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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)e 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
radicactive materials in a scientific and objective manner based on Timited
site information. Although RAPS was originally developed for only U.S.
Department of Energy {(DOE) 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 methodoloqy
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 temporai trends, and distributions
of contaminants corresponded weil with the measured data.






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 (DOE-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 appltication in
its environmental survey effort. For this application, the code was referred
to as the Muitimedia Environmental Pollutant Assessment System {MEPAS}. The
distinction is that RAPS refers to the overall methodoiogy, 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 Tevels associated
with the application of RAPS to these sites. The purpose of the comparison is
to demonstrate the applicability of impiementing the RAPS methodology to a
variety of hazardous waste sites or releases of contaminants into the

environment.



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 typicaily required to
implement the methodology and several of the types of contaminant releases
(e.g., direct discharyge, French drain, crib, tile field, and stack) that can be
considered by the methodoiogy. Thus, they demonstrate the applicability of the
methodoiogy 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 faciiity. 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-238 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 appiications, simulated and
observed contaminant levels are compared.

e 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 mavement of plutonium-238, americium-241, or piutonium-239,240
in the partially saturated zone was aiso 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

viit



resuspension of soil particles contaminated with cesium-137. This
anaiysis compares simutated 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

temporaily 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 leveils, 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 -- Temporal and spacial trends refer to
how welil the simulated results 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 simuiated 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 doverning 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.q., a riverine environment where sedimentation is
not a governing phenomenon}. This discrepancy could, therefore,
potentially lead to greater 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 Tevel 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
in any decision for determining the applicability of the method-
ology's components to simulate the migration, fate, exposure, and
affects of contaminants released into the environment. Ail 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 phenomenoclogical aspects of real-world conditions by combin-
ing many of these aspects into fewer parameters; it is, therefaore,
difficult to ensure the accuracy of results at all sites under ali
conditions with appliication 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 appiication 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.



The simulated results in this report are presented as if monitored infor-
mation were not availablie; however, the simulated results are compared with
monitared 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 resulits. In most cases, the simulated levels of contamination
tend to reflect, both temporally 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 and whether remediation
will be required. Consequently, DOE is in the process of locatinyg, 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 radiocactive 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 potentiai 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, amalytically, 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, anatyze,
and test all aspects of the RAPS methodology. Under the program, the methodol-
ogy and its mathematical formulations have been independently reviewed by

1.1



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 parameters, 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 jevels 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 appiicability 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 jevels in fish, grass, and tomatoes.
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2.0 QVERVIEW OF THE REMEDIAL ACTION PRIORITY SYSTEM{2)

2.1 INTRODUCTION

Eor 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 radiocactive. 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 poiicy is
to 1} locate and identify those hazardous waste disposai 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 requiremenis 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.(®) These

(a) This chapter is based on Whelan et al. (1985, 1986, 1987, 1988)}.
{b) For a discussion of assessment methodologies, refer to Whelan et at.
(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
compiex 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 (Whetlan
and Steeiman 1984). The RAPS methodelogy addresses contaminant migration,
fate, exposure, and risk through four major environmental transport pathways
(i.e., groundwater, overland, surface water, and atmospﬁeric). The RAPS
methodoiogy 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 coupied 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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2.2.2 RAPS Solute Transport Pathways and Exposure Assessment Component

As illustrated in Figure 2.2, four transport pathways and an exposure
companent 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.q.,
radionuclides}.

For contaminants that decay, the parent contaminants are initially
treated as conservative substances (i.e., no decay proeducts or degradation).
Upon reaching the environmental receptor, radiological decay is corrected in
a separate caiculation, and ihe code subsequently computes the temporail 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 controlliing the
degrea to which a site will require analysis. The site leachate quantity is
controlled by Tocal meteorologic, geoiogic, and hydroiogic conditicns and the
design and operation of the facility. Given the Timited availability of
Titerature 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. (1877) is used to compute leachate
quantities from landfills. The quantity of Teachate 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 {rainfail and
snowfall} over the Tandfill site. Of the precipitation that falls on a
landfill site, a portion runs off, some is Tost to evapotranspiration, and
the remainder percolates through the iandfill. Water that percolates through
the f-11 eventually exits as leachate. Simpier methods have been proposed
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{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 jsotropic 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. Ffor an infiltration rate equai to or
greater than the transmission rate, the leaching water is assumed to move at
the transmission rate.

