure pathways by which contaminants may reach the individual 
resulting in human exposures are illustrated by a schematic diagram and flow 
diagram in Figures 7.1 and 7.2, respectively. In Figure 7.2, rectangles indi
cate processes and hexagons indicate contaminant concentrations, either in 

environmental media or in parts of the exposure network. The following expo
sure pathways are represented in this figure: 

• inhalation -- primary mode of exposure from the atmospheric transport 
pathway 

(a) For more information on the HPI, refer to Chapter 2.0. 
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FIGURE 7.1. Exposure Pathways to Humans (After Whelan et al . 1987) 

• drinking-water ingestion --mode of exposure from groundwater, sur
face water, and overland transport pathways 

• aquatic-food ingestion -- mode of exposure f r om eating fish and 

shellfish produced in contaminated waters; i n other words, exposure 
derived from the surface water or overland transport pathways 

• crop ingestion -- mode of exposure through eating foods grown on 

farmlands contaminated by atmospheric transport and deposition or by 

irrigation using contaminated water derived from the water transport 

pathways 
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• animal-product ingestion --mode of exposure through eating the prod
ucts of animals fed contaminated crops (cont amination derived from 
all transport pathways) or contaminated water (derived from the water 
transport pathways) 

• external exposure to radionuclides --mode of exposure through con
tact with contaminated soil (derived from the atmospheric transport 

pathway) and from aquatic recreational activities such as swimming, 

boating, and shoreline activities (contamination derived from the 
overland and surface water transport pathways) 

• dermal contact with chemicals --mode of exposure through contact and 
ingestion of contaminated soil (derived from the atmospheric trans
port pathway), swimming in contaminated water (derived from the over
land and surface water transport pathways), and bathing in domestic 

water (all derived from water transport pathways). 

The exposure pathway codes presented in the following discussions use the 
long-term average environmental concentrations of each contaminant provided by 
the transport analyses. Because the analyses are performed assuming no changes 
from current land use, groundwater, and surface water practices (such as reme

dial actions to the waste or population changes) , the potential exposures may 
continue for hundreds to thousands of years, particularly for the groundwater 
transport pathway. The exposure analysis is therefore based on 70-year incre
ments (corresponding to approximately one human life span), with average con
centrations defined for each increment. 

These average concentrations are defined for media contaminated by the 
transport pathway being evaluated. The atmospheric transport pathway can 
potentially contaminate soil and air, while the water transport pathways are 
considered to contaminate only water and shoreline sediment (and farm soil 
through irrigation) . 

The exposure analysis provides the average i ndividual dose for each con
taminant. Two types of doses are calculated . For radioactive contaminants, 

the dose is expressed as the effective dose equi valent received from each 

contaminant over the lifetime of an average member of the population. For 
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chemical contaminants, dose is expressed as average daily intake (per unit body 
weignt) of each contaminant by an average member of the population. The basic 
equations for the two types of contaminants are identical; the differences in 
dose types are handled through definition of dose conversion factors. 

The exposure analysis is performed for one transport pathway, one usage 
location, and one 70-year period at a time. The term •usage location• refers 

to a point in the environment where air, soil, or water may become contaminated 
and cause the exposure of a local population group. The doses from each con
taminant are evaluated for each calculation. The calculated doses are then 
used in the health impact evaluation, in which a composite hazard potential 

index is determined for each contaminant. The hazard potential index includes 
contributions from all transport pathways, usage locations, and time periods. 

This chapter presents a comparison between monitored and simulated food 
product concentrations for an actual contaminated environment. As noted in 
Chapter 1.0, the purpose of the comparison is to demonstrate the applicability 

of the RAPS methodology at established facilities that have monitored the 
release of contaminants into the environment. Because the Mound facility has 
historical records of environmental measurements for tritium and 238Pu taken at 

various locations in the environment, it was chosen to test portions of the 
exposure pathway component. Although it would be desirable to test the entire 
exposure pathway and health effects components, no data base exists on which to 
perform such a comparison. Therefore, the present analysis is limited to test
ing those few portions of the exposure pathway component for which data do 
exist. 

