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Estimating future impacts on human health and the environment is an important aspect of the alternatives
analysis for this environmental impact statement (EIS). Impacts would occur both during the near-term
decommissioning period, due to planned activities and accidents, and in the future long-term under the
influence of natural processes. Potentially affected individuals include workers and the public at both on- and
offsite locations. Constituents of concern include radionuclides and hazardous chemicals.

Because potential impacts would occur in the future and involve new actions at the site, direct measurement of
impacts or projections based on current releases is not possible. Thus, the estimation of impacts is based on
exposure scenario analysis using mathematical models. The scenarios comprise combinations of releases from
a facility, transport through the environment, and exposure of individuals. In principle, scenarios may be
constructed to cover the range of all possible impacts from small to large. In practice, a set of scenarios
intended to represent the upper range of potential impacts was selected for analysis. Scenario analysis models
predict contaminant release rates from facilities, contaminant movement rates through the environment,
exposure point concentrations, and human receptor exposure and risk levels. The analysis considers both
radionuclides and hazardous chemicals and addresses: (1) short-term impacts due to accidents and planned
releases to the atmosphere and local surface waters during the decommissioning period of each alternative, and
(2) longer-term impacts resulting from future slow or episodic releases of any remaining contamination.

The performance assessment objectives of this EIS are to:

* Obtain estimates of potential impacts on human health and the environment that provide valid insight
into the comparative impacts of the EIS alternatives, and

* Understand the interdependence of facility designs and environmental processes on human health and
the environment.

This appendix presents an introductory overview of the approach for estimating impacts to human health due to
(1) releases during decommissioning actions, and (2) long-term releases resulting from natural processes or
human intrusion. The introductory discussion on the approach to estimating long-term impacts addresses the
general approach to long-term assessment modeling, the site conceptual model, the considerations that went
into identification of receptor scenarios, and the types of modules and integrated models used for the long-term
analysis.

More detailed information on the methods used for analysis of impacts during decommissioning, along with
results, are presented in Appendix I of this EIS. More detailed information on the specific release, transport, or
dose modules that are used in the long-term performance assessment is presented in Appendix G. More
detailed information on the hydrology modeling and erosion modeling that support the long-term performance
assessment is presented in Appendices E and F, respectively. Finally, more detailed information on long-term
performance assessment scenarios, model input parameters, and results for specific scenarios for the Sitewide
Close-In-Place Alternative and the No Action Alternative is presented in Appendix H.

D.1 Summary of Performance Assessment Approach

The initial effort in the development of the performance assessment involves identification of site
characteristics relevant to the estimation of impacts. These characteristics, collectively identified as the Site
Conceptual Model, are those that determine movement and dilution rates in the atmosphere, groundwater, and
surface waters. Once a site conceptual model has been developed, the performance assessment process may be
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described as comprising three major steps. The first step involved combining information on. site conditions,
facility designs and release mechanisms, and regulatory guidance to identify exposure scenarios for analysis.
,The scenario development process considered a complete range of contributing processes and conditions; but
only a limited set of scenarios, intended to represent the upper range of potential impacts, were selected for
analysis. Multiple information sources were used to identify exposure scenarios:

* Site physical characteristics such as meteorology and hydrology,

Estimates of contaminant release rates,

Local and regional activity and land use plan information that provides a basis for estimating future
human activities and their locations, and

* Regulatory requirements or guidance that identify relevant performance objectives or requirements.

An element of the scenario development process is identification of environmental pathways, appropriate to
each facility under consideration. In the case of the West Valley Site, multiplefacilities, three areas of existing
environmental contamination (North Plateau Groundwater Plume, Cesium Prong, and creek/stream sediment
contamination) are present, and the set of, scenarios includes one that analyzes impacts from, single facilities
and other scenarios (downstream water users) that analyze impacts from multiple facilities. Analyses that only
include a single facility can be combined to estimate.the consequences of situations where a single receptor
may come in contact with contamination from multiple facilities or areas. Specific examples of such
combination are presented in Appendix H of this EIS. The exposure pointlocation for the scenarios evaluating
impacts from multiple facilities was' selected based on conservative evaluation of the intersection of
environmental pathways for individual facilities (i.e., nearby plume centerlines were assumed to overlap even
when there is some actual separation). Cumulative impacts estimated in this manner included all onsite
facilities and sources associated with the Western New York Nuclear Service Center,(WNYNSC). No sources
outside the WNYNSC having measurable potential human health impacts to WNYNSC receptors have been
identified.

The second step was establishment of a methd' for performing calculations consistent with the integrated
conceptual model developed in the first step. This step required review of existing models or analytical
methods to determine if the basic requirements could be met Using existing models or whether site- or project-
specific models needed to be developed. Three requirements were used for selection, development, and use of
models. The first requirement was to select and use models that strike a reasonable balance between analytic
complexity and realistic modeling of site- and design-specific features,. The second requirement was to be
consistent in modeling processes across the site so that any variability in estimated impacts would be primarily
due to differences in waste, barrier, or site properties rather than differences in model features. The third
requirement was to evaluate realistic, likely exposure scenarios that accurately reflected impacts of the
alternatives.

The, third step of the performance assessment process was the actual calculation of release and transport rates
and impact estimates using the selected models and appropriate input parameters. Input data were selected in a
systematic procedure that considers the available site characterization data, surrogatedata from similar sites,
and regulatory guidance. Calculation results were examined to determine reasonableness of predicted release
rates, transport, and impacts. The computer codes and models used in the long-term performance assessment
were verified through a process that included the development of test cases ,and comparison of: the results of
model calculations with the results developed using alternate models and hand calculations. (See Appendix G,
Section G. 1, of the EIS.) Sensitivity analyses were conducted to determine more important model and input
parameters. .
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The performance assessment.process is summarized in FigureD-1. The large text boxes aligned downward
along the center of the figure represent the three major steps of the performance assessment process. The
figure, also shows the use of information about regulatory requirements,; local human activity, site
characteristics, and waste release or containment design during both the scenario development step (Step 1)
and calculation step (Step 3).

Application of the first two steps of this process (identify, scenarios and select calculation methods) for
estimating short-term (decommissioning period) impacts is discussed in Section D.2.

Section D.3 discusses application of the first two steps of this process for estimating long-term impacts, as well
as the approach to sensitivity analyses; which are particularly important to long-term performance assessments.
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Figure D-1 Performance Assessment Flow Diagram

D.2 Short-term Performance Assessment

The decommissioning period is the approximately 5- to-60-year period during which remediation, stabilization,
and closure activities would be performed. During this time, workers wouldbe present on site, public access to
the site would be limited, and contaminant releases to the'environment Would be controlled. This section
describes development of exposure scenarios for the public and selection of models for the short-term period
under alternatives evaluated in this EIS.

D.2.1 Short-term Performance Assessment Exposure Scenarios

During the decommissioning period, planned releases to the atmosphere and surface waterwould impact offsite
individuals. Estimates of the impact due to these releases were developed based on consideration of the nature
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of proposed activities and on the release rate, rates of movement through and dilution in the environment, and
potential receptor locations and activities. This section describes these analysis elements and summarizes their
combination into scenarios selected for analysis.

D.2.1.1 Site Conceptual Model.

Site characteristics relevant to estimation of decommissioning-period impacts are those that determine
movement through and dilution that would occur over the relatively short decommissioning period. Potential
pathways considered for analysis include .atmospheric dispersion, dispersion via groundwater and surface
water, and dispersion~resulting from erosion leading to exposure of waste to potential dispersion by means of
the atmosphere or water,• Dispersion in the short term was determined to be by means of movement and
dilution in the atmosphere and surface waters. Details are presented in Chapter 3 and Appendix I of this EIS.

The approach for characterizing surface water hydrology involved review of annual maximum, minimum, and
average flow rate conditions and selection of conditions representative of average flows. This information is
used .in predicting. downstream concentration of contaminants released from the site and is part of the
information used in evaluation of erosion and erosion impacts. The information collected on surface hydrology
is presented in Chapter 3.

Meteorological characteristics were monitored at an onsite weather station, as well as at weather stations.
located in thesite vicinity. Windspeed frequency, direction and stability class, precipitation rates, and extreme
wind occurrences were recorded as reported in Chapter 3. Site topography was measured and recorded on the
West Valley Demonstration Project (WVDP) and U.S. Geological Survey maps. This information, in
conjunctioný with the atmospheric dispersion. calculation model described in Appendix I, constitutes the site
model for dispersion in the atmosphere. Useful information derived from the model included released material
concentrations, their locations, and the highest contaminant concentration.

The configuration of watersheds and the network of gullies and creeks draining the West Valley Site and their
path to Lake Erie were mapped. Topography, rates of precipitation, and groundwater flow were characterized.
Flow rates of on- and offsite creeks were measured at important site locations (WVNS 1993). For the
decommissioning period, releases to Erdman Brook would be controlled. The flow path and recorded rates
through Erdman Brook, Franks Creek, Buttermilk Creek, and Cattaraugus Creek to Lake Erie, in conjunction.
with the assumed complete dilution of contaminants in the creeks, constitute the surface water flow conceptual
model. Useful information derived from the model included released material concentrations at locations in
the creeks and Lake.Erie.

Other possible transport processes involving groundwater or erosion would occur over longer periods of time.
Historical measurements as well as the groundwater flow analysis discussed in Appendix E, indicate that,
because of decay and geochemical retardation, the groundwater flow path would not contribute significantly to
decommissioning-period impacts. Similar erosion measurements and the erosion, analysis discussed in
Appendix F show that erosion would not contribute to decommissioning-period impacts. Groundwater and
erosion would, however, be considered as part of the long-term performance assessment.

D.2.1.2 Short-term Performance Assessment Release Rates

Contaminant release rates to the atmosphere and surface waters were directly estimated in engineering.design
studies for each alternative. This information is presented in the referenced technical reports and summarized
in Appendix I. Releases can be radiological in nature (e.g., tritium and cesium-137) or involve nonradiological
materials. Estimation of ionizing radiation flux during radioactive material transportation was based on
material and package physical and radiological characteristics using standard methods (Chen et al' 2002).
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D.2.1.3 Short-term Performance Assessment Human Receptors

Receptors that must be considered in the short-term impact analysis are those outside the WNYNSC boundary.
The U.S. Department of Energy (DOE) and the New York State Energy Research and Development Authority
(NYSERDA) would maintain access controls during the decommissioning period so there is no potential for a
recurring onsite receptor. The locations and activities of receptors were selected considering the proposed
activities, conceptual model of the site, current demography, and regulatory guidance.

For the atmospheric pathway, application of dispersion analysis and comparison with known residences
indicate that the point of maximum concentration occurs in the north-northeast direction near the WNYNSC.
Thus, receptors for the atmospheric pathway are an individual at the north-northeast boundary; a member of the
Seneca Nation of Indians (a potentially sensitive population) located near Gowanda, New York; and the
population out to a distance of 80 kilometers (50 miles).

For the surface water pathway, a set of three offsite locations was selected to evaluate potential impacts. The
first location, near the confluence of Buttermilk and Cattaraugus Creeks, is the location of highest contaminant
concentration in surface water outside the WNYNSC boundary. The second location, in Cattaraugus Creek
near Gowanda, New York, is the location of the Seneca Nation of Indians, a potentially sensitive population.'
The final location, the Lake Erie water source for the surrounding population out to a distance of 80 kilometers
(50 miles), combines the impact of water intake points located near Sturgeon Point and in the Niagara River.
For transportation activities, populations were selected on a transportation-route-specific basis using routing
models (Johnson and Michelhaugh 2000) and incorporating current census data,.

Consistent with past practice in EIS analyses and regulatory guidance' (ICRP 1984; NRC 2006), receptor
characteristics are those of the general population, a hypothetical individual located so as to receive*the
maximum calculated dose, and the average member of the critical group (AMCG). The AMCG is one of a
group. of individuals reasonably expected to receive the greatest exposure for the set of applicable
circumstances. For these individuals, inhalation, drinking water intake, and fish consumption rates and
gardening practices are selected to produce an estimate that is expected to reasonably bound potential impacts,
but not represent an overly conservative worst-case 'estimate.

D.2.1.4 Summary of Short-term Performance Assessment Exposure Scenarios

For the decommissioning period, two environmental pathways'(air and surface water combinations of release
and transport mechanisms) have been identified. Eight scenarios are analyzed for each alternative (see
Appendix I of this EIS).

D.2.2 Selection of Short-term Performance Assessment Calculation Model

For estimation of impacts during the short-term 'period (decommissioning period), standard models.
incorporating past practice for EIS analyses were selected. For releases of chemical (nonradiological)
constituents to the atmosphere, meteorological dispersion modeling procedures described in Appendix K were
used to generate concentrations per unit source and deposition per unit source values and, therefore,
contaminant concentrations as a function of distance and direction. The Industrial Source Complex
atmospheric dispersion model was used for these calculations. For hydrologic releases, concentrations of
nonradiological constituents in Cattaraugus Creek were conservatively calculated by assuming the total
quantity released would be mixed into the total flow of Cattaraugus Creek without any allowances for
absorption or deposition.

I While regulatory guidance was used to help inform the selection of potential receptors, this analysis is intended to meet
National Environmental Policy Act (NEPA) requirements and is not a regulatory compliance analysis.
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For estimation of impacts due to radioactive material releases, the GENII computer code (PNNL 2007), an
integrated dose-estimation model incorporating the most recent developments in dose assessment methods and
exposure modes, was selected. The GENII code uses physiologic models and procedures recommended in
International Commission on Radiological Protection Publications-60 (ICRP 1991) and Federal Guidance
Reports 12 and 13 (EPA 1993, 1999b) to estimate internal and external dose conversion factors. GENII
estimates impacts of atmospheric and surface water releases on individuals and populations. Exposure through
a spectrum of pathways, including inhalation; direct external; and ingestion of crops, animal products, and soil,
may be evaluated in the analysis. For estimation of impacts due to transportation activities, the RADTRAN 5
computer code (Neuhauser, Kanipe, and Weiner 2000), a dose estimation model that considers normal
operation and accident conditions, was selected.

D.3 Long-term Performance Assessment

The long-term period is the time extending from the end of the decommissioning period out to the distant
future. The following sections describe the approach for estimation of long-term impacts, including scenario
development, model selection, and the approach to understanding uncertainty.

D.3.1 Long-term Performance Assessment Exposure Scenarios

Scenario development and analysis for long-term performance assessment is more complex than for short-term
performance assessment because more physical processes are involved and transport pathways are more
complicated for post-closure conditions. These long-term processes include a variety of mechanisms for
contaminant release to groundwater, as well as erosion that can release buried materials. In addition, there is a
wider range of potential receptors that could come into contact with released contaminants. While most of the
receptors are located outside the boundaries of any area where control is retained, it is also necessary to
consider intrusion within the boundaries when considering long periods of time. Addressing additional
contaminant transport mechanisms and additional receptors is an integral part of scenarios for long-term
performance assessment. The analysis period for long-term performance assessment for decommissioning
activities cited as a regulatory requirement (DOE 1999, NRC 2006) is 1,000 years. However, the U.S. Nuclear
Regulatory Commission (NRC) WVDP Decommissioning Policy Statement (67 Federal Register [FR] 5003)
states that an evaluation of reasonably foreseeable impacts requires that an analysis of impacts beyond
1,000 years should be provided. Additionally, DOE recommends (DOE 1999) that the magnitude of peak
impacts be identified, even if the peak impact is projected to occur after tens of thousands of years. Analysis in
this EIS identifies the magnitude and time of peak impact.

D.3.1.1 Site Conceptual Model

Site conceptual model characteristics include consideration of physical conditions and natural processes, both
current and evolving, including long-term disruptive processes that serve as a basis for quantifying contaminant
release and transportation processes that could lead to human health impacts. In development of the site
conceptual model, consideration was given to processes occurring at the regional and local scales. Consistent
with NRC guidance (NRC 2000), site conditions arising from extreme global-scale climatic changes (including
human-induced climate change), whose adverse effects would invalidate the scenarios and receptors of the
performance assessment and greatly exceed site-specific effects resulting from residual contamination, are not
considered in the long-term performance assessment. The impact of naturalcycling (periods of wetter or dryer
conditions) is addressed through sensitivity analyses. The conceptual model serves to identify site-specific
natural processes and human-related activities that can lead to contaminant release, transport, and human
exposure and thus play an important role in scenario development. To facilitate model development,
conditions were categorized as: (1) currently occurring, and (2) disruptive processes occurring gradually or in
specific episodes over a long-term period. Disruptive processes include earthquakes, tornadoes, floods, and
erosion.
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The conceptual model development approach for both current and disruptive conditions included
environmental data collection and documentation, data review, development of a representation of contributing
environmental processes, and development of mathematical descriptions of the processes to allow quantitative
analysis.