The predominant movement of the Teachate 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 veiocity
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 {Kq). 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 1o the surface water environment. The solution algorithms are
based on Green’s functions and have been reported by several researchers
{e.g.. Yeh 1981; Codell et ail. 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
couid be included in the RAPS methodology. Of these many surface water
compaonents, 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 Tifetime 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 (Codell 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 Tongitudinal dispersion) forms the basis for
all surface water sojution algorithms (Codell 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 1ife 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 pilant biomass,



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 smalil ponds to natural lakes and man-made impound-
ments. MNo single simple model can adequately address the range of mixing
processes and various contaminant sources and risks found in open waier body
environments. In RAPS, environmental complexity is handled using a suite of
relatively simple algorithms that involve different boundary conditions and
idealized sotutions optimized for specific process assumptions. The selec-
tion process provides ¢riteria to objectively evaluate availabie 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 1)} 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 Tong, narrow 1akes 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 ai.
{1987) and Knight and Brown (1987).
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2.2.2.3 OQverland 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 overiand flow controls the
distribution of contaminants on land surfaces, its spacial and temporal
distribution is simulated for describing solute migration and fate through
this envirenment. Many of the characteristics describing the watershed and
hazardous waste sites are used in computing overland water movement and
subsequent contaminant transport. If an uniimited 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 alse 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 Agricuiture’s Soil Conservation Service
{SCS}, as presented by SCS (1972, 1982}, Kent (1973), USBR (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 npumber 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 conditicons, and potentiail
maximum moisture retention. The algorithms are empiricaliy based and repre-
sent a method of estimating direct runoff volumes from storms. The direct
runcff 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 sotutions. Overiand contaminant leveis 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 ai. (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 transpert, washout by cloud dropiets 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 Timited, 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-
toiogic information such as wind directicon, wind speed, and precipitation.
Qutput 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 rates are based mainly
on empirical relationships using site characteristics. 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 depcsition algorithms described
in Whelan et al. {1987).



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 Tocal 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 Companent

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 daitly
exposure is based on simple multiplicative models describing the transfer of
pellutants from air, water, or 0il to humans. The daily exposure rate is
next converted to an average individual health impact factor using mathe-
maticé] codes for radionuclides, carcinogenic chemicals, and noncarcinogenic
chemicals. The health impact factor is intended to indicate the Tevel 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
referance 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 foliows:

e drinking water ingestion -- For groundwater, overiand, 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.

o aguatic 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.

e 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: Tleafy
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 scil-to-plant transfer factors
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and air-to-edible piant 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.

o 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 poilutant. 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 shaoreline fishing.

e« 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 Jimited site information. The RAPS methodology
is more sophisticated than other ranking methodologies and bases its approach
on site and constituent {i.e., chemical and radionucitide) characteristics
(see Whelan et al. 1987). The RAPS methodology requires minimum user
knowledge of risk assessment and the Teast 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 SOQURCE-TERM SCENARIO DEVELOPHENT(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 mast important
phenomena in the modeling exercise. The purpose of this chapter is to provide
insight into how real-world situations can be converted to simpiified scenarios
on which the RAPS methodoliogy 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:

e 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 0ffice 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
Jffice of Environmental Audit, Office of Environment, Safety, and Health,
U.5. 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.

e 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-worid situation, that
describes how the contaminants are potentially released into the

anvironment.

3.3 APPLICATION OF THE RAPS METHODOLOGY TO IDENTIFIED ENVIRONMENTAL PROBLEMS

Unlike most assessment methodologies that are developed before data
sources are jdentified, 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
available), local or regional 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 maintainad by the National Weather Service and the National Uceanic
and Atmospheric Administration. Much of the regional soil information is
available in U,S. Geological Survey (USGS) reports and maps, SCS County Seoil

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 1in 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 Bureau of Reclamation, U.S.
Army Corps of Engineers, and USGS have tremendous amounts of information on

streams, ‘akes, and rivers, as well as other environments,

While a wealth of information is potentiaily 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., iatitude and longitude).

® Where does the potential release originate? Does the potential
release originate from a stack or holding tank?

® MWhat are the constituents of interest? To address the potential
hazard that may exist from a potential release of cantaminants into
the environment, the constituents of interest must be known.
Therefore, specify the chemical compounds or radionuclides, pH,

organic solvents,

e 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 exampie, an estimate of the wastes inventory,
contaminant concentrations, or the rate of potential release could be

used,

® What are the driving forces behind the potential release? For
potential nonatmospheric releases, identify the source of the liquid
transporting the constituents. Because water represents the driving
mechanism in transporting constituents, identify the source of the
1iquid; a liquid such as rainfall, solvents, or paint will typically

3.3



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
1iquid 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 reieases
the waste directly into the subsurface envirgnment, 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.

e 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 guestions 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} level of contamination
3) mechanism of potential contaminant release

4} source of the water (or liquid) transporting the constituents for
potential nonatmospheric releases

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 irrigation 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 identified for the site under
investigation,

[n 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

e 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.