The remainder of this chapter is divided into four sections. First, the 
mathematical formulations associated with the exposure pathway analyses of RAPS 
are described. Second, the application of the RAPS exposure pathway component 
to a selected pathway at the Mound facility is presented. Third, the results 
of the comparison are summarized. Finally, the references cited in the chapter 
are l isted. 
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7.2 MATHEMATICAL FORMULATIONS ASSOCIATED WITH THE EXPOSURE PATHWAY 
COMPONENT OF THE RAPS METHODOLOGY 

The following subsections (i.e . , Sections 7.2 . 1 through 7.2.8) briefly 
discuss the routes of exposure addressed by the RAPS methodology . Because not 
all of the exposure pathways are tested in this chapter, details of the mathe

matical expressions for only those exposure pathways tested using the Mound 
facility data are given in the following discussions . These pathways are con
tamination of fish from surface water transport (Section 7.2 . 3) and contamina
tion of grass and vegetables from airborne transport (Section 7. 2.4) . Summary 

descriptions are given for other pathways, details of which are available from 

Whelan et al. (1987). 

7.2 .1 Inhalation 

The average daily intake from inhaling contaminated air is calculated from 
the average individual ventilation rate (inhalation volume rate) and the aver
age air concentration at the location of exposure . The dose from inhalation is 
then calculated from the daily intake by multiplying by an inhalation dose con
version factor (rem/70 years per pCi inhaled for radionuclides and kg-1 for 

chemicals) . 

7.2. 2 Drinking-Wate r Ingestion 

Exposure to contaminants via the drinking-water ingestion pathway may 
result from the groundwater, surface water, or overland transport pathways. 
(The overland transport pathway may contribute to contamination in surface 

water systems and thus contribute indirectly to drinking-water ingestion. ) The 
dose from ingesting water is calculated from the water concentration, the water 

ingestion rate, a water-treatment purification factor, and a decay correction 
(for radioactive or unstable contaminants). 

The water-treatment purification factor accounts for removal of contami
nants during water treatment at municipal water-supply facilities. If the 
water is not treated, then the purification factor is unity . The average daily 

water intake rate is assumed to be 2 1/d . Inadvertent ingestion of water dur

ing bathing is discussed separately in Section 7.2.7. 
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7.2.3 Aquatic-Food Ingestion 

Ingestion of contaminated aquatic foods is an exposure pathway considered 
for the surface water and overland transport pathways. For the RAPS analysis, 
two types of aquatic foods are considered: fish and invertebrates. Fish rep

resent those organisms living in free-flowing waters; invertebrates represent 
those organisms living in or feeding on sediments. The contaminant concentra

tion in these organisms is related to the contaminant water concentration by 
bioaccumulation factors. The average individual dose from ingestion of aquatic 

foods is calculated using the water concentration and uptake rates as follows: 

Oa. 
1 

where Oai = average individual dose from ingestion of aquatic foods for 
contaminant i (mg/kg/d or rem/70 year) 

n = number of aquatic foods considered (in this case, n=2) 
f = index on aquatic food types 

(7 .1) 

Uf =average consumption rate of aquatic food for individuals in the 

population (kg/d) 

Cw; = average water concentration of contaminant i (mg/1 or pCi/1) 

Bif = bioaccumulation factor for contaminant i and aquatic food (1/kg) 
Of; = ingestion dose conversion factor (rem/pCi or kg-1) 

A; = environmental degradation or radiological decay constant for 
contaminant i (d-1) 

tf = average time for decay from food harvest to consumption for 
aquatic food type f (d). 

The ingestion dose factor for chemicals is the inverse of the average 
adult body weight (70 kg). Equation (7.1) converts daily intake (mg/d) to 
average individual dose (mg/kg/d). Default values for consumption rates are 
taken from NRC (1977). The default values correspond to daily intake rates of 
0.0027 kg/d for invertebrates and 0.065 kg/d for fish. 

Bioaccumulation factors from models derived for use in radiological analy

sis are available from NRC (1977) for all elemental chemicals. For chemical 
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contaminants that behave differently from the elemental form, default correla
tions for estimating bioaccumulations based on octanol-water partition coeffi
cients are available in the RAPS computer program. These correlations are to 

be used only when data for the specific contaminant are not available, as they 
represent only an order-of-magnitude estimate . 

When the contami nant is tritium (water form ), the fish tissue concentra
tion is assumed to equal the water concentration. This assumption has been 

tested in the present study using data from the Mound Facility . 