Current Site Conditions

Description of current conditions includes characterization of existing contamination and consideration of
geologic, hydrologic, and atmospheric processes. The two important existing sources of environmental
contamination involve groundwater and surface soil. A plume of contaminated groundwater, termed the
"North Plateau Plume," extends in a northeasterly direction from a historical source below the Main Plant
Process Building. An area of soil contamination, termed the "Cesium Prong," extends in a northwesterly
direction from a historical source at the main plant stack.

The approach for geologic conditions included review of structures and stratigraphy at regional and local scales
and development of a model view of site stratigraphy and of site strata interfacing with larger-scale features.
The results of this activity are useful in understanding current groundwater flow paths and in evaluating
potential future paths. The information collected and analyzed is documented in Chapter 3 and Appendix E.

The approach for characterizing surface water hydrology involved review of annual maximum, minimum, and
average flow rate conditions and selection of conditions representative of average flows. This information was
used in predicting downstream concentration of contaminants released from the site and was part of the
information used in evaluation of erosion and erosion impacts. The information collected on surface hydrology
is presented in Chapter 3.

The approach for developing an understanding of groundwater hydrology was to review existing geohydrologic
characterizations and available data, develop a three-dimensional model of site conditions calibrated to
observed pressure levels, and use the results of three-dimensional modeling about groundwater flow direction
and velocity as input conditions for one-dimensional models appropriate for long-term impact analysis. The
results. of the three-dimensional groundwater analysis and characterization are presented in Appendix E.

The approach for meteorological transport was to summarize data in a joint frequency distribution and use a
Gaussian plume model to estimate dispersion factors used to predict downwind concentrations of released
contaminants at various distances and directions from the site. The results of this information are presented in
Chapter 3 and Appendix K.

Potential Disruptive Processes

Disruptive events occurring at the site include earthquakes, tornadoes, floods, and erosion. The approach
adopted for characterization of both earthquakes and tornadoes was development of a hazard curve'depicting
exceedance probability as a function of event severity.

The most recent estimate of site seismic hazard risk was conducted by the URS Corporation (URS 2004) using
the U.S. Geological Survey (USGS) National Seismic Hazard Maps (USGS 2002). This information is
presented in Chapter 3.

For tornadoes, the damage area per unit-path-length method was applied to an area within 160 kilometers
(100 miles) of the site (Fujita 1981). Detailed results are presented in this EIS and summarized in the form of a
plot of windspeed against that windspeed's exceedance frequency.
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The flood and erosion analysis was based on rainfall data collected over the past130 years, including estimation.
of probable maximum precipitation and precipitation for storms with return periods, of 2, 10, and 100 years
(WVNS 1993), and on statistically generated daily precipitation histories covering periods up to 100 years
(USDA 1995). For floods, stream levels were estimated for each of these storm magnitudes and compared
with! present stream channels configurations.

For erosion, site-specific long-term unmitigated erosion rates were estimated using a landscape evolution
model calibrated to reproduce historical long-term erosion at the site and a simplified single gully model
intended to place an upper bound on potential local-scale impacts not captured by the landscape evolution
model. Where gullies are postulated to impact a specific waste management area, area-specific gully erosion
rates were used to estimate human health impacts. The erosion site model results are presented in Appendix F
of this EIS, and the gully model is discussed in Appendix G.

D.3.1.2 Long-term Performance Assessment Release Rates and Environmental Transport
Pathways

The approach to identification of long-term release mechanisms includes characterization of the waste
inventory and facility engineered barriers, review of the site physical characteristics, and development of a list
of processes that could transport contaminants from the facility into the surrounding environment. The
approach was applied for each of the EIS alternatives. The procedure was applied both for conditions where
institutional controls are assumed tobe in place and for disruptive processes including those that Would occur
in the absence of institutional control (e.g.,' effects on intruders and unmitigated erosion effects).

Estimation of contamination release rates and identification of environmental transport pathways involve
cataloguing of the processes that remove contamination from the source and the mechanisms that move
contamination through the environment to the receptor. Potential release mechanisms from the source include
direct contact by humans, plants, oranimals; evaporation to the atmosphere; dissolution in surfacewater or
groundwater; and entrainment in wind, surface water, or groundwater. Following release from the source,
primary transport pathways include dispersion in the atmosphere, surface water, or groundwater; transfer to
plants or animals; and, finally, transfer to humans.

The role of engineered barriers was evaluated for residual contamination and below-grade structures. 'For the
West Valley Site, descriptions of radionuclide inventories and facility closure designs are presented in waste
characterization reports and technical reports, respectively. Release mechanisms and environmental transport
pathways have been identified and evaluated (Case and Otis 1988; NRC 2000, 2006; Shipers and
Harlan 1989). Due to the nature of previous fuel reprocessing operations and waste management practices at
the site and the time since reprocessing, radionuclides are present in the waste in chemical forms that are both
soluble and insoluble in water, but with negligible quantities of volatile forms. Thus, evaporative release
through the unsaturated zone to the atmosphere would be negligible. For the Sitewide Close-In-Place
Alternative, the residual contamination in the Main Plant Process Building, the Vitrification Facility, the Waste
Tank Farm, the NRC-licensed Disposal Area (NDA), and the State-licensed Disposal Area (SDA) would be
located at depths greater than 3 meters (10 feet) below the current ground surface and under a rock and
vegetation-covered tumulus with a maximum height of 9 meters (30 feet). Residual contamination at these
depths is unlikely to be mobilized by human intrusion, burrowing animals, or vegetation or roots. Thus,
assuming institutional control, transport by groundwater is the only mechanism for transport of contaminants
from the waste form to the surrounding environment, and releases via diffusion and convective flow are the
release mechanisms of concern. As discussed in Section D.3.1.3, forms of human intrusion are considered to
provide additional perspective on potential impacts. Contaminants dissolved in groundwater may be
transported to onsite wells or discharged to onsite surface water (Erdman Brook, Franks Creek, and Buttermilk
Creek) that flows to Cattaraugus Creek and Lake Erie. Once the potentially contaminated water has been
pumped from the ground or creek, it may be consumed as drinking water or used for crop irrigation. In the
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case, of crop, irrigation, all the contributing pathways of the •residential farmer. scenario were applied. , In
addition, contamination in surface water is transferred to fish harvested and.consumed by the surface water
user., Hydraulic and chemicalproperties of engineered barriers were considered in the release rate estimation.
Consistent with regulatory guidance (NRC 2000), hydraulic property values of barriers subject to degradation
mechanisms, such as subsidence, cracking, or clogging, were assumed to degrade, over time. Chemical
properties, such as adsorptive capacity, were assumed to remain constant consistent with past practice
(Kennedy and Strenge 1992,.Yu et al. 1993) and the stability of sand and clay formations over geologic times-
(Rowe et al. 2004).

Disruptive processes that may occur at West Valley include earthquakes, tornadoes, floods, and erosion. The
maximum historical .earthquake observed at the site had a Modified Mercalli Intensity of V, which would
produce minor damage to glassware and have no effects on waste-isolating engineered structures that would.
remain across the site under the Sitewide Close-in-Place Alternative. Any waste located below grade would
not be affected by tornadoes., Site-specific analysis of flooding potential indicated that water levels for storms
up to the probable maximum precipitation would not affect existing site facilities. Erosion is occurring at the
West Valley Site and could release radionuclides to the environment. Erosion processes are addressed in this
EIS as an: aspect of long-term performance assessment. .

D.3.1.3. Long-term Performance Assessment Human Receptors and Exposure Modes

A two-step process was used to identify site-specific receptors. The first step involved establishment and use
of a set of principles to select generic receptors. The, second step was the application of site-specific
information to the generic receptors to develop site-specific receptors. Both of these steps are discussed in the
following paragraphs. . -

Principles established for the first step were based primarily on review of regulations, past practice, and
guidance. Some of the referencedregulations or guidance.are relevant but not directly applicable to the West,
Valley.Site and Project. Receptors both inside and outside the current.WNYNSC boundary were identified;.
Receptors outside the current WNYNSC boundary correspond to individuals who could actually be exposed to-
contamination released from the site, assuming the existing boundaries and institutional controls remain in
place. Receptors inside the current WNYNSC boundary correspond to hypothetical individuals, whose
location and activities are -assumed for analytical purposes, including investigation of the upper bound of
impacts: Site-specific information includes directions and velocities of groundwater and surface water flow,
population distribution around the site, and physical conditions associated with the residual contamination or
disposed waste. .These physical conditions could include location of the waste in relation to environmental
pathways and available land area or facility designs that limitaccessibility of the waste.

The. set of principles that guided identification of generic and, site-specific receptors is. consistent with the
practice and conditions present, at the, West Valley Site. These principles are:

,. Provide a realistic to reasonably conservative evaluation of the longrterm impact on the health of the
general public. .

* Provide estimation of the impact on individuals indirectly contacting radioactive waste at some time
after closure of the site following the assumption of institutional control failure.

* Identify receptors based on review and interpretation of prior analysis performed by the NRC,
U.S. Environmental Protection Agency, and DOE, and on principles applied in environmental and
safety analyses..,
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The first and second principles have their bases in generally applicable environmental regulations. The third
principle is based on the need to comply with regulations and guidance of Federal agencies charged with
environmental analysis and the desire to conduct analysis which provides insight into compliance with
decommissioning dose criteria.

Guidance and past practice relevant to identification of receptors for the West Valley performance assessment
include information related to facilities operating under normal conditions, facilities undergoing
decommissioning, low-level radioactive waste disposal facilities, and facilities contaminated with hazardous
waste (EPA 1991, 1995). The following paragraphs summarize guidance and practice for each of these cases.

NEPA directs that Federal plans shall be coordinated to protect human health and the environment, but does
not identify specific human populations or limits to the analysis. Guidance promulgated by the Council on
Environmental Quality (CEQ 1986) created under NEPA also does not identify specific populations, but does
specify that data and analysis should be commensurate with the impacts of the action. Early guidance issued
by the NRC (NRC 1977) for assessment of impacts of normal operations of nuclear reactors provides methods
for estimation of doses tomaximally exposed individuals and to the population out to 80 kilometers (50 miles).
Guidance for assessment of impacts of fuel reprocessing plant operations (NRC 1975) also directs
consideration of doses to populations out to 80 kilometers (50 miles). More recent guidance for controlling
normal operations impacts (DOE 1995, NRC 2006) focuses on limiting doses to the AMCG. The AMCG is a
member of the group reasonably expected to receive the greatest exposure to releases from the site. The range
of activities of an exposed individual includes inhalation of contaminated air, ingestion of contaminated
drinking water, establishment of a residence on or near contaminated material, and establishment of a garden
on contaminated soil. In addition to these general considerations, Executive Order 12898 (February 11, 1994)
directs Federal decisionmakers to identify and address, high and adverse environmental impacts that
disproportionately affect minority and low-income populations.

Standards for termination of NRC licenses (NRC 2006) address exposure to residual contamination for an
AMCG where this individual is representative of the group reasonably expected to receive the greatest dose.
Supporting guidance, which provides methods and additional details for generic screening scenarios and
procedures for development of site-specific scenarios (NRC 2006), is useful when determining the scope of the
long-term performance assessment for this EIS. For screening scenarios, the AMCG occupies the site and is in
direct contact with residual contamination (NRC 2006). For site-specific scenarios, the AMCG and scenarios
may be developed in light of planned future land use, physical characteristics that constrain site use, and
realistic processes for contaminant transport (NRC 2006). Guidance developed for analysis of impacts of
residual contamination at DOE sites (Yu et al. 1993) provides dose limit criteria and methods for analysis of
residential receptors exposure scenarios. For situations involving contamination of surface soil, the receptor is
in direct contact with contaminated material. For situations involving subsurface contamination, the receptor
contacts contaminated material indirectly through use of well water contaminated by percolation of
precipitation through the waste material. Both NRC and DOE guidance discuss the range of activities of an
exposed individual, including inhalation of contaminated material, use of contaminated drinking water,
establishment of a residence on or near contaminated material, and establishment of a garden in contaminated
soil.

NRC analysis of generic disposal sites is presented in the Environmental Impact Statement on 10 CFR Part 61,
"Licensing Requirements for Land Disposal of Radioactive Waste" (NRC 1981, 1982). Information
supporting this analysis proves useful in identifying receptors and receptor habits. NRC guidance (NRC2000)
for sites where institutional controls are in effect identifies the offsite receptor as the AMCG located at the
disposal site boundary. For unrestricted release of a site, the public receptor is not necessarily located at the
disposal site boundary, but rather at a point determined to be the location of maximum exposure. Onsite
intruders do not deliberately intrude into disposed waste, but do have contact with contaminated water in a well

D-10



Appendix D
Overview of Performance Assessment Approach

scenario and direct contact with disposed material in home construction, discovery, and residential agriculture
scenarios (NRC 1982). Waste stability and layering are assumed to be effective in reducing contact-with waste
for only a limited period of time (NRC 1982). A range of intrusionscenarios was considered.prior to selection
of the home construction, discovery, and residential agriculture scenarios. In the construction scenario, a
worker excavated a foundation to a depth of 3 meters (10 feet) (NRC 1981). As long as a 1- to 2-meter (3- to
6-foot) cap was maintained over the 'waste, direct contact with the waste was considered, very unlikely
(NRC 1981). The residential agriculture scenario was initiated when a portion of the soil excavated, in the
construction scenario was distributed around the home and assumed available for cultivation of crops
,(NRC 1981). An alternative scenario was considered in which the waste cover was stripped away and the
intruder lived directly on the waste. This scenario was judged unreasonable, as a commercial operation would
bedrequired to perform the work (NRC 1981). In the well water exposure scenario, the well was located at the
boundary of the disposal facility at a distance of 40 meters (130 feet) from the release point of the
contaminated water (NRC 1981). An additional intrusion scenario (Oztunali and Roles 1986) involves short-
ternm exposure related to drilling a well through the waste disposal facility. For alternatives involving control
of the site, initiation of intrusion scenarios is assumed to occur after 100 years (DOE 1999) following loss of
institutional control. To provide perspective for regulatory analysis, impacts for intrusion scenarios were also
estimated for the case of immediate loss of institutional controls.

Given that the receptor is not capable of large-scale site disruption, credit for function of passive elements of
engineered barriers under the Sitewide Close-In-Place Alternative is reasonable and consistent with NEPA
guidance that arbitrary elements of analysis be avoided. This credit would include physical separation enforced
by presence of thick caps, inability to move drilling equipment over the large, irregular rip rap comprising the
apron and deck of engineered caps and effectiveness of subsurface flow diversion structures. These principles
also imply that physical processes, such as desiccation, cracking, and erosion, are considered in determining
the degree of credit for function of passive barriers:. Thus, the hydraiilic conductivity of cements and grout
increases with time, approaching that of soil, and hydraulic conductivity of surface layers of caps increases
with time, approaching that of native soil. Consistent with material property evaluation (Atkinson and
Hearne 1984), the stability of sand and clay formations over geologic times (Rowe et al. 2004), and regulatory
guidance (NRC 2000), lifetimes of cement-based engineered barriers are less than 500 years. For this analysis,
existence of the tank vault and placement of strong grout in the tank supports selection of a 500-year lifetime
for the intruder barrier at the Waste Tank Farm (WSMS 2008). For other subsurface engineered barriers,
including grouts, slurry walls, and tumulus drainage layers, a 100-year life is assumed. Specific engineered
barrier parameters used for specific analyses are identified in Appendix H, Section H.2.2 of this EIS. Chemical
properties of natural materials, such as adsorptive capacity, are, however, not expected to decrease with time,
consistent with the long lifetimes observed for sand and clay formations in the environment (NRC 2000).
Engineered disposal facilities include infiltration drainage layers and subsurface groundwater diversion
structures that decrease productivity of wells inside the facility relative to wells located outside the facility.
Because of the cap design incorporating large rock, it is reasonable to propose that wells under the Sitewide
Close-In-Place Alternative be located outside the engineered barrier system for the Main Plant Process
Building, the Vitrification Facility, the Waste Tank Farm, the NRC-licensed Disposal Area and the State-
licensed Disposal Area. The premise that properly selected, quarried and placed rock can have long service life
is supported by reference to analog sites for chemical weathering of rock and adherence to design and
construction principles described in regulatory guidance (NRC 2002). The design thickness of the rock layers
of the cap is approximately 1.14 meters (3.75 feet). Data from natural analogs include reported rates of
weathering for the foreland boundary of a glacier of 1.6 millimeters per one thousand year for gneiss surfaces
and negligible weathering for quartz layers over approximately 9,700 years (Owen et al. 2007). The cap design
is expected to consider both normal conditions and extreme events, incorporate defense in depth of flow
control and diversion structures to produce a robust design. In the case of well water use for domestic
purposes, past practice has located the well away from the release point (NRC 1981) and has provided realistic
representation of dilution in infiltration and mixing in an aquifer serving the well (NRC' 1981, Yu et al. 1993).
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Guidance provided for performance assessment of DOE low-level, radioactive waste disposal facilities.
(Case and Otis 1988) specifies that impacts should be evaluated for the surrounding population out to a
distance of 80 kilometers (50 miles), a maximally exposed individual located at the boundary of the site, and an
intruder located at the disposal facility. More detailed guidance related to intruder scenarios has also been
provided (Kennedy and Peloquin,1988). The guidance directs evaluation of the home construction, discovery,
and residential agriculture'scenarios developed by the NRC and supplements these scenarios with well-drilling
and post-drilling residential agriculture scenarios (Kennedy and Peloquin 1988). -In the post-drilling scenario,
contaminated cuttings from the borehole are distributed onto soil on which a home and garden are located
(Kennedy and Peloquin .1988).