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 Identifying the Origin of the Potentially Releasad 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 exampie, 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, empties
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); aor 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
snowmeit -- 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 itself may represent a
narrow area source for the groundwater environment if water leaches

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

e A stack releasing contaminants -- The location of the stack is the
point of potential release to the atmospheric environment.

® A landfiil that genmerates and potentially releases gaseous
effluents -- The Tandfill is both the origin and the location of
potential release to the atmospheric environment,

The location of the source may be specified through the use of latitude
and longitude, site maps, topographical maps, or road maps. The laocations
should be as accurate as reascnably 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 gquantify source terms include the
following:

® radionuclide inventories (e.q., Ci) and/or chemical inventories

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

o radionuclide concentrations {e.g., Ci/m3 and Ci/g) and/or chemical
concentrations (e.q., g/ml and kg/g)

e 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 scenaric dictates what infoermation must be
collected 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 scenarig is extremely
important to the success of the assessment. Without development of the release
scenario and identification and guantification 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 it can, how can it? Will the potential release
be to the atmosphere, surface water, groundwater, or soii? The gquestion of how
the material can be potentially released to the environment is difficult and
must be answered precisely for the release scenario to be correctiy developed.

3.3.5 Release Scenario Examples

[t is difficult to give precise instructions on how to construct release

scenarios. For that reason, a series of example situations are described.
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The following examples are intended to illustrate specific situations that may
be encountered and to give guidance on how one might proceed in constructing a
release scenario for the purpose of identifying information necessary to

impiement 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 soil, 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 soiis? The key to answering the question is
defining exactly where the potential release to the environment occurs. The
concrete pad is effectively an impermeabie 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 1ikely 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 sceparioc 1S runoff or leaching from
the 2dge 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:

® 1Is the entire inventory of the drums likely to leak from the drums
(or only some fraction)?

® What 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:
® Ioncation of the reiease point

® identity of the contaminants in the drums {This information might be
obtained from a shipping manifest, if one is avallable.)

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

® rate at which material may be potentially relzased from the drums and
the anticipated duration of the potential release (Is the potential

reiease unique and short-term, continuous, or intermittent?)
® dimensions of the storage pad

#® actual contamination Tevels on the storage pad or the surrounding
soils (This information would be usefui, but it is not essential.)

e presence of other factors that may affect the movement of contami-
nants (e.q., 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 caiibration 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
1s 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

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

e 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.)

e 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.

® Tlocation of the potential release point (both in terms of map
coordinates and relative to the ground surface and the water table)

e ijdentify the constituents

e 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.)

® Jeak 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 tc a river through 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 uniined transfer
canals that emptied into a nearby river. The impact on the environment of the

stored heated process water must be evaluated.

tEach 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.

e identity of the constituents
e dimensions of the pond

® concentrations of the constituents in the 1iquid and the sediments
(if available)

e leak rate of the pond to the ground
e the time of year and length of time water remains in the pond

e information on the construction of the pond [e.g., the liner material
and other construction materials (such as clay) should be

identified].
Scenariao 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 C1/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 monitoring the flow-through rate)

e concentrations of contaminants in the soil in the vicinity of the
canal,

Scenario D ~- The canal as a line source potentialiy discharging contaminants
to the atmosphere.

¢ identity and form of the constituents
e dimensions of the canal

® concentrations of the constituents in the 1igquid and on the sediments
(if availabie)

® the time of year and length of time water remains in the canal
® potential release rate from the surface (in g/mz/s or Ci/mz/s).

Scenario £ ~-- 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
e discharge rate of sclution 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 muititude of exposure scenarios
can exist, each of which must be addressed, together or separately, as
appropriate.
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soi)l 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.5. Department of
Commerce {USDC} (see for example NOAA 1984).(3) 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 monthiy 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):

T, = Tu; - 0.007 (hy - h) (5.1)

{a) The Local Climatic Data Annual Summaries and the associated data-
collection stations are designated by LCD.
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where

T

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)

hy = elevation of actual site (m)
h, = elevation of LCD station (m)
= index for month (1 < i < 12 with i = 1 for January, i = 2, for
February,..., and i = 12 for December),

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.