7.2 . 4 Crop Ingestion 

Either irrigation using contaminated water or direct deposition of air

borne contaminants onto plants and soil can result in contamination of agricul
tural crops. Two food products associated with contaminated crop production 

are considered here: leafy vegetables and other vegetables (and fruit). The 
leafy vegetable category represents such plants as lettuce whose edible por
tions are exposed above ground and eaten directly with little processing. The 
other vegetable category represents all other crops, for which the chance that 

direct deposition will be incorporated directly into the edible portion of the 
plant is much less. The code used to estimate contaminant concentrations in 

the edible portions of the plant considers uptake from two pathways: direct 
deposition and absorption through roots from soil. The contribution to plant 

concentration from direct deposition onto leaves at the time of human consump
tion is calculated as follows: 

where Clip= concentration of contaminant i in the vegetable for vegetable 
type p (leafy or root ) from deposition onto leaves (pCi / kg or 

mg/kg) 

p = index on plant or vegetable type (1 = 1 eafy vegetable and 

2 = root or other vegetable ) 

Du · = deposition rate of contaminant from air or water onto farmlands 
1 

(mg/m2/d or pCi/m2/d) 
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Tvp = translocation factor from plant surfaces to edible parts of the 

plant for plant type p (dimensionless) 

r = fraction of deposition retained on edible parts of the plant 

(dimensionless) 
Aei = effective weathering and decay constant for contaminant i (d-1} 

tep = length of the growing period for crop type p (d) 
thp = time between harvest and consumption for the vegetable type 

p (d) 

Yp =yield of crop type p (kg/m2). 

A default growing period of 60 days is assumed for both vegetable crops (NRC 
1977}. 

For the air deposition pathway, the contaminant deposition rate (Dui) is 
calculated from the air concentration and an average deposition velocity as 
follows: 

( 7 . 3) 

where 86400 = unit conversion factor (s/d) 
Cai =average air concentration of contaminant i (mg;m3 or pCi/m3) 
Vdi =deposition velocity for contaminant i (m/s) . 

For the water pathways, the contaminant deposition rate is calculated from 
the irrigation rate and water concentration as follows: 

Du. = Cw. l/30 
1 1 

where I = irrigation water application rate (l/m2/mo) 
30 = unit conversion factor (d/mo) . 

The contribution to contaminant concentration in plants from the root 
uptake pathway is calculated as follows for the air deposition pathway: 

Cr. = (Cs./P + Cb.) Bv. [exp (-A. th }]/A. 
1p 1 1 1 1 p 1 
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where Cr i p = plant concentration from uptake through roots for contaminant 
and plant uptake pathway p (pCi/kg or mg/kg) 

Cs. = soil concentration of contaminant i (mg/m2 or pCi/m2) 1 
p = area soil density (kg/m2) 

Cb· = background soil concentration of contaminant i (mg/kg or pCi /kg) 1 

Bvi = soil -to-plant transfer factor for contaminant i (dimensionless) 

The calculation of contaminant concentration in plants from contaminated 
water involves estimating the average soil concentration over the irrigati on 
period (usually defined as the growing period for the site) . The plant concen
t ration at the time of consumption by individuals is estimated as follows : 

Du. 
Crip = Bvi Cbi + ~ [1 - exp (- >-; tep)] exp (- \ thp) (7 . 6) 

The soil -to-plant transfer factor (Bvi) is available for all elements from 
NRC (1977) . For chemical contaminants that are poorly described by elemental 

parameters, the transfer factor can be estimated using the correlation of 
Travis and Arms (1988) based on octanol -water partition coefficients. This 
correlation, which is included in RAPS , is an order-of-magnitude estimate and 
should only be used when contaminant -specific data are unavailable. 