For evaluation of risk of exposure to hazardous chemicals, regulatory guidance (EPA 1995) recommends that
analysis should reflect reasonably anticipated.future land use. Thus, for free release of site areas, receptors
would be residentialfarmer receptors located on site. For agency control.of site areas, receptors would be
residential farmernreceptors located off site.

Receptors Outside the Current Western New York Nuclear Service Center Boundary.

Site-specific receptors outside the current WNYNSC boundary would be either actual individuals currently
living near the site or individuals whose locationsand, activities could reasonably be extrapolated from current
conditions. At the West Valley Site, these receptors correspond to the AMCG living at offsite locations.
These receptors include individuals living near. the confluence of Buttermilk and Cattaraugus Creeks, a
member of the Seneca Nation living on Cattaraugus Creek near Gowanda, and the general population out to a
distance of 80 kilometers (50 miles) using water from eastern Lake Erie. Five municipal water intakes are
located in Lake Erie and the Niagara River, and the dose to individuals in the, general, population. is.
characterized by two receptors: one with no dilution of Cattaraugus Creek,.water (e:g., Sturgeon Point water
user) and one with dilution due to the east channel of the Niagara River (e.g., North Tonawanda water user).
The five water intakes serve a population extending beyond the 80-kilometer (50-mile) limit generally applied
in NEPA analysis. Water use characteristics of these four individual receptors used for dose analysis are
summarized in Table D-1. For each of the receptors, drinking water consumption corresponds to the
9 5 th percentile of the national distribution of drinking water consumption rates (EPA 1999).. For the
Cattaraugus'Cfeek and Seneca Nation receptors, fish consumption corresponds to the 9 5th percentile'of national
and subsistence fish consumption rates (EPA -1999), respectively: The subsistence consumption rateý is
consistent with results of American Indian subsistence fishing on Lake Ontario. (Forti, Bogdan, and
Horn 1993). For the general population, fish consumption rates correspond to the average of fish yields for
eastern Lake Erie (NYSDEC 1998). Each individual is assumed to cultivate a garden irrigated with. potentially.
contaminated lake water and consume crop and animal products at rates recommended in regulatory guidance
(Beyeler et al. 1998). The fish consumption rates for the four individual, receptors are also presentedin
Table D-1.

Table D-1 Intake Parameter Values for Drinking Water and Fish Consumption by Receptors
Outside Current Western New York Nuclear Service Center Boundary

Pathway

Drinking Water Fish Consumption
Location . (liters per day) (kilograms per year).,

Cattaraugus Creek (near Buttermilk Creek) 2.35 .9

Cattaraugus Creek (Seneca Indian) 2.35 62

Lake Erie/Niagara River water users a 2.35 0.1
a The same fish consumption rate is assumed for both undiluted (e.g., Sturgeon Point) and diluted (e.g., North Tonawanda)

water users.
Note: To convert liters' to gallons, multiply by 0.264;. and kilograms to pounds, by 2.2046.

D-12



Appendix D
Overview of Performance Assessment Approach

Receptors Inside the Current Western New York Nuclear Service Center Boundary

A set of four West Valley receptors inside the current WNYNSC boundary was developed and screened based
on the principles and information described above. The general locations and activities ofthe receptors were
selected to span the range of conditions that could occur if site control were lost. Since documentation
supporting regulatory guidance was used to influence the selection of receptors, the West Valley receptors have.
characteristics similar to the residential agriculture receptor used in NRC 10 CFR Part 20 (NRC 2006) license
termination analysis, the intruders used in the 10. Code of Federal Regulations,(CFR), Part61 analyses, and
DOE residual contamination analyses (Yu et al. 1993). These are the home construction, well-drilling, and
residential farmer receptors. Additionally, to address direct exposure resulting from erosion, a resident located
opposite the exposed waste along one of the creeks within the WNYNSC boundary was selected. The nature
of the contamination and environmental transport pathways and receptor behavior combine to produce sets of
exposure modes for each receptor. Conditions of these exposure scenarios are consistent with guidance
recommendations (EPA 1991, 1999) developed for evaluation of risk of exposure to hazardous, chemicals.

Locations of receptors are determined based on receptor selection Principles 1 and 2 discussed earlier in this
section and site-specific conditions. Given Principle 2, it is reasonable to propose an onsite receptor whose
activities are consistent with the capabilities of an individual who establishes a residence on the site. Each of
the individual receptors may be located on site on the plateaus-or along Buttermilk Creek, but location and
activities are constrained by topography, groundwater availability, and waste form location. In particular,
direct intrusion into buried waste is assumed to not occur in the erosion case, because erosion-driven exposure
of the waste involves development of steep slopes and concentrated flow as the area moves within the rim of a
creek. These conditions are less favorable to utilization than settling of nearby areas outside of the creek
channel. For erosion scenarios, intrusion involves a hiker walking along-the contaminated creek bank and
coming into direct contact with waste for a limited period of time, or a hunter walking along a contaminated
creek bank and consuming deer that has consumed contaminated vegetation.

Home Construction Receptor

The ability of the receptor to directly contact radioactive material is related to the excavation capability of the
individual and the degree of separation afforded by the nature of the residual contamination or by the disposal
facility design. The receptor selection principles and past practice indicate that an individual involved in home
construction could directly contact contamination if physical separation is not provided, but is not likely to do
so if direct contact requires construction capabilities greater than required to build a home (NRC, 1981).
Selection of this type of individual is reasonable in light of the low probabilities that an industrial concern
would. excavate large quantities of cement, rock, and soil to contact waste; could not recognize the hazard,
given industrial-technical capability; and could continue to function, given that institutional control of
government agencies had failed (NRC 1981). Thus, the home construction receptor excavates a limited
volume of soil to a depth of less than three meters (10 feet), but does not have the capability to remove large
quantities of soil or rock. Exposure .modes. for the home constructor include inhalation of airborne
contaminated material and exposure to direct radiation. In the course of excavating the home foundation,
contaminated material may be removed from the excavation and serve to initiate residential farmer exposure
modes. Occurrence of this scenario. is reasonable for the Low Level Waste Treatment Facility, the
NRC-licensed Disposal Area and the State-licensed Disposal Area for the No Action Alternative but is
precluded by placement of a thick cap for all facilities for the Sitewide Close-In-Place Alternative.

Well-drilling Receptor

Even though contamination may be located in an area having little available water due to natural conditions or
placement of engineered barriers, it is reasonable to consider the transient effects of construction of a well
inside the barrier system. In this case, an individual has direct contact with waste in a drilling operation located
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at the facility, but does not consume water from the well. Exposure modes for the well driller include
inhalation of fugitive dust and external exposure to material deposited in a well cuttings pond. Subsequent to
drilling activity completion, contaminated material may be removed from the cuttings pond and distributed on
the ground surface to initiate residential exposure modes. Occurrence of this scenario is possible for all
facilities for the No Action Alternative and for the Low Level Waste Treatment Facility for the Sitewide
Close-In-Place Alternative.

Residential Farmer Receptor

In the case of a residential farmer receptor, past practice (Yu et al. 1993, NRC 1981) indicates that presence of
a 3-meter-thick (10-foot-thick) cap prevents direct contact with radioactive material. The residential
agriculture receptor may contact near-surface soil with residual contamination, or have access to soil,
groundwater, or surface water contaminated by releases from a site facility. For facilities stabilized in place,
direct contact with contamination derived from that waste is unlikely due to depth of cover of the waste form,
and exposure via residential agriculture would require contact with potentially contaminated groundwater or
surface water. Drinking and irrigation water wells with adequate productivity could be located on the North
Plateau between the individual waste management areas and groundwater discharge to Erdman Brook. Site
data and the three-dimensional site-wide groundwater model indicate that the Kent Recessional Sequence is
unsaturated below the North and South Plateau, indicating that this unit is not a reasonable source of domestic
or irrigation water. Due to size and flow regularity, surface water used by onsite receptors would likely come
from Buttermilk Creek. Based on past practice (EPA 1991, 1999; NRC 1981, 2006; Yu et al. 1993), exposure
modes related to residential agriculture activities include inhalation of contaminated air; ingestion of
contaminated groundwater, surface water, crops, animal products, fish, and soil; and exposure to direct
radiation. For this EIS analysis, these exposure modes have been extended to include hiking in an area
contaminated by groundwater discharge to a creek and consumption of deer (selected to represent exposure
resulting from hunting activities in the area) contaminated by consumption of vegetation growing in the
contaminated groundwater discharge area.

Residential Receptor (Erosion)

Althotigh establishment of a residence or farm immediately in an area of active erosion is unlikely,
establishment of a residence adjacent to such an area is possible. The primary exposure mode related to such a
residence is exposure to direct radiation from areas exposed as a result oferosion along creek beds. This
receptor does not grow crops on the actively eroding area. For this EIS analysis, this exposure mode has been
extended to include hiking in the area of exposed waste.

The assumed contaminated drinking water and fish consumption rates for receptors inside the current
WNYNSC boundary (the receptors discussed in the previous paragraphs) are presented in Table D-2.

Table D-2 Intake Parameter Values for Drinking Water and Fish Consumption by Receptors
Inside the Western New York Nuclear Service Center Boundary

Pathway

Receptor Drinking Water a (liters per day) Fish Consumption (kilograms per year)

North Plateau resident farmer 2.35 0

North/South Plateau well driller/worker 0 0
Buttermilk Creek resident farmer 2.35 9
a Drinking water rates are 9 5 th percentile rates.
Note: To convert liters to gallons, multiply by 0.264; and kilograms to pounds, by 2.2046.
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D.3.1.4 Summary of Long-term Performance Assessment Exposure Scenarios

Based on combinations of release mechanism, environmental transport pathway, and receptor location and
behavior, three types of exposure scenarios have been developed. These are groundwater release, erosion
release, and direct intrusion scenarios. The types of contamination initiating these scenarios are residual
contamination of near-surface soil and groundwater and residual contamination of below-grade soil and
structures.

Residual Contamination of Near-surface Soil

For residual contamination in surface soil, combinations of release mechanisms, environmental transport
pathways, and exposure modes have been identified, screened, and developed into standard exposure scenarios
(NRC 2006; Yu et al. 1993,. 1994).. This scenario, termed "residential farmer," has been adopted for this
analysis, but extended to include deer consumption and recreational hiking. Due to the nature of the
alternatives, the residential farmer scenario is widely applied.

Existing Contamination of Groundwater

Due to a historical unplanned release of acidic wastewater from the nuclear fuel reprocessing plant, a plume of
contaminated groundwater with activity concentration dominated by strontium-90 has developed to the
northeast of the plant. Use of this contaminated water would initiate all of the residential exposure modes
described above for the residential farmer receptor.

Residual Contamination of Below-Grade Soil and Structures

For residual contamination of below-grade soil and structures, analysis of site and facility conditions identified
three site-specific release mechanisms: partitioning into groundwater, entrainment in surface water runoff
(erosion), and direct intrusion. Analysis of environmental conditions identified three primary environmental
transport pathways: transport in groundwater to onsite wells, transport in groundwater to surface water, and
transport in surface water. For each alternative and each facility, the groundwater release mechanism initiates
scenarios affecting an onsite farmer (transport of contaminated groundwater to onsite wells) and five users of
surface water (Buttermilk Creek, Cattaraugus Creek near Buttermilk Creek, Cattaraugus Creek near Gowanda,
New York (Seneca Nation), Lake Erie water user and a Niagara River water user). For each alternative and
each facility, erosion initiates an additional 5 scenarios affecting an onsite resident/recreational hiker and users
of surface water on Buttermilk Creek, Cattaraugus Creek near Buttermilk Creek, Cattaraugus Creek near
Gowanda, New York (Seneca Nation), and Lake Erie/Niagara River water users (population). Thus, for each
alternative and each facility, a basic set of five erosion release scenarios is considered. For each alternative and
each facility, a set of two direct intrusion scenarios (home construction and well drilling) is considered. While
a total of 12 basic scenarios are considered, some may be eliminated due to waste depth or other considerations
for a specific alternative. The combinations of release mechanism and receptor location are summarized in
Table D-3.

For groundwater release scenarios, onsite receptors are residential farmer receptors consuming drinking water,
fish, garden products, and deer and engaging in recreation at rates consistent with their location. For erosion
release scenarios, onsite receptors are residents living near waste exposed by erosion who engage in
recreational hiking and are exposed via direct radiation, inhalation and inadvertent soil ingestion pathways.
For direct intrusion scenarios, workers are exposed via direct radiation, inhalation and inadvertent soil
ingestion pathways. For residential farmer scenarios initiated by direct intrusion, receptors are subject to the
exposure modes listed above for onsite residential farmer receptors. For both groundwater and erosion release
scenarios, offsite receptors consume fish and drinking water and are subject to the balance of residential farmer
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pathways listed above for onsite receptors.. Characterization .of the exposure modes for these receptors is

summarized in Table D-4 and described in more detail in Appendix G.

Table D-3 Summaryv of Exnosure Scenarios
Release Mechanism Location

Partitioning to groundwater' North or South Plateau
Buttermilk Creek
Cattaraugus Creek (near site)
Cattaraugus Creek (Seneca Nation)
Lake Erie (population)

Entrainment in surface water (erosion) North or South Plateau (recreational hiker)
Buttermilk Creek
Cattaraugus Creek (near site)
Cattaraugus Creek (Seneca Nation)
Lake Erie (population)

Direct Intrusion
Home construction North or South Plateau
Well drilling North or South Plateau

Table D-4 Summary of Receptor Exposure Modes'
,________Exposure Mode

Worker
Release and Drinking. Residential Residential Inhalation &

Transport Mode, Water Fish • with without Deer Recreational External
Receptor Location Consumption Consumption Agriculture b agriculture Consumption Hiking Exposure

Groundwater togroundwater-, ':<-->:* . ,, , , ;',, . .

North Plateau Y N Y N Y Y N
South Plateau N N Y N Y Y N

Groundwater to groundwater and surface water

Buttermilk Creek Y Y Y N N N N
Cattaraugus Creek Y Y Y N N N N
Seneca Nation Y Y Y N N N N
Sturgeon Point Y Y Y N N N N
Niagara River Y Y Y N N N N

Erosion to surface water

Buttermilk Creek Y Y Y N N N N
Cattaraugus Creek Y Y Y N N N N
Seneca Nation, Y Y Y N N N N
Sturgeon Point Y Y Y N N N N

Niagara River Y Y Y N N N N

Erosion with adjacent residence

North Plateau N 'N N Y N Y N
South Plateau N N N _ _Y _ _N Y N

Intrusion

Home construction
worker N N N N N N Y

Resident Y N Y N N N N
Well drilling

worker N N N N N N Y
Resident Y N Y N N N N

a Y Yes, combination of release, transport, and exposure modes and receptor location occurs.

N = No, combination of release, transport, and exposure modes and receptor location does not occur.
b Inhalation and direct exposure are subpaths for-the residential agriculture scenario.
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In addition to the set ofbasic scenarios that analyze impacts of releases from individual facilities, combination
scenarios were constructed to evaluate cumulative impacts of all facilities for each receptor. Locations of
onsite receptors for cumulative impacts were identified by conservative evaluation of intersection of
groundwater flow paths for individual facilities. Because groundwater flow paths to surface water for all
facilities reach Buttermilk Creek, cumulative impacts on surface water users would be the sum of impacts of
each facility.