[f 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 Methad. 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 195D} 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 c, p; (0.46 T, + 8) for T, > 0% {5.2)

PET, = 0 for T, < 09 (5.3)

1}

where PET; = potential evapotranspiration rate for month i

(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
aestimates for month i

P. = mean daily percentage of total annual daytime hours as
a function of Tatitude and month i

T. = adjusted average monthly temperature for month i

(°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:

PET, = c. (Wi Rn. + (1 - W.) f(0).

- 0
; ; (esi eai)) for Ti > 00C {5.4)

PET. = 0 for T, ¢ 0% (5.5)
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4)

where c¢: = adjustment factor to compensate for the effect of day
and night weather conditions for month 1
W. = temperature-related weighting factor for the i-th month

Rn; = net radiation in equivalent evaporation for month i
(mm/day)
f(a)i = wind-raelated function for month i
es; = saturation vapor pressure at the mean air temperature
for month i {mb}
ea; = mean actual vapor pressure of the air for month i (mb)

Tachniques for estimating each of the terms in Equation (5.4) are
outlined by Whelan et al. (1987).

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.

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 Tand surface and to be stored until the first month
with an adjusted average monthiy temperature greater than zero. Pre-
cipitation as snowfall is obtained in the same iocation on the LCDs
as the monthly precipitation as rainfall,

precipitation adjusted for snowmelt -- Snowfall is assumed to accur
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 suppiied 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 0°C (32°F); when the average monthly
air temperature rises above 0°C {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 summinyg the snowmelt effects of vapor condensation, convection,
radiation, and rainfall as follows:

M. = Mvc, + Mo, + Mry + Mo, for Ti > °C {5.6)

i

M. =0 for Ti < 0°C (5.7)

where Mi = total monthly snowmelt for the i-th month {cm)

Mvc; = average monthly snowmelt from vapor condensation for the
i-th month (cm}

Mc; = average monthly snowmeit from convection for the i-th
month {cm)

Mr; = average monthly snowmelt from radiation for the i-th
month {(cm)
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Mp; = average monthly snowmelt from rainfall for the i-th
month (cm)

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 monthiy precipitation volume is adjusted to account for snowmelt
as foliows:

Pms; = Pm, + M, (5.8)

W

where Pms; monthly precipitation adjusted for snowmeit for the
i-th month (cm)

monthly precipitation as rainfall for the i-th month

1l

PlTl.i

{cm)
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).

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
sgil 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 ¢m (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) - 0.2 a m, [1000 - 10 (CN)] [?
Pms [CNT ¥ 0.8 73 m; L1000 = 10 TCN)T]

(5.9)
[Pms (CN)] » [0.2 a m, [1000 - 10 (CN)1]]
> 0°C

(5.10}
[Pms; (CN}J < [0.2 a m; (1000 - 10 (CN)]]
< 0°C

where Vm, = monthly runoff volume for the i-th month (cm)

a = conversion parameter between centimeters and inches
(a = 2.54)

m; = number of precipitation events during the i-th
menth |

CN = curve number.

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).



10)

maximum potential percolation -- The maximum potential amount of moisture
available for percoiation {i.e., maximum percolation) is represented by
the precipitation, adjusted for snowmeltf 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:

fmax; = Pms, - Vm, for T, > 0°C {5.11)
fmax; = 0 for T, < 0°C {5.12)
where fmax; = maximum amount of moisture available for percolation

i
for the i-th month {cm).

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:
fp, = fmax; - PET, for T, > 0°C {5.13)

fp, = 0 for T, ¢ 0°¢C {5.14)

where fp; = potential percolation for the i-th month {cm).

accumulated potential water loss -- This step represents the patential
soil moisture loss during a year., 1t is computed using the potential
percolation and the soil-moisture retention tables published by
Thornthwaite and Mather (1957).

Accumulated potential water loss (ij) 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.qg., 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 Toss with which to start accumulating the negative values of fp;.