Equations (7 .3) to (7 .6) are used for most contaminants for computing the 
average contaminant concentration in plants . However, a more realistic model 
is required for the contaminant tritium because i t is associated more closely 
with water. The concentration of tritium in plant s is assumed to have the same 
specific activity as the contaminating medium (air or water). The fractional 
content of hydrogen in the plant is then used to estimate the tritium content 
of the food product . The concentration of tritium in vegetables from atmos
pheric deposition is calculated for air pathways as follows: 

C. = 9 Ca. Fh /Ha 1p 1 p (7 . 7) 
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where cip = average concentration of contaminant i in the vegetable for 
vegetable type p (leafy vegetables or other vegetables) at time 

of consumption (mg/kg or pCi/kg) 
9 = inverse of hydrogen mass fraction in water (kg H20/kg H) 

Fhp = total fraction of hydrogen in plants of plant uptake pathway 
p (kg H/kg plant) 

Ha = absolute humidity (kg H2o;m3) 

A default absolute humidity of 0. 008 (kg/m3) is assumed . The default 
value for the plant hydrogen fraction for leafy vegetables and vegetables is 

0.10 (Napier et al. 1980). 

7.2.5 Animal Products 

Either atmospheric deposition of contaminants onto feed crops or use of 
contaminated water to irrigate feed crops can result in the ingestion of con

taminated crops by animals . In addition, contaminated water can be used as 
part of the animals' drinking-water supply . Human exposure to contaminants can 
then result from subsequent ingestion of contaminated animal products . The two 
animal products considered in the RAPS program are cow milk and beef. In eval

uating the contaminant concentration in the milk and meat, the animals are 
assumed to eat crops containing contaminant levels defined by Equation (7 .6), 
neglecting the decay correction between harvest and consumption [the exponen
tial term with parameter thp in Equations (7.2), (7.5), and (7 .6)] . The 

animal-product pathway was not tested using Mound facility data because, for 
the available data (milk concentration), the location of production was poorly 
defined relative to air and soil concentration measurements . However, the 
concentration of contaminants in grass {representing a portion of the animal
product pathway) was tested as described in Section 7.3. 

In evaluating the feed concentration (Cip) from Equation (7 .6), parameter 
values representative of animal pasture grass were used. These differ from the 
vegetable production parameters used for human consumption . For example , the 

growing period is set to 30 days to better represent animal grazing habits. 

Also, the crop yield is assumed to be less (0 .7 kg/m2) for animal feed 
production. 
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7.2.6 External Exposure to Radionuclides 

External radiation exposure is considered for individuals exposed to land 
surfaces contaminated by atmospheric deposition and for individuals involved in 
aquatic recreational activities associated with contaminated overland and sur
face waters. Aquatic recreational activities include boating, swimming, and 

shoreline fishing or hiking. The radiation dose is calculated from the water 

concentration or soil concentration (depending on which transport pathway is 

being studied) and the average time spent by an individual in each activity. 
Oefault values for exposure times associated with boating, swimming, and shore
line fishing are 12 hr/year, 12 hr/year, and 12 hr/year, respectively. 

The average contaminant concentration in shoreline sediment is estimated 

from a model developed by Soldat et al . (1974) relating water concentration to 
sediment concentration following a long period of deposition . The contaminant 
concentration in sediment is based on a transfer constant derived for several 

radionuclides using data obtained from an analysis of water and sediment sam
ples taken from the Columbia River at Richland, Washington, and at Tillamook 
Bay, Oregon, 75 km south of the mouth of the Columbia River (Nelson 1965; 

Toombs and Cutler 1968} . 

Exposure to contaminated ground is considered only for the atmospheric 
deposition pathway because ground contamination from the water transport path
ways will not expose large population groups . Although large areas of farm

lands may become contaminated by irrigation with contaminated water, relatively 
few people, mostly farmworkers, will be subject to exposure . Airborne deposi
tion is assumed to cover the entire region of the defined population group, and 
all individuals are potentially exposed . 

7. 2.7 Dermal Contact/Inadvertent Ingestion 

Uptake of contaminants may result from dermal contact with soil contami
nated from atmospheric deposition or from water contaminated from the ground

water, surface water, or overland transport pathways . Soil contact represents 
either ingestion from hand-to-mouth contact or absorption through the skin. 

The effective uptake of contaminants from dermal contact with soil is estimated 
based on inadvertent ingestion of soil. The actual intake through the skin is 
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assumed to be small compared to intake through ingestion . In the model, to 
ensure that intake through the skin is small (relative to ingestion), the 
ingestion rate is estimated conservatively . Kimbrough et al . (1983) have pres

ented conservative estimates of soil ingestion as a function of age. Using 
data from Kimbrough et al . {1983), an estimate of average soil ingestion over 
the lifetime of an individual of 410 mg/d is obtained. 