D.3.2 Selection of Long-term Performance Assessment Calculation Models

Analysis of scenarios involves selection, development, and use of computerized mathematical models applied
for radionuclides and hazardous chemicals. The models produce estimates of dose, Hazard Index, and risk to
individuals and populations due to releases from individual facilities. The results can be added for multiple
facilities to provide a cumulative dose, Hazard Index, and risk. For scenarios involving contact with surface
water contaminated by groundwater releases or by erosion collapse, the cumulative impact was calculated as
the sum of impacts due to releases from individual facilities. For scenarios involving onsite contact with
contaminated groundwater, cumulative dose, Hazard Index, and risk were estimated as the sum of impacts due
to intersecting groundwater paths from multiple facilities. Direction of groundwater flow and locations of
intersecting groundwater flow paths were identified using hydrologic analysis results, described in
Appendix E. The following subsections discuss the approach for selection, development, and some aspects of
mathematical model use. Estimates of dose, Hazard Index, and risk developed using mathematical models are
presented in Appendix H.

D.3.2.1 Review of Existing Models and Conceptual Alternatives

The primary objectives for estimation of human health impacts (dose, Hazard Index;;and risk) arýýto provide a
basis for choice among alternative courses of action. Mathematical models used for these purposes should:

* Have a basis in observable physical processes and standard scientific principles that allows reasonable
projection over time

* Use consistent technical approaches that do not introduce bias favoring specific actions

* Provide reasonable representation of site-specific conditions

* Allow for development of demonstrably conservative estimates when used in a deterministic manner

. Allow verification of estimates

The first step in selection of models for release, transport, and human health impact analysis -was identification
of the site-specific conditions important in estimation of health impacts. This includes specification of
environmental conditions, facility designs, and exposure scenarios specific to West Valley as described in
Section D.3. 1. Environmental conditions important to estimation of human health impacts of facilities
stabilized in place include groundwater flow directions and velocities and erosion locations and rates. Facility
design considerations specific to West Valley facilities include layering of engineered barriers, time-
dependence of engineered barriers physical properties, and nonuniform vertical and radial distributions of
contaminants. The layered design of engineered barriers supports the objective of minimizing early releases to
realize reduction in concentration due to decay of radionuclides and degradation of hazardous chemicals.
Under these circumstances, diffusive, dispersive, and advective releases are of interest. Nonuniform vertical or
radial distribution of concentration introduces the need for distributed parameter representation of transport
mechanisms.
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The second step in selection of mathematical models was review of the technical literature and regulatory
guidance to identify existing models meeting site-specific requirements. Guidance on the approach to human
health impact modeling and the appropriate types of performance assessment models has been published
(Case and Otis 1988; EPA 1991, 1999; Kozak, Chu, and Mattingly 1990; Kozak et al. 1993; NRC 2000,
2006). For analysis of low-level radioactive waste facilities, formal analysis of uncertainty was recommended,
an iterative approach was anticipated, limits to the required level of detail were recognized, and use of
particular models or codes was not endorsed (NRC 2000). Particular models applicable to performance
assessment include those addressing facility release rates (Icenhour and Tharp 1995, NRC 1993), groundwater
transport (Codell, Key, and Whelan 1982; Pigford et al. 1980; van Genuchten and Alves 1982), and integration
of release rate, groundwater transport, and exposure (Kennedy and Strenge 1992; Yu et al. 1993).

The referenced models were evaluated for their ability to simulate the site-specific scenarios and closure
designs developed for West Valley facilities. In general, no single model for groundwater release scenarios
addressed the combination of waste form conditions and engineered barriers specified for West Valley
facilities, and no models addressed erosion scenarios. Thus, for groundwater release scenarios, the approach
selected for analysis of West Valley facilities was development of site-specific release models combined with
referenced groundwater transport (van Genuchten and Alves 1982) and exposure models (Yu et al. 1993,
EPA 1991) to produce the integrated codes required for estimation of human health impacts. For erosion
scenarios, the approach selected was to couple a site-calibrated landscape evolution model with a site-specific
integrated release and exposure model that combined the site-specific release rate with a referenced exposure
model (Yu et al. 1993).

D.3.2.2 Site-specific Models

Integ&aitedhuman'health impactestiniation:models~were-constructed using'modules that addressed: (1) release
from the storage/disposal configuration (release module), (2) transport through groundwater and surface water
(groundwater transport module), and (3) human health impacts resulting from consumption or use of
contaminated water (human health impact module). In addition, each integrated model includes an executive
routine that controls data input and output and calculation flow. Flow of groundwater through and around the
waste form was estimated using three-dimensional near-field flow models described in Appendix E. A set of
8 integrated models (4 for radionuclides and 4 for hazardous chemicals) was developed for the analysis of
groundwater release scenarios at West Valley facilities. Each set of 4 uses differing types of release, and
groundwater transport modules, but common human health impact modules. Two additional integrated codes
(one for radionuclides and one for hazardous chemicals) were developed for analysis of erosion collapse
release scenarios. A single integrated code was developed for analysis of radiological impacts of direct
intrusion into waste. Only the integrated groundwater release models use the groundwater flow, release or
transport modules. Each of these modules is discussed in the following paragraphs. The five release modules
are discussed first, followed by a discussion of the groundwater transport module and then the human health
impact module. The discussion of the individual modules is followed by a short discussion of how the
modules are assembled into integrated codes for long-term dose prediction. Further details on the equations
used in the modules and the nature of integrated codes are presented in Appendix G of this EIS.

Near-field Flow Models

For groundwater release scenarios, a set of models was developed to reflect the site-specific configuration of
the aquifer and the engineered barrier system determining groundwater flow around and through the waste
system. These three-dimensional near-field flow models simulate performance of the combination of a slurry
wall, tumulus, waste form, and aquifer using the Subsurface Transport Over Multiple Phases computer code
(White and Oostrom 2000). The tumulus comprises a drainage layer and a central core with a low-permeability
upper layer and lower block of backfill soil or grout. More specific information on the near-field flow models
is presented in Appendix E of this EIS.
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Site-specific Release Modules

Four modules for releases to groundwater and a single model for erosive release to surface water were
developed. In each groundwater case, whether the contamination is in unsaturated or saturated zones, the rate
of groundwater movement through the waste is estimated using the near-field flow models described in
Appendix E of this EIS. The release modules were developed to address the more complex geometries over
short distances and different materials that are part of the waste confinement systems. The release modules are:

A distributed-parameter, layered cylindrical-geometry release model was developed to predict release
of radionuclides or hazardous chemicals from waste solidified in a tank. In this model, a central
cylindrical core representing the waste form is encircled by layers representing a grout-filled annulus
and a slurry wall. Each system element has adsorptive properties, but the annular grout and slurry wall
layers are initially free of contamination. The model allows for advection as well as diffusion as small
amounts of the groundwater flow through the waste form and then mix with the majority of the
groundwater that flows around the slurry wall. The model allows for variation in the contaminant
concentration with radial position and may be used in an iterative manner to represent vertical
distribution of contaminants. This model uses finite difference methods to solve mass balances and
predict. the concentration of contaminant entering the groundwater downstream of the engineered
structure. This particular model is most appropriate for analysis of the Waste Tank Farm when there is
a solid waste form within the tank and engineered barriers around the waste. .

* A lumped-parameter model with layered, rectangular symmetry was developed to predict rate of
release from contaminated soil or stabilized waste located in the saturated zone. The model comprises
three layers: the waste form and two adsorptive layers downstream of the waste form. This module
predicts releases fromitheengineered structure;.assuming equilibriumýpartitioning-of.radioimtclides or
hazardous chemicals between the solid and pore water phases of the waste form. Contaminant
concentration varies in steps within the waste form, and release occurs by advection but not diffusion.
The mass balances allow an analytical solution, and this release model is applicable to below-grade
portions of the Main Plant Process Building, the NDA, and the SDA.

* A distributed-parameter, layered rectangular-geometry release module was developed to simulate
release from the above-grade portion of the Main Plant Process Building. The model represents
downward percolation of precipitation through an upper adsorptive barrier, waste form, and lower
adsorptive barrier. Water exiting this engineered system flows horizontally through an aquifer. The
model represents spatial distribution of concentration of radionuclides or hazardous chemicals,
advective and diffusive transport, and time-dependence of physical properties. This module uses finite
difference methods to solve the mass balance equations.

* A distributed-parameter rectangular flow tube model was developed to simulate release from
contaminated soil and groundwater; that is, future development of a groundwater plume. The model
represents spatial distribution of concentration of radionuclides or hazardous chemicals, as well as
advective and diffusive transport, and allows simulation of a slurry wall within the contaminated area.
This module uses finite difference methods to solve mass balance equations.

An erosion model was developed that predicts the release of below-grade waste intosurface streams.
The release rates are based on horizontal and vertical distribution of radionuclides or hazardous
chemicals in a rectangular cell. For this EIS, erosion rates are predicted by a simplified gully model
that draws its starting point from topography established by the use of two landscape evolution models
(CHILD and SIBERIA). Both landscape evolution models were calibrated by reproducing a close
approximation of the current topography from a topography estimated to have been present following
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the last glacial retreat a little over 15,000 year's'ago. The simplified single gullyrelease model allows
investigation of local-scale features that may not be captured by the landscape evolution model.

Groundwater Transport Module

For releases from localized- sources, a single one-dimensional groundwater transport module was developed
that predicts changes in soil and groundwater contaminant concentrations.at various distances and times using
the parameters of groundwater -velocity, soil adsorption properties, and contaminant decay rate. This model
utilizes an analytic. solution to the contaminant transport equation. in conjunction with' the principle of
superposition to represent a time series of releases. Thismodule is linked with one of the groundwater release
modules discussed earlier to predict downgradient contaminant concentration- as a function. of position and
time., As described above, for releases 'from spatially distributed sources' such as the North Plateau
Groundwater Plume, a finite-difference solution to the one-dimensional contaminant transport equration'is
applied. Initial concentration of contaminants in the aquifer is specified as model input.

Human Health Impact Module

For both radioactive and hazardous chemical constituents, a human health impact module was developed that
calculated dose and risk (radionuclides) or Hazard Index and risk (hazardous chemicals) from contact with and
use of contaminated soil and water. The human health impact module allows for the consumption of
contaminated water, contaminated crops and livestock as well as fish raised in contaminated water. It also
allows for the siting of a house in contaminated soil. Estimation of human health impacts of deer consumption
and recreational hiking are included in the model.

Integrated Models

The various modules are combined to develop sets of integrated release, transport, and exposure models.
Table D-5 summarizes the combinations of modules composing the sets of integrated models that represent
the capabilities on the integrated long-term performance assessment models. The finite-difference cylindrical,
analytic rectangular, and finite-difference rectangular modules all involve release to groundwater and
groundwater transport to either a well or surface water. The plume model involves release to either a
groundwater well or surface water. The erosion model simulates direct release to surface water, while the
intruder model does not involve transport to groundwater or surface water. Further information on the
capabilities of specific integrated models is presented in Appendix G of this EIS. Information on which
models are used for specific analyses is presented in Appendix H were the results of specific analyses are
presented.

Table D-5 Summary of Integrated Release/Transport/Exposure Models
Release Module

Finite- Finite- Groundwater Health
Difference Analytical Difference Direct Transport Impact

Model Cylindrical Rectangular Rectangular Erosion Intrusion Module Module

Plume Y Y Y

Tanka Y Y Y Y Y

Above-grade monolitha Y Y Y Y

Below-grade monolith Y Y Y

Erosion Y N Y

Intruder Y Y Y

The tank and tumulus models have two versions, one with a distributed-parameter source and one with a lumped-parameter
source.
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D.3.2.3 Approach to Addressing Long-term Performance Assessment.Uncertainty

Evaluation of uncertainty involves consideration of contributions from model structure, model parameters, and
scenario elements (Draper, Saltelli, and Tarantola 1999). Because probability distributions of model structure
(i.e., uncertainty of appropriate model structure), receptor behavior, and some model parameters are not
available for both groundwater and erosion scenarios, a comprehensive probabilistic evaluation is not
practical. Thus, a combination of conservative assumptions and sensitivity analyses were applied to investigate
uncertainty associated with dose estimates. As a first step in the process, thenature of the model was reviewed
to identify fidelity to the physical system represented by the model. As a second step, literature of sensitivity
and uncertainty analysis was reviewed to survey the current understanding of model sensitivity and
uncertainty. The next step comprised review of site-specific environmental conditions, closure designs and
models to select a set, of sensitivity cases. Results of deterministic sensitivity analysis are presented in
Appendix H of this EIS.
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E.1 Introduction

A three-dimensional far-field site groundwater flow model has been implemented for the Revised Draft
Environmental Impact Statement for Decommissioning and/or Long-Term Stewardship at the West Valley
Demonstration Project and Western New York Nuclear Service Center (Decommissioning and/or Long-Term
Stewardship EIS). This model extends the model domain beyond that of models previously employed at the
site. Both model conceptual development and model parameterization incorporated recent data along with
those used in prior modeling efforts. The updated model confirms historical understanding of upper layer
hydrology with an improved understanding of flows through the slack-water sequence and the Kent recessional
sequence (see Chapter 3.6). In addition, three-dimensional near-field models for the North and South Plateau
were developed for the evaluation of the environmental impact statement (EIS) alternatives. These models
facilitate understanding of near-field flow and the impacts of design decisions for the facilities involved.

This appendix provides descriptions of the groundwater models used in the assessment of the impacts for the
West Valley decommissioning alternatives under consideration. The objectives of the EIS groundwater
modeling activities were:

* To develop an updated 3D groundwater model that utilizes the additional characterization data
collected since the last local model was developed in the mid 1990s.

* To extend the model domain beyond that used in previous modeling at the site to investigate the
potential flow in the Kent recessional sequence (in particular) and deeper units.

* To establish a methodology for estimating how local hydrology will change as a result of the
engineering features being planned for the various decommissioning alternatives.

* To provide a basis for estimating contaminant transport needed in the assessments of the West Valley
decommissioning alternative impacts.

The approach taken to meeting these objectives was 1) to develop the site groundwater flow model for
determining flow patterns and exploring conceptual issues at the site scale, 2) to develop the near-field 3D
numerical models, consistent with the site model, for the evaluation of changes in local hydrology as a result of
proposed alternative actions, and 3) to extract from the near-field models key transport parameters needed for
the performance assessments of the alternatives. The two near-field models' domains were the North Plateau
and South Plateau.

The site model (covering much of the site area and extending into the bedrock) was implemented using the
U.S. Department of Energy (DOE) Finite Element Heat and Mass Transfer Code developed at Los Alamos
National Laboratory (LANL 2003) and the near field models that were developed using the DOE Subsurface
Transport Over Multiple Phases (STOMP) code developed at the Pacific Northwest National Laboratory
(PNNL 2000). FEHM is a finite element code and STOMP is a finite difference code. Both are capable of
modeling partially saturated-saturated systems. The focus of this appendix is on model conceptualization and
parameterization along with the presentation of key results as well as data analyses.

A significant amount of the effort expended in the development of the groundwater models was directed
toward data reduction and evaluation of the large and varied amount of data available. Several notable findings
came out of these analyses. Perhaps of most interest, for some geohydrological units, statistically significant
differences exist in same-hole hydraulic conductivities determined before and after 1999. As might be
expected, the amount of available data varies widely from unit to unit with those of more historical interest
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being better represented. A preliminary geostatistical characterization of the thick-bedded unit hydraulic
conductivity was performed.

Section E.2 provides a discussion on the site environs, the geology of the site relevant to the groundwater
modeling activities, identification of the geohydrological units on site, flow systems found at the site, and a
general discussion of groundwater conditions. Section E.3 provides information on the implementation of the
sub-regional FEHM model, calibration and sensitivity analyses, and a summary of results from the base case
model. Details of the near field STOMP models are presented in Section E.4. The discussion is broken down
by North and South Plateau and by alternative. In addition to the geohydrological parameters, the discussion
includes the identification and characterization of design elements and parameters used in the models.
Transport parameters needed for impact assessment of the alternatives are derived from the corresponding
STOMP results.

E.2 Site Characteristics

This section summarizes available site information used to support the development and testing of the
groundwater flow models. General information regarding the site geology and hydrogeology is provided in
Chapter 3, of the EIS.

E.2.1 Overview of Geologic and Hydrogeologic Setting

The hydrostratigraphy underlying the North and South Plateaus is summarized in the following sections
including a description of the saturated zone characteristics, delineation of the direction and rate of
groundwater flow, and the distribution and nature of groundwater contamination as derived from historical
studies and ongoing investigations. Information regarding the hydrostratigraphic units and their properties is
provided in Section 3.0 in the support analyses for the development of a three-dimensional groundwater flow
model and the associated long-term performance assessment in Appendix H.