In the RAPS methodology, this initial value is estimated using the method
of succassive approximations, as outlined by Thornthwaite and Mather
(1957), The basis for this method is that the rate of water loss from the
s0il 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 fp; 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 ai,
(1987).

soil moisture storage ~- This step identifies the moisture contained in
the soil 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 (STi) represents the
soil moisture that is retained in the soil after a given amount of
accumulated potential water 10ss or gain has occurred.
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13)

For both humid and arid areas, ST; for the dry season {i.e., when fp; < 0)
is astimated using the accumulated potential water loss values (NLi)
computed in step 10 and the Thornthwaite and Mather (1957) soil moisture
retention tables. The soil moisture retention tables correlate the
relationship between HLi and STi. Using the proper retention table, STi
can be identified for each NLi for each dry-season month,

For the first month of the wet season (i.e., first month with a positive
fp1
storage is computed as follows:

following the dry season) and succeeding months, the soil moisture

ST,

=
1]
ey 7

(ST, | + .) (5.15)

i=k

where ST; = soil moisture storage for the i-th month (cm)

index for the first month with a positive fp;

index for the last month with a positive fpi 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).

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:

8T, = ST, = ST, 4 (5.16)

where STi = change in soil moisture storage for the i-th month {cm).

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:

i

AET. PETi for PETi < (fmaxi - ﬂSTi) (5.17)

AETﬁ

1}

fmaxi - &STi for PETi > (fmaxi - aSTi) (5.18)

where AETi = actual evapotranspiration for the i-th month {cm).

leachate generation -- The moisture generated as leachate during any month
is also a function of the adjusted average monthly temperature.
When T1 is below freezing, zero leachate is assumed to be generated.

LG; = 0 for T. < 0% (5.19)

where LGi = leachate generation for the i-th month {cm).

When T, is greater than freezing, the leachate generated from the landfill
is computed as foliows:

LG, = fmax, - AET. - ST, for T, > 0°C (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 & soil layer; the field capacity must be exceeded before the
Jeachate will move., Practically speaking, some channeling of water will
occur, because of the heterogeneities associated with the waste, before
field capacity jis 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 ir the longitudinal direction in the saturated
zone. Hydrodynamic dispersion is described in three dimensions.,

Other assumptions associated with the groundwater component of RAPS
intlude the following:

e All aquifer properties are homogeneous and isotropic.
e Flow in both the partially saturated and saturated zones is uniform.
e 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 Codell 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 n and ng
represent total and effective porosities, respectively; then n - n, is the
remaining void fraction devoted to nonflowing waters. A mass balance on a
differential volume dV¥ = dx dy dz gives the expression:

3J 3G aP C
g 3% + {n -n_) a5t {1 - n) U~
2 2 2 AL PN |W2
aC 3 C a3 C 3G 3 G G
n (E + E + E +{n-n)|E + E + £ — (5.21)
e \'x 52 Ty sye 2 gz¢ € [ X & Y 3;2 Z 5

where n, = effective porosity (dimensianless)

C = dissolved contaminant concentration in the 1iquid phase in the
flowing voids {(g/ml or Ci/m1)(a)

n = total porosity (dimensionless)

G = dissoived contaminant concentration in the Tiquid phase in the
nonfiowing voids (g/ml 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)

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

(cm®/s)

E Ez = diffusion coefficients in the nonflowing voids in the x, y, and z

X’Ey’
directions, respectively (cmz/s)
A = degradation/decay constant [= {1n 2}/(half-life)].

t = time

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 pravided, the first refers to chemicals and the
second refers to radionuclides.
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equals the dissolved concentration in the fiowing 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 disselved 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

2 ? 2
ac 3C 37 C 3 C 3 C
—— 4+ y* —— = QO* + p* + D — ~ A C (5.22)
at ax X 3x2 ¥ ayZ 2 322
in which
* nE
o = (5.23)
"o Rf
f1 e Me
x
u_ = u/Rf {5.25)

4 * *
where Dx,Dy,Dz pseudodispersion coefficients in the x, y, and

z directions, respectively (cmz/s)

1}

Rg = retardation factor (dimensionless)
B = bulk density {g/ml)
Kq = equilibrium (partition or distribution) coefficient
(cm3/g).

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
vertical (z) directions. Soil 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 js 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 Ciapp and Hornberger (1978)
and is expressed by Hiltel (1980) as

1/m

k(o) = K, (o/n) (5.26)

where K(B8) = hydraulic conductivity {cm/s)
K = saturated hydraulic conductivity {i.e., permeability) (cm/s)
8 = 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{8) 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 {Codel} 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:

Ci, = a X, Yj Z, {5.27)
in which
a = 1/(Rf ne) (5.,28)
whare Ci2 = ji-th instantaneocus solute concentration at location x, y, z and

time t for an instantaneous source release (cm'3)(a)(b)
a, = parameter that ensures mass balance and that is based on initial
and boundary conditions