Water contact may result in uptake during swimming or bathing . The dermal 
uptake during domestic bathing is assumed to contribute less to dose than does 
inadvertent ingestion of water; this may be more true for shower bathing than 
for tub bathing . For the present analysis, each person is assumed to bathe 
once per day and to ingest an average of 10 ml of contaminated water per day as 

a result . The ingestion of water during bathing is normally insignificant 

compared to the ingestion of drinking water (0 .01 1/d as compared to 2 l/d); 
however, for locations where water is used for bathing but not for drinking, 
the bathing dose may be significant . Inadvertent ingestion of water may also 
occur during recreational swimming. The amount ingested is assumed to be 

100 ml for every hour of swimming time . Exposure from inadvertent ingestion of 

water and soil is considered for both chemical and radioactive contaminants. 

7.2.8 Dose Conversion Factors 

Factors must be defined for each contaminant to relate the rate of expo
sure to the dose . For radiological contaminants, dose is measured as effective 
dose equivalent for the average lifetime of an individual (i . e. , 70 years) . 
Inhal ation and ingestion dose conversion factors are available from ICRP (1977, 

1979-1982) . The dose factors from these ICRP publications give the 50-year 
dose commitment from 1 year of intake. 

Dose factors for chemical contaminants essentially represent unit conver
sion factors because the exposure and dose are the same. For inhalation and 

ingest ion, the dose factor relates the average amount of contaminant taken in 
per day to the daily dose per unit body weight. 

7.13 



7.3 COMPARISON OF MONITORED AND SIMULATED PATHWAY CONCENTRATIONS FOR THE 
MOUND FACILITY 

The exposure pathway component of RAPS simul ates the transfer of contami
nants from selected locations in the environment through uptake by man . Test
ing of the RAPS exposure pathway simulations involves identification of data 

that can be used to relate environmental media concentrations to uptake-media 
concentrations . Data are available from the Mound facility for testing of the 

aquatic-food and the vegetable ingestion pathways for two contaminants, tritium 
and 238Pu . These data are available from the annual environmental monitoring 

reports for the Mound facility for the years 1973 through 1985 . References for 
these annual reports are given in Table 7. 1. Additional information on the 

Mound facility is presented in Chapter 4 of U.S. DOE (1979). The following 
discussions describe the available data and the results of the comparison of 
simulated and measured concentrations in fish and vegetation. 

7.3. 1 Aquatic-Food Pathway Simulation 

Simulating the aquatic-food pathway involves estimation of the concentra
tion of contaminants in fish or shellfish, based on the concentration of con
taminants in the surrounding water. The concentration in the edible portions 
of a fish is proportional to the concentration in the water; the proportional
ity constant is the bioaccumulation factor in Equation (7.1). The data in the 
Mound facility annual reports include measured water concentrations and the 
corresponding fish concentrations fo r tritium and 238Pu in the Great Miami 
River. Data on plutonium are available for the years 1973 through 1985, but 
tritium values are available for only the years 1973 through 1975. Tritium 
sampling of fish was discontinued because measurements indicated that tritium 
concentrations in fish were similar to the water concentration, and no harm to 
the fish or to individuals consuming the fish was likely. 

The water-sampling program at the Mound facility has historically measured 
plutonium and tritium at nine locations along the Great Miami River, as indi
cated in Figure 7.3. During the period 1973 through 1978, measurements were 
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TABLE 7 .1. Mound Facility Annual Environmental Monitoring Report References 

Year Reference 
1973 Carfagno and Westendorf {1974) 

1974 Carfagno and Robinson (1975) 

1975 Farmer et al. {1976) 
1976 Farmer et al. (1977) 

1977 Farmer and Carfagno (1978) 
1978 Farmer and Carfagno (1979) 

1979 Farmer and Carfagno (1980) 
1980 Farmer and Carfagno (1981) 

1981 Farmer and Carfagno (1982) 
1982 Carfagno and Farmer (1983) 
1983 Carfagno and Farmer (1984) 
1984 Carfagno and Farmer (1985) 
1985 Carfagno and Farmer (1986) 

taken at locations 2, 3, 4, 5, and 8; during the period 1979 through 1985, 
measurements were taken at locations 1, 4, 6, 7, and 9. The water concentra
tions used for the simulation analysis were based on data from selected meas

urement locations, in an attempt to estimate the water concentration most 
likely to be associated with the fish being trapped near the Mound facility 
outfall (indicated by the dotted lines in Figure 7.3). For the years 1973 
through 1978, measured water concentrations at locations 3, 4, and 5 were used, 
and for the years 1979 through 1985, data from locations 4, 6, and 7 were used. 