E.2.1.1 Location and Main Features

Figure E-1 shows the general location of the Western New York Nuclear Service Center (WNYNSC) and the
West Valley Demonstration Project (WVDP). The site is located 50 kilometers (30 miles) south of Buffalo,
New York. The entire WNYNSC is located within the Buttermilk Creek drainage basin, which is part of the
Cattaraugus Creek watershed. Cattaraugus Creek is located north of the site and flows westward to Lake Erie.
Within the WNYNSC, the Project Premises and State-licensed Disposal Area (SDA) occupy about 80 hectares
(200 acres), and most of the developed portion of the site.

The developed portion of the site is divided geographically by Erdman Brook into the North Plateau and South
Plateau and operationally into waste management areas (WMAs). The North Plateau contains the majority of
the processing plant facilities. The area covered by the groundwater monitoring network on the North Plateau
includes the Main Plant Process Building and Vitrification Facility Area (WMA 1), Low-Level Waste
Treatment Facility Area (WMA 2), Waste Tank Farm Area (WMA 3), Waste Storage Area (WMA 5),
Construction and Demolition Debris Landfill (CDDL, WMA 4), Central Project Premises (WMA 6), and
Support and Services Area (WMA 10). The monitoring network on the South Plateau includes the Central
Project Premises (WMA 6), the inactive U.S. Nuclear Regulatory Commission (NRC)-licensed Disposal Area
(NDA) and Associated Facilities (WMA 7), the inactive SDA and Associated Facilities (WMA 8), Radwaste
Treatment System Drum Cell (WMA 9), and Support and Services Area (WMA 10). Figure E-2 shows the
layout of major site features and WMAs across the WNYNSC and WVDP.
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The area between Franks Creek and Buttermilk Creek, referred to as the East Plateau in this appendix,
comprises a third plateau area located east and northeast of the project premises (Figure E-1). The East
plateau area is overlain by sand and gravel deposits in the north and weathered till in the south. While part of
the same units that underlie the main WVDP facilities areas, the shallow geologic units on the East plateau are
isolated from the WVDP by the Franks Creek stream valley. The deeper till units underlying the East plateau
are laterally contiguous with the till to the west.

E.2.1.2 Geology

The WNYNSC is located within the glaciated northern portion of the Appalachian Plateau physiographic
province at an average elevation of 396 meters (1,300 feet) above mean sea level (WVNS 1993a, WVNS and
URS 2005). The site is approximately midway between the boundary delineating the southernmost extent of
Wisconsinan glaciation and a stream-dissected escarpment to the north that establishes the boundary between
the Appalachian Plateau and the Interior Low Plateau Province.

The WNYNSC is located in the Buttermilk Creek Valley west of the Creek. The valley is a steep-sided,
northwest-trending U-shaped valley that has been incised into the underlying Devonian bedrock. A sequence
of Pleistocene-aged deposits and overlying Holocene (recent) sediments up to 150 meters (500 feet) thick

occupies the valley. Repeated glaciation of the ancestral bedrock valley occurred between 14,500 and
38,000 years ago resulting in the deposition of a sequence of three glacial tills (Lavery, Kent, and Olean tills)
that comprise the majority of the valley fill deposits (WVNS 1993a, WVNS and'URS 2005). The Holocene
deposits are principally deposited as alluvial fans and aprons derived from the glacial sediments that cover the

uplands surrounding the WNYNSC and from floodplain deposits derived from Pleistocene valley-fill
sequences (WVNS 1993a, 2007).

Glacial tills of Lavery, Kent, and Olean formations separated by stratified, interstadial, fluvio-lacustrine
deposits overlie the bedrock beneath the North, South and East Plateaus. Repeated glaciationof the Buttermilk
Creek Valley occurred between 24,000 and 15,000 years ago, ending with the deposition of approximately
40 meters (130 feet) of Lavery till. Outwash and alluvial fan deposits' were deposited on the Lavery till
between 15,000 and 14,200 years ago (URS 2002). Figure E-3 shows the surface geology of the Buttermilk
Creek basin in the vicinity of the WNYNSC.

The uppermost Lavery till and younger surficial deposits form a till plain covering 25 percent of the Buttermilk
Creek basin with elevations ranging from 490 meters to 400 meters (1,600 to 1,300 feet) from south to north.
The WVDP Premises and theSDA are located on this stream-dissected till plain west of Buttermilk Creek at an
elevation of 430 meters (1,400 feet). Erdman Brook divides the WVDP Premises into North and South
Plateaus (WVNS 1993a).

E.2.1.3 Site Stratigraphy

Sediments overlying the bedrock consist of glacial tills of the Lavery, Kent, and Olean (WVNS and URS 2005)
formations that are separated by stratified fluvio-lacustrine deposits (Figure E-4 and Table E-1). The glacial
layers dip to the south at approximately 5 meters (16 feet) per kilometer. The stratigraphic units present at the

North Plateau and the South Plateau are shown in Figure E-5 and Figure E-6, respectively. The stratigraphy
of the North and South plateau areas is differentiated by sand and gravel deposits that overlie the till on the
northern plateau areas and the lack of sand and gravel deposits overlying the till on the southern plateau areas.
Unit designations in the vicinity of the site are also indicated in Figure E-4, developed from La Fleur
(La Fleur 1979) and Prudic (Prudic 1986). The continuity of the shallow deposits is interrupted by the deeply
incised stream valleys occurring between the plateaus. Deposition of the sand and gravel has significantly
reduced the depth of weathering in the underlying till on the northern plateau areas while. weathered till is
exposed at the surface on the southern part of the site (WVNS 1993a).
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The clay layer that differentiates the sand and gravel (thick-bedded unit and slack-water sequence) units in the
subsurface underlying the North Plateau has previously been interpreted as unweathered Lavery till, resulting
in portions of the slack-water sequence being interpreted as Lavery till-sand. However, recent reinterpretation
of the sandy interval as slack-water sequence, has revised the extent of the Lavery till-sand and the slack-water
sequence beneath the North Plateau (WVES 2007). The primary justification for the stratigraphic revision to
the model is based on the elevation of the encountered units as delineated from borings. As a result of the
reinterpretation, the horizontal extent of the slack-water sequence has been expanded from previous
delineations to encompass areas located upgradient of the Main Plant Process Building and has also been
extended to conform to the surface of the underlying unweathered Lavery till. Since fewer borings are now
considered to have encountered Lavery till-sand, the horizontal extent of the Lavery till-sand has been reduced
(WVES 2007). The new interpretation is a recent development and is still evolving. Potential impacts on flow
at the site are considered in the discussion of the modeling results in Section E.3.7.

E.2.2 Definition of Hydrostratigraphic Units

The stratigraphic units underlying the WVDP area are subdivided into hydrostratigraphic units on the basis of
lithology and hydrogeologic properties. In this regard, contiguous layers with similar lithologic and
hydrogeologic characteristics may be combined into a single hydrostratigraphic unit. The various
hydrostratigraphic units are shown by the generalized geologic cross-sections in Figures E-5 and E-6.
Figure E-7 illustrates a conceptual block model of the groundwater flow systems underlying the North and
South Plateaus. This model is conceptual and flows between the units are mostly inferred from the known
hydrostratigraphy-with the exception of where recharge from or discharge to the surface is clearly observed.
Groundwater movement beneath the East plateau combines elements of both conceptual flow systems.
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Table E-1 Stratigraphy of the West Valley Demonstration Project Premises and the State-licensed
Dis osal Area a

Thickness b

North Plateau South Plateau
Geologic Unit Description Origin (meters) (meters)

Colluvium Soft plastic pebbly silt only on Reworked Lavery 0.3 to 0.9 0.3 to 0.9
slopes, includes slump blocks or Kent till
several meters thick

Thick-bedded unit Sand and gravel, moderately silty Alluvial fan and 0 to 12.5 0 to 1.5 at Well
terrace deposits 9 0 5C; not found at

other locations
Slack-water Thin-bedded sequence of clays; Lake deposits 0 to 4.6 Not present
sequence silts, sands, and fine-grained gravel

at base of sand and gravel layer
Weathered Lavery Fractured and moderately porous Weathered glacial 0 to 2.7 0.9 to 4.9,
till till, primarily comprised of clay ice deposits (commonly average = 3

and silt absent)
Unweathered Dense, compact, and slightly Glacial ice I to 31.1 4.3 to 27.4
Lavery till porous clayey and silty till with deposits Lavery till thins Lavery till thins

some discontinuous sand lenses west of WVDP west of WVDP
Premises Premises

Till-sand member Thick and laterally extensive fine Possible meltwater 0.1 to 4.9 May be present in
of Lavery till to coarse sand within Lavery till or lake deposits one welllnear

northeast comer of
NDA

Kent Recessional Gravel comprised of pebbles, small Proglacial lake, 0 to 21.3 0 to 13.4
Sequence cobbles, and sand, and clay and deltaic, and

clay-silt rhythmic layers overlying alluvial stream
the Kent till deposits

Kent till, Olean Kent and Olean tills are Clayey Mostly glacial ice 0 to 91.4 0 to 101
Recessional and silty till similar to Lavery till. deposits
Sequence, Olean till Olean Recessional Sequence

predominantly clay, clayey silt,
and silt in rhythmic layers similar
to the Kent recessional sequence
overlying the Glean till

Upper Devonian Shale and siltstone, weathered at Marine sediments > 402 > 402
bedrock top

Source: Geologic unit descriptions and origins from Prudic (1986) as modified by, WVNS (1993a, 1993b). Thickness from
lithologic logs of borings drilled in 1989, 1990, and 1993 (WVNS 1994); from Well 905 (WVNS 1993b);' and from Well
834E (WVNS 1993a). Kentand Olean till thickness from difference between bedrock elevation(based on seismic data)
and projected base of Kent recessional sequence (WVNS 1993a); upper Devonian.bedrock thickness from Well 69
U.S. Geological Survey 1-5 located in the southwest section of the WNYNSC (WVNS 1993a).
To convert meters to feet, multiply by 3.2808.
Coarse sandy material was encountered in this well. It is unknown whether this deposit is equivalent to the sand and gravel
layer on the North Plateau.

b
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E.2.2.1 Thick-bedded Unit Sand and Gravel and Slack-water Sequence

The thick-bedded unit is a Holocene-age alluvial fan that was deposited by streams entering Buttermilk Valley
and which is the thicker and more extensive of the two deposits. The alluvial fan overlies the Lavery till over
most of the North Plateau and directly overlaps the Pleistocene-age glaciofluvial slack-water sequence that
occurs in a narrow northeast trending trough in the Lavery till (see Figure E-8). On steeper slopes, Holocene-
age landslide deposits (colluvium) also blanket or are interspersed with the sand and gravel (WVNS 1993a).
Fill material occurs in the developed portions of the North Plateau, and mainly consists of recompacted
surficial sediment that is mapped as part of the sand and gravel (WVNS 1993b). The slack-water sequence is a
Pleistocene age glaciofluvial gravel deposit that overlies the Lavery till in a narrow northeast trending trough
across the North Plateau (WVNS 1993a, 1993b, 1994, 2007). The unit contains thin-bedded layers of clay,
silt, sand, and fine-grained gravel deposited in a glacial lake environment (WVNS 1994). These subunits
overlie the Lavery till on the North Plateau with localized amalgamation with the Lavery till-sand. Previous
studies have combined the thick-bedded unit and slack-water sequence as the Sand and Gravel Unit.
Investigators have used both the single and the two-subunit representations in past studies, depending on the
purpose of the analysis. In this EIS, the two-subunit representation is used to account for the differences in
hydraulic conductivity between the units for modeling purposes.

E.2.2.1.1 Thick-bedded Unit Sand and Gravel

The thick-bedded unit underlying the North Plateau has an areal extent of approximately 42 hectares
(104 acres) with a thickness of up to 12.5 meters (42 feet) in the vicinity of the process building (WMA 1) and
the wastewater treatment facility (WMA 2). The average textural composition of the surficial sand and gravel
is 41 percent gravel, 40 percent sand, 11 percent silt, and 8 percent clay classifying it as a muddy gravel or
muddy sandy gravel (WVNS 1993b). The sand and gravel unit is thickest, ranging from 9 meters (30 feet) to
12.5 meters (41 feet) along a trend oriented southwest to northeast across WMA 1. The locally thicker sand
and gravel deposits correspond to erosional channels incised into the underlying Lavery till. The sand and
gravel thins to the north, east, and south where it is bounded by Quarry Creek, Franks Creek, and Erdman
Brook, respectively, and to the west against the slope of the bedrock valley (WVNS 1993a, 1993b; WVNS and
URS 2006). At these boundaries, the thick-bedded unit is truncated by the downward erosion of the streams
and groundwater discharges to surface water through seepage faces and underflow down stream valley walls
through weather Lavery till or colluvium.

The thick-bedded unit on the North Plateau is recharged by inflow from direct contact with fractured bedrock
west of the site and from infiltrating precipitation. Discharge from this unit flows into Erdman Brook, Franks
Creek, and Quarry Creek from the North Plateau, and into Franks and Buttermilk Creek from the East Plateau.
Prior studies indicate that a small fraction of the water flows downward from the surficial thick-bedded unit to
the Lavery till (Prudic 1986, WVNS 1993b). The thick-bedded unit underlying the East Plateau is physically
and hydrologically disconnected from the North Plateau.

Groundwater in the sand and gravel forms the upper aquifer beneath the WVDP site. The depth' to the water
table within the sand and gravel ranges from 0 meters (0 feet) where the water table intersects the ground
surface and forms swamps and seeps along the periphery of the North Plateau, to as much as 6 meters (20 feet)
beneath portions of the central North Plateau where the layer is thickest (WVNS 1993b). Groundwater in the
sand and gravel generally flows to the northeast across the North Plateau from the southwestern margin of the
unit near Rock Springs Road toward Franks Creek. Flow in the thick-bedded unit is predominantly horizontal
(WVNS 1993b, WVNS and Dames and Moore 1997, WVNS and URS 2006).
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E.2.2.1.2 Slack-water Sequence

The slack-water sequence occurs at the base of the thick-bedded unit from the area of the cooling tower
northeast to Franks Creek Valley (WVNS 1994). The slack-water deposits range in thickness up to 4.6 meters
(15 feet).- Numerous thin horizontal clay layers occur in the slack-water sequence. This can be seen in
estimated slack-water sequence textures ranging from 95 percent clay and silt to 100 percent sand. Although
the overlying thick-bedded unit aquifer is considered to be under unconfined conditions, localized confined
conditions occur in the slack-water sequence.

E.2.2.2 Lavery Till

The surficial units and the entire WVDP Project Premises are underlain by the Lavery till. The till underlying
the North Plateau is predominantly unweathered, owing to the presence of the overlying sand and gravel
(WVNS 1993a). Weathered zones in the till are generally less than 0.3 meters (1 foot) thick (WVNS and
Dames and Moore 1997). The till consists of dense, pebbly silty clay to clayey silt. The unweathered Lavery
till is typically olive-gray and calcareous (WVNS 1993a) and contains discontinuous and randomly oriented,
pods or masses of stratified sand, gravel, and rhythmically laminated clay-silt. The average textural
composition of the unweathered Lavery till is 50 percent clay, 30 percent silt, 18 percent sand, and 2 percent
gravel (WVNS 1993b). Across the site the thickness of the till ranges from 9 to 12 meters (30 to 40 feet)
reaching a maximum thickness of approximately 31 meters beneath the North Plateau and 27 meters beneath
the South Plateau.

The weathered Lavery till at the South Plateau is generally exposed at grade or may be overlain by a veneer of
fine-grained alluvium (WVNS 1993a). The upper portion of the till beneath the South Plateau has been
extensively weathered and is physically distinct from unweathered Lavery till. The weathered till has been
oxidized from olive-gray to brown, contains numerous root tubes, and is highly desiccated with intersecting
horizontal and vertical fractures (WVNS 1993b, WVNS and URS 2006). Vertical fractures extend from
approximately 4 to 8 meters (13 to 26 feet) below ground surface into the underlying unweathered till. The
average textural composition of the weathered Lavery till is 47 percent clay, 29 percent silt, 20 percent sand,
and 4 percent gravel. The thickness of the weathered Lavery till ranges from 0.9 meters (3 feet) to 4.9 meters
(16 feet) across the South Plateau (WVNS 1993b, WVNS and URS 2006).

Groundwater in the unweathered Lavery till generally infiltrates vertically toward the underlying Kent
recessional sequence (Prudic 1986, WVNS 1993b, WVNS and Dames and Moore 1997). The till unit is
perennially saturated with relatively low hydraulic conductivity in the vertical and horizontal dimensions and
functions as an effective aquitard (WVNS and Dames and Moore 1997). The observed hydraulic gradient in
the unweathered Lavery till is close to unity (Prudic 1986).