Xy = Green's function in the x direction for the i-th solution (cm‘l)
Yj = Green's function in the y direction for the j-th solution (cm'll
Z, = Green's function in the z direction for the k-th solution (cm'l)

Solutions for the advective-dispersive equations for the partialiy 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-
Tuting 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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c{t) = [ f{t) Ciz(r - t) dt {5.29)}
0

the time over which contaminant concentration is computed {s)

L3

=

m

=

- M
—
*

e ,-.I

|| ]

source term expressed as a temporally varying contaminant flux
{g/s or Ci/s)

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 fiuxes 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 hases 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:

dF1'2 _ 2301'2
dA B ne 4 C12 - Dx ax (5.30)
in which
n E
_ X
Dx = ne {5.31)
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where Fi, = instantaneous contaminant flux resulting from an instantaneous
contaminant release at the source {g/s or Ci/s)
A = cross-sectional area perpendicular to the flow direction (cmz)

Px

1]

psuedolongitudinal dispersion coefficient (cmz/s).

[}

The total flux (Fii) across the plane is therefore described by laterally and
vertically integrating Equation {5.30):

. hm M . €1 L
F1E=nec{ _i uti, - D, = dy dz (5.32)

where A = depth of the contaminant plume under fully mixed conditions {cm).

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(T},

F{t) = [ f(t) FiR(r -t) dt (5.33)
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

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 watear movement through a
s0il matrix is mechanistically compiex and cannot be accurately 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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and longitude of the station is 46°34' N and 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 i1s located
beyond Yakima, Washington, to the west. Because the Hanford facility is in the
rain shadow of these mountains, precipitation averages only 16 cm (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 (0.0l 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 fs 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 nights are a result of drain-
age (or gravity) winds. ~.

Besides serving as a source for cool and cold air drainage (e.g., drainage
winds), the Cascade Mountains alsoc 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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4lthough a complete summary of the meteorolegic 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 Hydroygeologic 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
s0il 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 (30 ft) {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 siit 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 100 m (i.e.,
300 ft) (Tallman et al. 1979).
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TABLE 5.1,

Climatologic Summary for the Hanford Area (After Stone et al. 1983)

Month

Parameter Jan, Feb. March April HMay June  July  August Sep. ©Oct., MNov, Dec,
Temperature (*C} -1.5 2.4 T.3 1.7 16,4 20,7 24,7 23.5 18.4 1.7 41,3 0.4
Preclpitation {mm) 23 15 g 10 12 $4 4 6 a 14 22 23
wind speed (m/s) 2.9 3.2 3.8 4.0 4,0 4.1 3.9 3.6 3.4 3.0 2,7 2,7
Cloudliness (tenths) 7.9 7.6 5,8 6.4 5,9 5.3 2.9 3.4 4.1 5.8 1,7 a,1
Numbar of preclpitation events 9 7 6 5 5 2 2 3 3 5 8 10
Maximum relative humidity (%) 89 a7 66 64 62 54 40 48 56 74 89 90
Minimum relative humidity (%) 50 54 44 37 N 30 22 24 33 42 63 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 partialiy 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.

e 50il moisture capacity -- S0i} 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.

e 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
speads; 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 faciiity 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

223 m (733 ft) 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 [ antecedent moisture condition (i.e., warm and dry soils)

TABLE 5.2, Parameters Associated with the Hanford Facility
as Required for RAPS

Parameter Value
Latitude 46 .5°
Elevation of weather station 223 m (733 ft)
Elevation of waste site Site specific
Soil moisture capacity Site specific
Overland runoff curve numpber 2l
Height of wind tower 15 m (50 ft)
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-- hydrologic soil group A (i.e., high infiltration and 1ow
overtand runoff potentials)

-- good hydrologic conditions for potential overland runoff (e.gq.,
not well forested and bare 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 15 m {50 ft) (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 toc 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.

e 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.

e 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 snowmeit, 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, Wailace
(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 methodoiogy 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

a)

compute and compare estimates of evapotranspiration using seven( 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 (Israelsen 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 monthiy 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 enerqgy term; the relative importance of each
term varies with ¢limatic 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 Morton {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
affact 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 (Doorenbos 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 ijdentical
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 al. (1987).

& RAPS Methodo]ogy(a) -- Tha RAPS methodology uses the Penman, Modified
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 differances 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 al, {(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,
axerts little or negligible resistance to the filow 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 c¢cm (9.25 and 9.49 in,),
respectively]; and 3} their rainfall distribution patterns were completely
different, Fiqures 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-Mather) on long-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 methedology 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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