The testing of the aquatic-food pathway in the Great Miami River involves 
estimating fish concentrations from measured water concentrations, and compar
ing the estimated values with measured values. The aquatic-food model for 
tritium assumes that the concentration in fish equals the water concentration. 
This assumption is in turn based on the assumption that tritium in the river 
water is at equilibrium with the water in the fish tissue. Figure 7.4 compares 
the measured tritium concentrations in water with those in fish tissue for the 

years 1973 through 1975. The results indicate that the concentration in fish 
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FIGURE 7.4 . Comparison of Simulated and Observed Tritium 
Concentrations in Fish 

is within a factor of two of the water concentration. This supports the model 
used in the RAPS methodology to estimate the tritium concentration in fish, 
that is, the assumption that the fish concentration is equal to the water con
centration. The analysis of the fish samples involved oxidation of the sample 

(edi ble portions only), collection of the combustion products, and analysis of 

combustion products using liquid scintillation spectrometry. This method was 

selected to provide the total tritium concentration in the sample, including 

both the organically bound tritium and that in the cell water. Although the 

same method of analysis was used for all 3 years, the reason why the minimum 

detection limit was higher for 1975 than for 1973 and 1974 is unknown. 
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The plutonium concentration in fish tissue is estimated by multiplying the 
water concentration by the bioaccumulation factor for plutonium. Poston and 
Klopfer (1986) recommend the following bioaccumulation factors for freshwater 
fish for plutonium: 

Bottom feeders - 250 
Plankton feeders - 25 
Piscivores - 5 

Because the majority of fish sampled in the Great Miami River were carp,(a) the 
value for bottom feeders (250) is used in the present analysis . A comparison 

of calculated and measured fish concentrations is presented in Figure 7.5 for 
the years 1973 through 1985. The concentration of plutonium measured in silt 

at the same sampling locations is also shown in the figure. Interpretation of 
the results presented in Figure 7. 5 must take into account a change in sampling 
method made between the years 1978 and 1979 and a change in data reporting made 
between 1977 and 1978. Prior to 1979 the water analyses represent total sus

pended plutonium (i .e., unfiltered samples). For 1979 and later years, the 
later analyses represent filtered water (i.e . , dissolved plutonium only). 
Also, prior to 1979 the silt samples represented silt filtered out of the flow
ing water . For 1979 and later years, the silt samples were collected from bot

tom sediments . 

The values reported for water and fish concentration measurements for 1977 
and prior years are the actual measured values. After 1977 the values reported 
represent incremental activity, estimated by subtracting background levels for 
water or fish. The background levels are determined annually based on measure
ments taken at large distances from the Mound facility . The background levels 
of plutonium are typically a significant fraction of the measured values for 

both water and fish. Inclusion of the background levels with the values 

(a) Telephone communication between D. G. Carfagno of Monsanto Research 
Corporation and D. L. Strenge of Pacific Northwest Laboratory on 
December 16, 1986 . 
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presented in Figure 7. 5 would shift the data values upward somewhat but would 

not great ly affect the relative magnitudes of the estimated versus measu red 

fish tissue concentrations . 

The estimated fish concentrations are in general one to two orders of mag

nitude greater than the measured values , with the larger differences occurring 

in the years before 1979. For recent yea rs, the measured fish concentrations 
are generally about an order of magnitude lower than the estimated values . The 
change may be because suspended particulate material were included in the wate r 

concentration during the earlier years . Unfortunately, the effect of the sus 

pended plutonium component cannot be determined because total suspended pluto

nium in the Great Miami River was not measu red after 1978. The value used for 

the bioaccumulation facto r in estimating the fish concentrations is cri tical to 

the comparison . Eyman and Trabalka (1980) note that the recommended value of 

250 is based on analysis of whole fish , including the content of the gut . This 
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contrasts with the sampling analysis procedure in use at the Mound facility, 

which included only edible tissue . The recommended value must therefore be 
considered to be conservative, and the overestimat e of fish concentration is 
not surprising . Had a value of 5 been used (representing piscivores) instead 
of 250 (representing bottom feeders), the measured and simulated values would 

have been much closer. Some of the samples taken were bluegill (a piscivore), 
but most were carp (a bottom feeder). Therefore, the value used is appropriate 
for the application of the RAPS model to the Mound facility. The biasing 
effect of the few bluegill samples on the results is unknown. 