The weathered Lavery till variably weathered to a depth of, 0.9 to 4.9 meters (3 to 16 feet) (see
Section 3.3.1.1). Because of the weathered and fractured nature of the till, both horizontal and vertical
components are active in directing groundwater movement (WVNS and URS 2006). Lateral groundwater
movement in the weathered till is controlled by the availability of intercoinnected zones of weathering and
fracturing, the prevailIing topography on the weathered till/unweathered till interface, and the low permeability
of the underlying unweathered Lavery till. The range of hydraulic conductivities and the variation in lateral
gradients lead to horizontal velocity estimates on the order of tensi of centimeters per year to meters per year.
Flow may continue a short distance before slower vertical movement through the underlying unweathered till
occurs, or in some circumstances, may continue until the groundwater discharges at the surface in a stream
channel or a seep.

Research conducted by the New York State Geological Survey. (Dana et al. 1979a, 1979b) studied the shallow
till and associated joints and fractures as part of a hydrogeologic assessment of the Lavery till. Intrinsic till
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joints and fractures were classified as: (1) prismatic and columnar jointing related to hardpan soil formation;
(2) long, vertical, parallel joints that traverse the entire altered zone and extend into the parent till, possibly
reflecting jointing in the underlying bedrock; (3) small displacements through sand and gravel lenses; and
(4) horizontal partings primarily related to soil compaction and secondarily from trench excavation. Prismatic
and columnar jointing may represent up to 60 percent of all till fractures and were believed to have formed by
alternating wet/dry or freeze/thaw conditions. Fracture density was determined to be a function of the moisture
content and weathering of the, till, with fracturing being more pervasive in the weathered and drier soil and
associated till. Densely-spaced, vertical fractures with spacing ranging from 2 to 10 centimeters (0.8 to
3.9 inches) were limited to depths in the soil near the surface. However, vertically persistent fractures were
observed to extend from the surface soils into the relatively moist and unweathered till. These long vertical
fractures were systematically oriented to the northwest and northeast. Spacing between fractures ranged from
0.65 to 2.0 meters (2 to 6.5 feet) and generally extended to depths of 5 to 7 meters (16 to 23 feet). The fracture
spacing increased with depth and the number of fractures were observed to decrease with depth. Trenching
found one vertical fracture extending to a depth of 8 meters (26 feet) (Dana et al. 1979a).

Open, or unfilled, fractures in the upper portion of the Lavery till provide pathways for groundwater flow and
potential contaminant migration. Tritium was not detected in two groundwater samples collected from a gravel
horizon at a depth of 13 meters (43 feet) in New York State Geological Survey Research Trench #3, indicating
that modern (post-1952) precipitation has not infiltrated to the discontinuous sand lens in the Lavery till.
Analysis of physical test results on Lavery till samples by the New York State Geological Survey concluded
that open fractures would not occur at depths of 15 meters (50 feet) below ground surface due to the plasticity
characteristics of the till (NYSGS 1979, Dana et al. 1979a).

E.2.2.3 Lavery Till-Sand

The Lavery till-sand is a lenticular silty sand deposit localized in the southeastern portion of the North Plateau
within the unweathered Lavery till. It is distinguished from the isolated pods of stratified sediment in the
Lavery till because borehole observations indicate that the till-sand unit is laterally continuous beneath portions
of the North Plateau (WVNS 1993b; WVNS and Dames and Moore 1997). The till-sand consists of 19 percent
gravel, 46 percent sand, 18 percent silt, and 17 percent clay. The till-sand occurs within the upper 6 meters
(20 feet) of the till and ranges in thickness from about 0.1 to 4.9 meters (0.4 to 16 feet).

Groundwater pathways through the till-sand travel to the east-southeast toward Erdman Brook. However,
surface seepage locations from the unit into Erdman Brook have not been observed (WVNS and Dames and
Moore 1997, WVNS and URS 2006). The lack of seepage suggests that the till-sand is largely surrounded by
unweathered Lavery till. Fractures in the Lavery till may allow groundwater in the till-sand to discharge along
the north banks of Erdman Brook, but at a slow rate. As a result, recharge to and discharge from the till-sand is
likely controlled by the physical and hydraulic properties of the Lavery till (WVNS 1993b). Discharge occurs
as seepage to the underlying Lavery till. Recharge occurs as leakage from the Lavery till and from the
overlying sand and gravel unit, where the till layer is not present (WVNS 1993b, WVNS and Dames and
Moore 1997).

The Lavery till-sand was reported in all previous studies as a water-bearing unit under semi-confined
conditions that receives and transmits water to other units through vertical leakage from the thick-bedded unit
as well as through the unweathered Lavery till. Hydraulic gradients average 0.01 in the general direction of
flow, which indicates that some discharge occurs on the southeast boundary of the Lavery till-sand. This
discharge is suspected to occur along an outcrop connected to Erdman Brook (WVNS 2002). In addition,
downward gradients are recorded from the thick-bedded unit and slack-water sequence to the Lavery till-sand
in the western upgradient area where recharge to the Lavery till-sand occurs. On the eastern side of the Lavery
till-sand unit, piezometric heads exceed those in the thick-bedded unit, indicating possible upward flow. This
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is due to confined conditions in .a portion of the Lavery till-sand and the proximity to thick-bedded unit

discharge areas near Erdman Brook;

E.2.2.4 Kent Recessional Sequence

The Kent recessional sequence is a sequence of interlayered, ice-recessional lacustrine and kame-delta deposits
consisting of silt and clay that coarsens upward into sand and silt. The unit underlies the Lavery till beneath
most of the site area, thinning to the southwest where it is truncated by the walls of the bedrock valley. The
sequence receives recharge along a zone of contact with the fractured bedrock to the west, and also from
downward seepage through the overlying Lavery till. The unit is not exposed on the WVDP.Premises but
crops out along Buttermilk Creek to the east of the site (WVNS 1993a, WVNS and URS 2005). The sequence
is comprised of alluvial, deltaic, and lacustrine deposits with interbedded till (WVNS 1993b, .1993c). The
upper Kent sequence consists of coarse-grained deposits of sand and gravel that overlie fine-grained lacustrine
silt and clay (WVNS 1993b, WVNS and URS 2005). The basal lacustrine sediments were deposited in glacial
lakes that formed as glaciers blocked the northward drainage of streams. Beneath the North Plateau, the Kent
sequence consists of coarse sediments that either overlie the lacustrine deposits or directly overlie glacial till.
The average textural composition of the coarse-grained deposits comprising the sequence is 44 percent sand,
23 percent silt, 21 percent gravel, and 12 percent clay. The average textural composition of the lacustrine
deposits is 57 percent silt, 37 percent clay, 5.9 percent sand, with 0.1 percent gravel. The Kent recessional
sequence attains a maximum thickness of about approximately 21 meters (69 feet) beneath the North Plateau.

Groundwater flow in the Kent recessional sequence is to the northeast and Buttermilk Creek (WVNS 1993b,
WVNS and URS 2006). Recharge to the Kent recessional sequence comes from both the overlying till and the
adjacent bedrock valley wall. Discharge occurs at seeps along Buttermilk Creek Figure E-6 and to part of the
underlying Kent till (WVNS 1993b, WVNS and Dames and Moore 1997).

The upper interval of the Kent recessional sequence, particularly beneath the South Plateau, is unsaturated.
However, the, deeper lacustrine deposits are saturated and provide an avenue for slow northeast lateral flow to
points of discharge (seeps) in the bluffs along Buttermilk Creek. The unsaturated conditions in:the upper
sequence are the result of very low vertical permeability in the overlying till, and thus. there is a low recharge
through the till to the Kent recessional-sequence (Prudic 1986). As a result, the recessional sequence acts as a
drain to the till and causes downward gradients in the till of 0.7 to 1.0, even beneath small valleys adjacent to
the SDA (WMA 8) on the South Plateau (WVNS. 1993b, WVNS and Dames and Moore 1997).

E.2.2.5 Kent Till, Olean Recessional Sequence, and Olean Till

Older glacial till and periglacial deposits of lacustrine and glaciofluvial origin underlie the Kent recessional
sequence beneath the North and South Plateaus, extending to Upper Devonian bedrock (WVNS 1993a, 2007).
The combined thickness of these units ranges from 0 feet to more than 300 (see Table E-1). The Kent till and
Olean Recessional Sequence are exposed along ButtermilkCreek southeast of the project. The Kent.till has
characteristics similar to the Lavery till. The estimated thickness of the till is 100 feet with thinning to the west
where the unit is truncated by the walls of the bedrock valley. Field hydraulic conductivity testing has not been
conducted in the Kent. The horizontal and vertical hydraulic conductivity is assumed to be approximatelythat
of the lower values of the unweathered Lavery till.

The Olean Recessional Sequence underlies the Kent till and has characteristics similar to the Kent recessional
sequence. The Olean Recessional Sequence is assumed to.be a fully saturated unit and underlies the Kent till
throughout most of the site with a thickness of approximately 30 feet, thinning out as it intersects the bedrock
wall in the western portion of the site. Hydraulic conductivity testing has not been conducted in this unit,
however, for modeling purposes it is assumed that the range is on the lower side of the values for the Kent
recessional sequence. Vertical hydraulic conductivity is assumed to be one tenth of the horizontal values and
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some flow is assumed to migrate down to the Olean till.. Recharge is assumed to come from the Kent till above
and move horizontally within the unit to the north and northwest.

The Olean till contains more sand and gravel sized material than the Lavery and Kent tills. The Olean till is
exposed near the sides of the valley overlying bedrock (Prudic 1986). The sequence of older glacial till and
recessional deposits ranges up to approximately 91 meters (299 feet) in thickness beneath the North Plateau.
The Olean till is a fully saturated unit and underlies the Olean Recessional Sequence throughout most of the
site area. The unit thins as it intersects the bedrock valley wall in the western portion of the site. The hydraulic
conductivity of the Olean till is assumed to be equivalent to the lower values of the unweathered Lavery till..
The vertical hydraulic conductivity is assumed to be equivalent to the horizontal values. The unit receives
recharge from the Olean Recessional Sequence unit above and the groundwater moves in a vertical direction to
the weathered bedrock below.

E.2.2.6 Bedrock

Bedrock underlying the project area consists of Devonian shale and sandstone exposed in the upland stream
channels along Quarry Creek northwest of the site, on hilltops west and south of the site, and in the steep-
walled gorges cut by Cattaraugus Creek to the north and by Connoissarauley Creek to the west
(Bergeron, Kappel and Yager 1987). The uppermost bedrock unit in the vicinity of the WVDP Premises and
SDA is the Canadaway Group, which consists of shale, siltstone, and sandstone and totals approximately
300 meters (980 feet) in thickness. The regional dip of the bedrock layers is approximately 0.5 to 0.8 degrees
to the south (Prudic 1986, WVNS 1993a). Locally, measurements of the apparent dip of various strata and two
marker beds in selected outcrops along Cattaraugus Creek recorded a dip of approximately 0.4 degrees to the
west near the northern portion of the WNYNSC (CWVNW 1993).

Regional groundwater in the bedrock flows downward within the higher elevation recharge zones, laterally
beneath lower hillsides and terraces, and upward near major stream discharge zones. The upper 3 meters,.
(10 feet) of bedrock in the shallow subsurface. and in outcrop is weathered to regolith with systematically-
oriented, joints and fractures. As cited by Prudic (1986) and others and observed in outcrop along Quarry
Creek, the joints are not restricted to the upper 3 meters (10 feet) of the bedrock. They are developed,
throughout and continue at.depth (Engelder and. Geiser 1979). Recharge to bedrock is from precipitation on
the upland areas .west of the project area (outside the model area). Subsurface groundwater. flow, in the
weathered bedrock follows the buried topography to the northwest. Wells completed in this zone yield
approximately 40 to 60 liters per minute (10.6 to 15.9 gallons per minute).

E.2.3 Flow Systems

Movement of contaminants, in groundwater is largely controlled by the direction and speed of that
groundwater. However, the groundwater is part of an interconnected flow system consisting of not only
groundwater, but surface water bodies, recharge and seepage. Therefore, to understand groundwater flow
patterns, it is important to understand the other mechanisms associated with the flow systems and how they
interact at the site.

E.2.3.1 Surface Water and Seepage Faces

The WNYNSC lies within the Cattaraugus Creek watershed, which empties into Lake Erie about 43 kilometers
(27 miles) southwest of Buffalo, New York. Buttermilk Creek, a tributary to Cattaraugus Creek, drains the
WNYNSC site. The Creek exists primarily within the Kent recessional sequence geologic layer, with a small
portion in the upstream segment flowing through the Kent till. The older materials are exposed along the
creek's bed upstream because they were deposited on the upslope of the bedrock in the vicinity of the valley
head, and hence, are tilted. Franks Creek joins Buttermilk Creek from the southwest approximately
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3 kilometers (2 miles) upstream of the Cattaraugus-Buttermilk confluence. In this area, Franks Creek flows
through the Kent recessional sequence. However, the majority of the Creek in, the vicinity of the WVDP lies
within the Lavery till. The drainage area for the site is about 13.7 square kilometers (5.3 square miles) and the
total Buttermilk Creek drainage area is 79 square kilometers (29.4 square miles).

Quarry Creek and Erdman Brook are two important tributaries to Franks Creek because of their proximity to
the WVDP grounds. Quarry Creek drains the largest area north and west of the active site operations, while
Franks Creek and Erdman Brook drain the majority of the plant area and the. state- and NRC-licensed waste
disposal areas to the south. Both tributaries exist primarily within the Lavery till. However, portions of Quarry
Creek do flow through areas of exposed bedrock. In addition to the streams described, there also exist a
number of natural swamps and ponds within the WNYNSC site. Manmade water bodies consisting of
drainage ditches and holding lagoons also have been constructed at the site. In other areas facilities eliminate
or reduce infiltration and hence, recharge to the groundwater system. These features, natural and manmade,
and the streams shown in Figure E-9 are the surface hydrological features interacting with the groundwater
system at the site.

All the creeks and brooks of interest at the WNYNSC site have seen very high levels of streambank erosion
over the years. This has resulted in very steep slopes in the vicinity of each stream, yielding a set of observable
seepage faces on the North Plateau occurring near the interface of the permeable surficial sand and gravel and
the low permeability till underneath. These perimeter seeps occur on three sides of the plateau and have a
profound influence on the near-surface groundwater hydrology in that area. The locations of observed seeps
are indicated in Figure E-10.

There has been some characterization of seeps at thesite as a result of a 1983 field investigation by the
U.S. Geological Survey. The results of these analyses are presented in Table E-2. Kappel and Harding
(1987) and others (Yager.1987, Bergeron, Kappel and Yager 1987) summarize various aspects of the
investigation, describing both locations and flows recorded for each face during the investigation. They also
report stream-discharge data collected at three continuous record stations (Lagoon Road, NP-I and NP-3) and
one partial record station (NP-2). Locations of the recording stations are also indicated in Figure E-10.
Estimates of the discharge from springs and seepage faces along the northeast and northwest sides of the 42
hectare North Plateau, which drain to Quarry and Franks Creeks,- indicated a total discharge of 20 cubic-meters:
per day or an average application of 1.8 centimeters per year normalized to the surface area of the thick-bedded
unit (Kappel and Harding 1987). Estimating the flow into Erdman Brook from the Main Plant at 500 cubic
meters per day Yager also indirectly quantified the amount of discharge from the North Plateau into Erdman
Brook as 180 to 260 cubic meters per day (16 to 23 centimeters per year) (Yager 1987).

Table E-2 Observed Seep and Stream Flows
Location Observed Discharge (cubic meters per day)

NP-1 29
NP-2 6

NP-3 113
NP -Total 148

Quarry Creek and Franks Creek 20

Erdman Brook (Yager's estimate) 220 (180-260)
Erdman Brook (Kappel and Harding) 10
French Drain (Kappel and Harding) 23

Total' 388 (178a)
a. Total using Kappel and Harding flow for Erdman Brook.
Note: To convert cubic meters per day to cubic feet per day, multiply by 35.314.
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Figure E-1O Locations of Perimeter Seeps and Stream
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The flows reported for the Erdman Brook seeps by Kappel and Harding (1987) are much lower. These authors
estimate the seepage flow into that stream to be 10 cubic meters per day. One possible explanation for the
large difference in the two estimates may lie in the indirect approach used by Yager and in particular, the need
to subtract one large number (the estimated flow from the plant) from another (flow in Franks Creek).

The flows shown in Table E-2 are used in the calibration of the present groundwater model in Section E.3.5.

E.2.3.2 Groundwater

Groundwater Flow Systems

The paragraphs that follow provide a composite description of groundwater flow at the site as extracted from
the results and interpretations found in previous modeling studies of groundwater subsystems at the site
(Bergeron and Bugliosi 1988, Kool and Wu 1991, Prudic 1986, Yager 1987). The groundwater flow system
near the surface in the vicinity of the site consists of two aquifers, separated by an unsaturated zone. Both of
these aquifers appear in Figures E-5 and E-6. The upper aquifer exists within the thick-bedded unit/slack-
water sequence and Laverytill (weathered and unweathered). The upper aquifer is unconfined and is primarily
fed by infiltration coming from precipitation and from surface water bodies: In addition, some inflow likely
occurs into the thick-bedded unit where it interfaces with weathered bedrock at the western edge of the site
near Rock Springs Road. The quantity of water coming into the thick-bedded unit from the bedrock has not
been well characterized.

Permanent unconfined conditions extend over much of the unit. Groundwater exits the upper aquifer primarily
through seeps, discharge into surface water, and some evapotranspiration. The material directly beneath the
thick-bedded unit and slack-water sequence.is the low permeability unweathered Lavery till. Vertical flow
through the till appears to be limited because of its low hydraulic conductivity, and hence,-flow within the
saturated zone of the upper aquifer is predominantly horizontal.

The physical basis and hence the behavior of the flow in the southern portion of the upper aquifer. is quite
different. Here the aquifer material overlying the unweathered Lavery till is weathered Lavery till. The
weathered Lavery till is less permeable and thinner than the thick-bedded unit. Infiltration into the weathered
Lavery till is much reduced compared to the thick-bedded unit. In addition, the shallowness of the weathered
Lavery till means that the upper aquifer is more susceptible to changes in topography. These factors lead to a
picture of highly variable saturated flow regime sensitive to climatological and hydrological stresses. As such
it is difficult to quantify and is difficult to model in detail. The current model, like previous models (Bergeron
and Bugliosi 1988, Kool and Wu 1991, Prudic 1986), reflects this characteristic. While there is some lateral
component to the flow in the weathered Lavery till, discharge to surface water is limited to those areas close to
the discharge locations, and much of the water entering the system as infiltration will move downward. Wet
periods do lead to more potential for lateral flow and discharge at the surface.

Much less is known about the lower aquifer, which is also a water table aquifer. It is situated within the Kent
recessional sequence below the unweathered Lavery till. This aquifer has not been previously modeled and its
behavior has been inferred from available groundwater monitoring and log data, expert opinion, and analogy
with the thick-bedded unit, a unit having similar origins and composed of similar materials. The Kent
recessional sequence water table likely exists due to a combination of low infiltration from above through the
unweathered Lavery till and a source inflow from the weathered bedrock where the Kent recessional sequence
and weatheredbedrock interface (Prudic 1986)-a situation analogous to that for the thick-bedded unit in the
upper aquifer.

Lying between the bottom of the upper aquifer and the unsaturated top of the lower aquifer, much of the
unweathered Lavery till is saturated. Given these circumstances and the low permeability of the unweathered
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Lavery till, flow through that unit is essentially vertical.

Other, deeper aquifer systems may exist at the site and in the Buttermilk Creek valley. Little is known about
the Olean materials although the present model does have a recessional unit analogous to the Kent recessional
sequence. The possibility of a continuous weathered bedrock aquifer has been considered. In a white paper,
Zadins (Zadins 1997) summarizes this work. and examines the question of connection with the Springville
aquifer further to the north. The physical extent of the present model allows some rudimentary examination of
the impacts of the deeper extended geohydrological units through the manipulation of the boundary conditions
of those units involved.

Figure E-7 summarizes all of the aquifer systems discussed in the paragraphs above, relating known and
assumed flows into and out of each system.

Groundwater.level data dating from 1990 to the present are available for both WVDP and SDA wells. Since
1995, these data have been collected on a quarterly basis. Additional data are available at other well locations
established for special projects. Water level data are collected and maintained in the site's Laboratory
Information Management System, for over 220 locations and provide well elevation information for all of the
principal units (thick-bedded unit and slack-water sequence, weathered Lavery till, unweathered Lavery till,
Lavery. till-sand, and Kent recessional sequence). This number includes locations where monitoring has been
*discontinued. Figures E-11 and E-12 show the fourth quarter 2007 groundwater contours.for the upper
aquifer at the North Plateau and the WVDP areas of the South Plateau, respectively. Levels -for the SDA are
monitored and reported annually by New York State independent of Project reporting. Contours based on
posted water levels in the vicinity of the SDA have been added to Figure E-12..

The data were examined using both seasonal trend analyses and hydrographs to identify wells that had a trend
over time and those that did not show a trend. Based on these analyses, a set of non-trending or low-trend
wells was determined for use in initial model calibration in Section 3.

E.2.3.3 Water Balances

Water balances have been estimated for the surficial sand and gravel unit. Using data developed by Kappel
and Harding (Kappel 1987), Yager developed a two-dimensional numerical model for the 42 hectare surficial
sand and gravel on the North Plateau for the year 1983 (Yager 1987). As a part of the study Yager developed
water budgets, for the sand and gravel unit-one from the data and one from the model. Using the data of

- Kappel and Harding the total annual recharge to the sand and gravel was 66 centimeters per year with
• approximately 50 centimeters per year from precipitation, 12 centimeters per year from inflow from adjacent
bedrock near Rock Springs Road, and 4 centimeters per year from leakage from, the Main Plant's outfall
channel discharging into Erdman Brook. The estimated total discharge was less at 59 centimeters per year.
Discharge to seeps and springs accounted for 21 centimeters per year, streams and channels 13 centimeters per
year, discharge to the french drain (now closed off) and low-level waste treatment system 2 centimeters per
year, evapotranspiration 18 centimeters per year, vertical leakage into the Lavery till I centimeters per.year and
change in storage 4 centimeters per year. This water balance was* calculated using the larger estimate,
220 cubic meters per day, for the seepage flow to Erdman Brook discussed in Section E.2.3.1.

Yager's steady-state flow model water budget estimated a total recharge of 60.1 centimeters per year with
46.0 centimeters per year from the infiltration of. precipitation, 10.4 centimeters per year from the bedrock
inflow, and 3.7 centimeters per year from the outfall leakage. Model-derived discharge estimates from the sand
and gravel were evapotranspiration 20.0 centimeters per year, stream channels 12.2 centimeters per year,
french drain and low-level-waste treatment system 4.3 centimeters per year, and seeps and springs
23.5 centimeters per year. Agreement betweenthis water budget and the data-based water budget is good.
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In -1993 seasonal fluctuations from 35 wells installed in the sand and gravel unit were used to arrive at a
spatially averaged annual recharge to the North Plateau (WVNS 1993b). The estimated recharge was
17.3 centimeters per year. The difference between this value and the recharge derived by Yager was attributed
to differences in the hydraulic conductivities used in the calculations-Yager's model hydraulic conductivities
(-0.001-0.01 centimeters per second) being greater by approximately an order of magnitude. In a review of the
1993 report Yager notesalso that the 1993 calculations do not consider the effects of groundwater discharge
from the North Plateau and hence,,underestimate the recharge (Yager 1993). Also in 1993 water budget and
hydrological analyses for the North Plateau arrived at a total steady-state 'annual precipitation of
100.1 centimeters per year, runoff 25.5 centimetersper year, infiltration 74.7 centimeters per year, drainage
below 4 meters (recharge) 15.8 centimeters per year, and evapotranspiration 56.0 centimeters per year
.(WVNS 1993c). The estimate, 15.8 centimeters per year, of the recharge from precipitation in this study is
also significantly less than those made by Yager-50 centimeters per year and 46 centimeters per year.
Yager's 1993 review suggests that the runoff may have been over-estimated and recharge underestimated in
these calculations (Yager 1993). Other analyses performed in the study produced North Plateau recharge
estimates in the range of 5 centimeters per year to 12 centimeters per year (WVNS 1993b).

E.3 Groundwater Flow Model

There were several objectives in the development of the present model:

* Examine how regional flow dynamics directly affect the flow patterns at the site.

* Provide context and guidance in the development of submodels, e.g., models for groundwater flow in
the thick-bedded unit and slack-water sequence, used to evaluate EIS alternatives.

Examine the validity of approximations used when developing submodelsfor specific areas on the
site-both in a historical context and for EIS alternatives.

Consider alternative conceptual models.

There is overlap in the objectives as stated. In the most direct context there is the-need to develop models for
use in evaluating EIS alternatives. However, review and discussion during the EIS process have also pointed
to a need to examine the bases and limitations of models that have been used and -are being developed. In
addition, groundwater flow and transport modeling has evolved significantly over the past two decades. A
significant trend is the move from deterministic models to stochastic models (Yoram Rubin's Applied
Stochastic Hydrogeology provides a comprehensive overview of stochastic groundwater modeling); the present
model is deterministic, thus the'development of such a model in the present case had to be considered. The
current view is that the essential need is to reasonably discriminate between alternatives, thereby informing the
decision process, and that deterministic models coupled with sensitivity analyses are sufficient.

An important question that must be resolved is whether a single model is sufficient to model flow or even
subsystem flow. In some cases two or more models of a system lead to equally acceptable representations of
the system's behavior (known as equifinality). This situation often arises as the complexity of the modeled
system increases. In these circumstances an understanding of all model uncertainties is essential to the
assignment of equal behavior. These uncertainties include system conceptualization, structural uncertainty,
uncertainties in model parameters values and uncertainties associated with the algorithms and implementations
of the model. The geohydrology at the West Valley Site is complex and the physical extent of the present
model allows for some examination of all of these factors short of a full Generalized Likelihood Uncertainty
Estimation or GLUE implementation (Beven 2006).

The current model encompasses a larger area than previous models. The lateral extent of the model at the
surface roughly includes both the North and South Plateau and extends eastward from the vicinity of Rock
Springs Road to Buttermilk Creek. In the vertical dimension the model extends into the bedrock. This model
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domain was chosen based on the considerations above and based on discussion with professionals working on
the project., Natural boundaries were chosen whenever possible.

This model domain incorporates not only the thick-bedded unit/slack-water sequence and unweathered Lavery
till, used in previous site models, but also adds the Kent recessional sequence, Kent till, Olean Recessional
Sequence, Olean till, weathered bedrock and bedrock. Choosing a modelboundary above the bedrock assumes
knowledge of the conditions at the intersection of the model layers, which is an approximation often made to
reduce the computational time required .to solve the problem. However, in light of present computer
capabilities, possible insight gained in the larger domain and a need to explore the effects of deeper units, even
if demonstrated to be negligible, justifies the increased computational effort.

The model was setup and run to a steady state solution. The assumption that the system is in a "steady state" is
clearly an approximation that is further addressed in the Results section. The remainder of this section
provides a discussion overview of how the model was implemented, calibration, base case results, and
sensitivity analyses.

E.3.1 Model Boundaries

The boundaries are the locations that define the physical extent of the model. Calculations are completed
inside the domain, and the boundary supplies the interface with the model calculations and the known or
presumed field conditions. In the present model, the project geohydrologist, engineers, and physicists
interpreted and fused both the field data and the local geological interpretations into a conceptual site model
that supports definition of the numerical model'boundaries:

* Northern Boundary. The western side of the northern boundary is located along Quarry Creek. As
the boundary moves eastward, it intersects and follows Franks Creek after the latter's confluence with
Quarry Creek. The boundary then extends along Franks Creek to where it joins Buttermilk Creek..

* Western Boundary. The western boundary roughly follows.the 440-meter (1,450-foot) surface
contour. It is also near and runs approximately parallel to Rock Springs Road,.extending from the
vicinity of Quarry Creek in the north to the upper Franks Creek drainage.

* Southern Boundary. Beginning at the western boundary, the southern boundary follows the West-
East trending reach of Franks Creek immediately south of the South Plateau until that creek bends
north into the interior of the model. At that point the boundary becomes an imaginary line extending
east perpendicular to Buttermilk Creek.

Eastern Boundary. The eastern boundary is defined by Buttermilk Creek.

Top of Model Domain. The upper surface of the model domain is the ground surface.

Bottom of Model Domain. The bottom of the model is located at an elevation of 160 meters
(525 feet) above sea level. The model bottom is assumed to be a no-flow boundary, i.e., there is no
vertical flow across this boundary.
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E.3.2 Description of Model Grid

A plane view of the finite-element grid used for the model is shown in Figure E-13. The grid blocks are of
uniform dimension in the x-y plane with each side having a length of 43 meters (140 feet). The irregular shape
of the grid results from the boundaries of the model following the natural boundary lines (such as the creeks)
described in the previous section. Each grid block has one node located in the center of the block, resulting in
955 nodes per model slice.

For the vertical discretization of the grid, the topographic surface is the upper boundary and the base of the
bedrock is the lower boundary. The domain was broken up into 23 model layers to adequately represent the
varying thicknesses of the 10 geologic materials found at the site. To avoid convergence problems in the
simulations, the change in vertical discretization in moving from one model layer to an adjacent layer at any
location was kept at or below 1.5. There are at total of 21,965 nodes in the model with 955 nodes in each
modelflayer.

Figure E-14 shows a schematic representation, aligned west to east through the North Plateau of these
geologic layers. In the figure, the geologic unit occurs in one or more horizontal regions, delineated by heavy
horizontal lines. Each of these regions, corresponds to one or more of the model layers, indicated on the far
left side of the figure. However, the layers in the model are neither horizontal nor uniform in thickness, but
instead change in elevation and thickness to better capture the disposition of the geologic units at the site. In
addition, some features shown in Figure E-14 do not occur throughout the entire extent of the site or model.
As examples, the bed of Buttermilk Creek is situated in geologic units other than the Kent till for different
reaches along its course, and the Lavery till-sand is limited in extent to a portion of the North Plateau.

The creeks at the site are sharply incised and have very steep stream banks. Because numerical considerations
require model layers to be reasonably level, some parts of the upper layers were extended by necessity across
these stream banks, creating nodes that are located "in the air." These nodes are effectively "inactive" and
though not removed from the total node numbering, are not a part of the study area.

E.3.3 Boundary Conditions

To accurately simulate the hydrogeological conditions, the boundary conditions have to be properly defined.
The numerical model uses Dirichlet (specified head), Neumann (specified flux), and Cauchy (variable)
boundary conditions to simulate groundwater flow into or out of the modeled area. The boundary conditions
imposed for the base model are qualitatively described in this section.

The upper surface of the model consists of flux boundary conditions applied over areas receiving a net
infiltration, determined by slope and groundcover, in addition to a variety of boundary conditions depicting
other hydrologic influences such as surface water bodies, seeps and inflow from the weathered bedrock. These
boundary conditions are indicated in Figure E-15. In this figure, grid cells with a heavy border denote
constant head conditions, grid cells with small squares denote seepage faces, and shaded cells denote fluxes
into the model. Also, nodes where thick-bedded unit inflow is occurring are modeled as flux nodes; crosses are
used to denote these nodes. No-flow conditions exist along the boundaries where there are no seep or constant
head designations. Seepage nodes exist along much of Erdman Brook, Franks, Quarry and Buttermilk Creek
consistent with seepage observed along the steep banks of those streams and discussed above. Some nodes
along Quarry Creek and Franks Creeks are modeled as constant head nodes with the head values approximated
by the surface elevations at those locations.
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The initial estimate of the total inflow into the thick-bedded unit along the western boundary (the x's in
Figure E-15) was the 142 cubic meters per day used by Yager (Yager 1987). Modelruns with that value
subsequently indicated that this inflow was excessive with the result that the predicted heads of wells (thick-
bedded unit and Lavery till-sand) in the vicinity of the Main Plant Process Building were too high. The inflow
was gradually reduced eventually to a value of 20 cubic meters per day, where the impacted head s appeared
reasonable. Independent uncertainty calculations used estimated "low-medium-high" distributions for key
parameters used by Yager to make his estimate for the inflow (hydraulic conductivity, height and length of the
bedrock- thick-bedded unit interface, hydraulic gradient and porosity of the thick-bedded unit) provided an
estimated an average inflow of 50 cubic meters per day and a median inflow of 37 cubic meters per day. The
5t' and 9 5 th quantiles were 12 and 150 cubic meters per day.

The unweathered Lavery till constitutes model layers 4 through 8 (see Figure E-14). Much of the western and
southern boundaries for this layer are considered to be no-flow'predicated on 'the assumption of vertical
movement through this unit. Boundary conditions along Franks and Quarry Creeks vary based on model
layer. Areas above the creeks receive seepage conditions. When the creek falls within the model layer, a
constant head condition is used. Nodes located within the unweathered Lavery till below Quarry Creek and the
lower reach of Franks Creek (after the confluence with Quarry Creek) are considered no-flow to account for the
vertical flow up into the creek or the vertical movement downwards described above. Finally, seepage faces
exist alongthe entire eastern boundary of the till to account for observations of water seen along the Buttermilk
Creek valley.