Other factors may also contribute to the vari ation in measured fish tissue 
concentrations . The amount contributed to fish t i ssue concentration by bottom 
sediments could not be estimated from the data, but it may be a significant 
factor in estimation of fish concentrations . Eyman and Trabalka (1977) have 

suggested that sediments may provide the primary source of plutonium for uptake 
by bottom-feeding aquatic biota . Also, how much the plutonium ingested by fish 

in previous years contributes to fish concentrations cannot be determined with
out a detailed study of the ages of the fish sampled . From studies of young 
channel catfish, Eyman and Trabalka (1977) have reported a long-term plutonium 
retention component with half-life of 534 years. This indicates that sampling 
of older fish may include activity taken in by fish in previous years. These 

factors complicate making definitive statements regarding the relationship 
between measured and calculated fish tissue concentrations. In general. the 
calculated fish tissue concentrations were about an order of magnitude greater 
than the concentration of dissolved plutonium in water . 

7.3.2 Vegetation Contamination Pathways 

The annual environmental monitoring reports for the Mound facility have 
presented tritium and plutonium concentrations measured in grass and vegetables 
since 1973. However, until 1979 the sampling locations were never identified. 

For the years 1979 through 1985, samples of grass and vegetables have been 
taken at three sites: Miamisburg, Centerville, and Bellb rook. The Centerville 

samples were taken close to the air monitoring location used in the present 
analysis to define the air concentrations of tritium and plutonium for 
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estimating the grass and vegetable concentrations. Measured grass and vege
table concentrations at Miamisburg and Bellbrook are not used because repre
sentative air concentrations at these locations are poorly defined in the 
annual reports. 

Results of tritium analyses of grass and tomato samples are presented in 
the Mound facility annual reports. The values reported represent incremental 
concentrations after subtraction of environmental background levels. For the 
present analysis, the background levels have been added to the reported values 

to give the total amount of tritium in the samples. The reported air concen
trations have likewise been modified to represent the total tritium concentra
tion to which the plants are exposed. The concentration of tritium in plants 
is estimated in RAPS from the air concentration using Equation (7.7). This 
equation requires an estimate of the average absolute humidity over the growing 
peri od. Because an estimate of average obsolute humidity is required, the 

growing period for vegetation must be identified. For grass the growing period 
(and so the sampling period) is assumed to the the 5-month period from May 
through September, and for begetables (represented by tomatoes), the period is 

August and September.(a) Meterological data presented in U.S. DOE (1979) 
allowed the average absolute humidity to be estimated as 11.1 g/m3 for grass 

and 11.8 g/m3 for tomatoes. The default value of 0.1 is used for the fraction 
of the plant mass that is hydrogen. With these assumptions the plan concentra
tions are estimated from the air concentration as follows: 

grass concentration 
tomato concentration 

= (air concentration) x 81.1 
= (air concentration) x 76.3 

A comparison of simulated and observed plant concentrations is presented in 
Figures 7.6 and 7.7 for grass and tomatoes, respectively. The error bars in 
these figures represent the standard error of the estimated means at the 95% 
con f idence level. The lack of a lower error limit indicates that the standard 

(a ) Telephone communication between 0. G. Carfagno of Monsanto Research 
Corporation and D. L. Strenge of Pacific Northwest Laboratory, on December 
16, 1986. 
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FIGURE 7.6. Comparison of Simulated and Observed Tritium 
Concentrations in Grass 

e rror was larger than the estimated mean. Error bars for the calculated plant 
concentrations reflect the standard error reported for the air concentrations 
and do not include any estimate of uncertainty or variability in the parameters 

of Equation (7 . 7) . 

The comparisons indicate that the calculated plant concentrations are in 
general agreement with the measured values , and thus give support for the trit
ium plant model used in the RAPS methodology . 

The RAPS model for estimation of plant concentration for particulates is 
given by Equations (7 . 2) , (7 .3), and (7.5) . Contributions to plant concentra
tion by direct deposition onto plant surfaces and by uptake by roots from 

contamination in soil are included . To exercise the RAPS vegetation
contamination model, measured air and soil concentration values are needed . 

Air concentration values are available for the years 1973 through 1985. How
ever, soil measurement data are available for only 1977, as reported in the 
final environmental impact statement for the Mound facility (U .S. DOE 1979). 
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FIGURE 7.7. Comparison of Simulated and Observed Tritium 
Concentrations in Tomatoes 

For the present analysis, it will be assumed that the air and soil concentra
tions near the air monitoring location used are representative of the location 
at which the plant samples were taken . 

The soil concentration of 238Pu at this location was reported to be about 
5 x 10-4 ~Ci/m2 during 1977 . When this soil concentration is used in Equation 

(7.5) with default values for soil density, and a soil-to-plant transfer factor 
of 2.5 x 10-4, the estimated plant concentration from root uptake is 3 x 10- 5 

~Ci/kg . The contribution from the air deposition pathway is obtained by com
bining Equations (7 . 2) and (7.3} and evaluating numerical terms . This results 
in the following estimates for grass and tomato concentrations: 

grass concentration 
tomato concentration 

= (air concentration) x 965 
= (air concentration) x 41.2 

Parameter values used in the evaluation of the above expressions are given in 
Table 7. 2; all values are the default values used by RAPS . The exponential 
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TABLE 7.2 . Parameter Values for Vegetation Calculation 

Parameter Units Grass Tomatoes 

Tvp 1.0 0. 1 
r 0. 25 0. 25 

Ae d-1 0.049511 0.049511 

tep d 30.0 30 .0 

yp kg/m2 0. 7 2.0 

exp(-A thp) 1.0 1.0 

term for decay between harvest and consumption is set to zero because there was 
essentially no decay between sampling and sample analysis (half-life of 238Pu 

is about 88 years). 

The reported 1977 air concentration of plutonium at the sampling location 
is 2.3 x lo-11 ~Ci/m3 • The corresponding calculated grass and tomato concen

trations att r ibutable to air deposition are 2. 2 x lo-8 and 9. 5 x lo-10 ~Ci/kg, 
respectively . The contribution from the soil uptake component is much larger 

than the air deposition component, so the measured plant concentrations are 

unlikely to correlate with measured air concentrations . Rather, the measured 

plant contamination will be largely a result of residual plutonium from past 

releases . The measured grass and tomato concentrations reported for 1977 are 

1.3 x 10-6 and 8.4 x lo-7 ~Ci/kg , respectively . These values may be compared 

to the calculated plant concentration of 3 x 10- 5 ~Ci/kg. The overestimation 

of plant concentration may be a result of the use of a conservative value for 

the soil -to- plant transfer factor . Another possibility is that the plant sam

pling location was poorly represented by the air sampling location , although 

the soil concentration at the air sampling location was only a factor of 5 
above the estimated environmental background value . Overall, given the level 

of sophistication of the exposure assessment component, the differences between 

simulated and observed values are great . 
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7.4 SUMMARY OF EXPOSURE PATHWAY MODEL COMPARISONS 

Data from the Mound facility environmental monitoring program were used to 
evaluate the aquatic-food ingestion pathway for surface water transport, and 
the vegetable ingestion pathway for airborne transport. The comparisons of 

calculated fish and vegetable concentrations were performed for tritium and 
plutonium (238Pu). The conclusions derived from the comparisons are 

• The tritium concentration in fish is approximately equal to the trit
ium concentration in the water. 

• The use of bioaccumulation factors to estimate fish tissue concentra
tions of plutonium results in an overestimate of about one order of 
magnitude. Reevaluation of recommended bioaccumulation factors may 
be necessary. 

• The calculated tritium vegetation concentrations are in general 
agreement with the measured values for vegetables (tomatoes) and 
grass. 

• The calculated plutonium vegetation concentration was approximately 
an order of magnitude above the measured value and was dominated by 
the soil-to-plant uptake route (because of relatively high prior 

depositions of 238Pu}. The overestimation is in agreement with the 
use of conservative values for the soil-to-plant transfer factor. 
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