Model layers 9 through 12 are made up of bedrock along the western boundary and Kent recessional sequence
along the remaining boundaries. A no-flow boundary condition is imposed along the western boundary. The
southern boundary and portions of the northern boundary (Kent recessional sequence) are also set as no-flow
boundaries. The remaining boundaries vary based on model layer. Areas above the creeks receive seepage
conditions. When the creek falls within the model layer, a constant head condition is used. Nodes within the
Kent recessional sequence that fall below the lower reach of Franks Creek along the boundary are considered
no-flow to account for vertical flow up into the creek.

Layers 13 and 14 are comprised of bedrock and Kent till. Flow is considered to be vertical through both of
these units and hence, a no-flow condition is imposed at most locations along these boundaries. The only
exception is the southeast corner of the model, where Buttermilk Creek intersects the unit. There, a constant
head boundary condition is imposed in layer 13.

No-flow boundary conditions are applied along the entire perimeter of layer 15, consisting of the Olean
Recessional Sequence and bedrock. The western boundary exists within the bedrock and groundwater flow is
presumed vertical. The remainder of the boundary lies within the Olean Recessional Sequence. Little is
known about'the direction of flow within the Olean Recessional Sequence. The present base case model
assumes that flow in the Olean Recessional Sequence is mostly vertical and thus,, no-flow conditions are
imposed for this layer along its perimeter.

Beginning in layer 16 and continuing in layer 17 and below, a constant head condition was applied along
the western boundary of the model where those layers consist of bedrock. Formulated as the model evolved,
this boundary condition was a key to achieving water levels near observed values in the Kent recessional
sequence. The boundary condition is tied to an assumption that the water table existing within the Kent
recessional sequence (to the east of the model boundary) occurs approximately 3 meters (10 feet) below the
unit's highest and western-most extent on the bedrock valley upslope. To simulate that condition, a constant
head condition was imposed at the model boundary (bedrock) directly west of the elevation of the Kent
recessional sequence top less 3 meters (10 feet) (Figure E-16). Due to the variation in the Kent.
recessional sequence top elevation the constant head boundary condition was appliedas appropriate in either
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layer 16 or 17. Horizontal movement is assumed for the regional aquifer, to the west of and outside the site
model and the boundary conditions along that boundary remain constant at the upper elevation for the
remaining deeper layers.

In the base case model, groundwater can effectively exit the system only by discharge to streams or seeps at the
surface. However, there is some discussion in site literature of the weathered bedrock on site being part of a
larger valley-wide weathered bedrock aquifer flowing to the north with discharge to Cattaraugus Creek or
locations beyond (Zadins 1997). One of the primary uses of the present model is to examine alternative
conceptual formulations. Related to this is a need to examine error in smaller, more manageable models based
on surface and near surface units and decoupled from the deeper geology on site. Hence, an important
sensitivity case boundary condition exists for layer 17. In an alternative conceptual model the assumption is
made that water flows down through the weathered bedrock until it reaches the bottom of the bedrock valley.
It then moves northward in the direction of the bedrock valley trough. This flow is implemented in a
sensitivity (or equifinality) case below, as a constant head condition where the trough exits the northern
boundary of the model. The constant head at each exit node is set equal to the elevation of the node.

E.3.4 Input Parameters

This section provides a summary characterization of the physical properties of those materials comprising the
geohydrological units found at the West Valley Site. Estimates of the properties are needed as input for all of
the models used in this EIS to quantify the flow of groundwater and transport of contaminants at the site.
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By nature each property described in this section is a distributed property. That is, the property's value varies
from one lbcatioii to another location. In models that approximate natural processes, these properties can be
treated as either distributed or lumped (point-value), i.e., characterized by a single value. Statistical
characterizations interms of means, medians, etc., provide lumped parameter estimates, and geostatistical
models provide spatially distributed estimates. The ability to develop the latter is at times constrained by the
number of observations available, and/or by the distribution in space of those data. West Valley Site data are
extensive in number but often are 1) the result of focused directed investigations, or 2) the product of routine
monitoring at widely separated locations. Such data are informative for characterization but are not complete.
Data sources used for the present compilation include both literature sources, typically appearing as document
references in this appendix, and electronic data obtained from the site Laboratory Information Management
System and provided by site personnel.

Reviews of site stratigraphy data and all well screening interval data came in the early phases of the
modeling-before the quantitative characterization of hydraulic conductivities and before the determination of
best target water levels for use in model calibration. A rating system was developed in which data from wells
screened entirely in a single geohydrological unit were rated high whereas data from wells screened in more
than one unit were rated lower, the exact rating depending on the relative amount screening in each unit, the
relative hydraulic conductivities geologic materials involved, and their situation relative to one-another-low
hydraulic conductivity over high, high over low, etc. These ratings were used to identify. those well data
retained for subsequent statistical characterization. The parameter values presented in this appendix are based
on those data, surviving both the initial stratigraphy-screen interval review and the follow-on statistical
analyses.

There were two additional significant findings: in the evaluations. First,. in the case of the more permeable
units, only hydraulic conductivity data collected after 1999 should be used for characterization. The reason is a
distinctive change in conductivity data after 1999 likely due to the introduction of automated data-logging into
the site groundwater protocols (Figure E-17). In Figure E-17(a), boxplots of, the, log-transformed data
grouped by year clearly show how the hydraulic conductivity determinations are higher after 1999. The plot
was constructed so that the horizontal line in each box is the median, and the lower and upper ends of the
boxes indicate the 2 5 th percentile and 7 5 th percentile, respectively. In Figure E-17(b) median values for the
"before 2000" data and median values for the "2000 and later" data at each well.location were first plotted and
then a line was drawn connecting the two points for that well location. Hence, a single line in the figure
presents a visual comparison of the earlier and later hydraulic conductivities at, the corresponding well
location. A line increasing from left to right indicates that the more recent determinations of hydraulic
conductivity at that location tend to be higher then the earlier determinations. Conversely, a line decreasing
from left to right in the figure indicates that the later hydraulic :conductivity determinations, tend to be lower
than those:from earlier. Left-to-right increases in the location medians from through 1999 and after 1999,
indicated by the gray lines-in the figure, occur in 25 of the 27 locations where paired medians exist; That is,
the more recent determinations are (collectively) higher than the earlier determinations at, these 25 locations.
There are only two locations, indicated with dashed lines for emphasis, where the median decreases, i.e., post
1999 hydraulic conductivities are lower than the corresponding earlier set (through 1999): This result,
combined with the boxplot, suggests a significant difference exists between those thick-bedded unit hydraulic
conductivity determinations made before 2000 and those determinations made during and after 2000..

The second finding for the evaluation of the hydraulic conductivities is that geostatistical characterization is
practical only for the thick-bedded unit data. The data for the other units are too few and poorly distributed in
space for the development of the statistical models (variograms) needed to estimate hydraulic conductivity in
space,.i:e., as a function of location and the set of observed values in the unit(s).,
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Figure E-17 Changes in the Thick-bedded Unit Hydraulic Conductivity during the Period

of 1987 to 2004

E.3.4.1 Hydraulic Conductivity

Thick-bedded Unit

The 27 hydraulic conductivity data of the thick-bedded unit are lognormally distributed with a mean of
4.43 x 10-3 centimeters per second, and a median of 1.11 x 10-3 centimeters per second. The observed
minimum and maximum values are 1.25 x 10-> and 3.78 x 102 centimeters per second, respectively:

The thick-bedded unit is the one unit for which geostatistical modeling is •feasible. In the case of the
geostatistical modeling those data remaining after screening and statistical evaluation were extended with
hydraulic conductivity estimates derived from soil textures. These estimates employed artificial neural network
methods. Data from locations with both hydraulic conductivity measurements and' soil textures were usedto
train a Radial Basis Network or RBN network Soil texture data from locations without conductivity
determinations were run then through the trained network to produce estimates for those locations. The soil
textures used for training the network and subsequently predict addition hydraulic conductivities consisted of
both laboratory determines textures extended by estimates from site geologists using boring log descriptions
(Cohen 2006).

A spherical semi-variogram was fit to the log-transformed extended data (Englund and Sparks 1991). A kriged
(interpolated) log-transformed hydraulic conductivity field was then developed (Figure E-18) using the
U.S. Environmental Protection Agency (EPA) GEOEAS geostatistical software (ibid.). The kriged field covers
a significant fraction of the thick-bedded unit on the North Plateau and hydraulic conductivity estimates are
made in areas impacted by previous activities at the site. Locations of observed hydraulic conductivities used
in the analyses are indicated by "+" symbols in the figure.
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Figure E-18 Kriged Thick-bedded Unit Hydraulic Conductivity (log-transformed)

Improvement of the spatial model for the thick-bedded unit is limited by the current data density and
distribution. The data do support development of (geostatistical) models showing intermediate range (200 to
400 foot) structure. As a part of the analyses, clustered data in the vicinity of the North Plateau Groundwater
Recovery System and the Permeable Treatment Wall were removed from the data set during the development
of the conductivity field seen in the figure. These clustered data have an average separation of approximately
1/10 that of the data in Figure E-18 and semi-variograms indicate some structure with a range on the order of
tens of feet. This is suggestive of a hierarchical structure. Such structure in the thick-bedded unit and similar
deposits at the West Valley Site would be consistent with the findings by researchers at other sites with glacio-
fluvial deposits in buried bedrock valleys (Ritzi 2003). These structures are also discussed in Rubin's
monograph.

The kriged field is incorporated into the FEHM mode by back-transforming the log field with bias correction
(Weber 1992), and importing the corrected hydraulic conductivity field into the model cells as block averages.
A large area of the thick-bedded unit is not included in the kriged field estimate. Kriging is an interpolation
technique and there are no data in these areas. The present FEHM model uses an estimate of the mean
hydraulic conductivity for these areas. Because the data are lognormally distributed the back-transformed
estimate of the mean is used. Discussion of lognormal data can be found in the environmental literature, for
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example Gilbert's monograph. (See Statistical Methods for Environmental Pollution Monitoring.) That value
is 2.48 x 10-3 centimeters per second (6.3 feet per day). An anisotropy (horizontal to vertical hydraulic
conductivity ratio) of 10 is assumed in the model. Figure E-19 shows the thick-bedded unit hydraulic
conductivity as imported into the model.

Unweathered Lavery Till

The predominant feature of the Lavery till hydraulic conductivity is a change with depth. At the shallowest
depths, the hydraulic conductivity of the Lavery till is on the order of 1 0 -4 centimeters per second (Prudic 1986,
Bergeron and Bugliosi 1988, Kool and Wu 1991, WVNS 1993b). In the extreme this material is distinctly
different from the till found deeper, and is even classified as a separate material-the weathered Lavery till-
the deep material being known as the unweathered Lavery till. Alteration of till's chemical and physical
properties is the result of the chemical/physical weathering due to infiltration of meteoric water. Fracturing of
the till due to relaxation of the materials is also evident with fracture density decreasing with depth. In
addition, the till material itself is subject to desiccation fracturing. At depth, observed field hydraulic
conductivities approach laboratory values of 2 x 10-8 to 8 x 10-8 centimeters per second (Prudic 1986).

In Figure E-20, hydraulic conductivity, for wells screened at different depths in the unweathered Lavery till is
plotted as a function of depth. Here the depth is defined as being from the top of the unweathered Lavery till to
the top of the screened interval. In instances where more than one hydraulic conductivity determination has
been made the arithmetic mean at that location is plotted. A decrease in the maximum hydraulic conductivity
observed with depth is evident in the figure, particularly when the heavy gray line is included delineating the
envelope of plotted values. This figure suggests that by the time a depth of 10 meters is reached the hydraulic
conductivity is approaching values less than I x 10-7 centimeters per second.

In light of the dependence on depth and the low number of data locations after screening, the emphasis in the
unweathered Lavery till characterization for the model was on vertical change. A simple rule-based two-
layered model for the unweathered Lavery till hydraulic conductivity was implemented:

* At depths of 3 meters or more, Kh = 6.00 x..10-8 centimeters per second.

* At depths of less than 3 meters, Kh = 1.00 x 10-6 centimeters per second.

The first rule is supported by the data. The second number is an interpolation between the weathered Lavery
till and the deep unweathered Lavery till.

No descriptive statistics are presented for the unweathered Lavery till hydraulic conductivity because of the
tendency toward lower values with increasing depth.

Weathered Lavery Till

The seven (7) hydraulic conductivity data for the weathered Lavery till are neither normally nor lognormally
distributed. The mean is 3.36 x 10-4 centimeters per second and the median is 1.72 x 10-4 centimeters per
second. The observed minimum and maximum values are 4.87 x 10-7 and 1.50 x 10-3 centimeters per second,
respectively. The geometric mean is 4.95 x 10- centimeters per second.
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Figure E-20 Unweathered Lavery Till Hydraulic Conductivity
as a Function of Depth

No structure was evident in weathered Lavery till semi-variograms. Well locations are scattered about the site,
mostly on the South Plateau and the average distance between locations'ishundreds of feet-likely exceeding
the scale of spatial any structure in the unit. Observed weathered Lavery till hydraulic conductivities vary over
several orders of magnitude. Based on the observed wide range in values an.initial hydraulic conductivity of
one tenth'the back-transformed estimate (4.65 x 10-4 centimeters per second), or 4.65 x 10-5 centimeters per
second, was used in the FEHM model. Although not completely optimal, sensitivity of model results to
changes in the parameter value appears low and the initial input 'value has not been changed.

Slack-water Sequence

The slack-water sequence is permeable and the observed hydraulic conductivities appear to change around
1999 in a manner similar to the thick-bedded unit. Twelve (12) post 1999 locations remained after the initial
screening. However, the data are clustered, and three-quarters of the data locations are in the vicinity of the
North Plateau Groundwater Recovery SIystem- and the Permeable Treatment Wall. The values at the three
locations lying away from the cluster are interquartile 'alues and are not much different than the observations
at the cluster locations. The slack-water sequence hydraulic conductivity used in the model was initially set
equal to the back-transformed estimate (1.61 x 102 centimeters per second), and the anisotropy set to 10.
However, early runs of the model indicated that the slack-water sequence was effectively draining the thick-
bedded unit, precluding any reasonable match to observed conditions in that unit. As a result, both the
(horizontal) hydraulic conductivity and the anisotropy were adjusted as part of the calibration. The slack-water
sequence hydraulic conductivity from that process was 5.29 x 10-3 centimeters per second. The final
anisotropy was 20. ' .. ......

The 12 hydraulic conductivity data of the slack-water sequence are lognormally distributed with a mean of
2.44 x 10-2 centimeters per second, and a median of 1.11 x 10-3 centimeters per second. The observed
minimum and maximum values are 8.19 x 10-4 and 1.13 x 10-1 centimeters per second, respectively.
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Lavery Till-Sand

The Lavery till-sand is similar to the thick-bedded unit in that there appear to be differences between the pre-
2000 and post 2000 hydraulic conductivity determinations. Only the hydraulic conductivities determined after
1999 were included in the analyses used to estimate the Lavery till-sand hydraulic conductivity. The minimum
variance unbiased estimate of those locations, 1.85 x 10-3 centimeters per second, was used for the Laverty till-
sand horizontal hydraulic conductivity in the model. An anisotropy of 10 was assumed.

The five (5) hydraulic conductivity data of the Lavery till-sand are lognormally distributed with a meanof
2.04 x 10-3 centimeters per second, and a median of 2.21 x 10-3 centimeters per second. The observed
minimum and maximum values are 1.06 x 10-4 and 4.54 x 10-3 centimeters per second, respectively.

Kent Recessional Sequence

The Kent recessional sequence is similar to the thick-bedded unit with differences between the pre-2000 and
the 2000 and later hydraulic conductivities. Hence, only those hydraulic conductivities determined after 1999
were included in the analyses. Data from seven locations were used. However, the data are problematic.
Their values ranged over three order of magnitudes consistent with the complex structure-lacustrine and
kame deposit-and the distances between sample or well locations. The Kent recessional sequence data have a
back-transformed estimate of 6.39 x 104 centimeters per second and a median of 1.78 x 10-4 centimeters per
second. The back-transformed estimate was used for the initial Kent recessional sequence hydraulic
conductivity. Calibration and subsequent sensitivity reduced that number by a factor of four and the final
hydraulic conductivity for the Kent recessional sequence became 1.60 x 10-4 centimeters per second with an
assumed anisotropy of 10.

The seven (7) hydraulic conductivity data of the Kent recessional sequence are lognormally distributed with a
mean of 7.03 x 10-4 centimeters per second. The observed minimum and maximum values are 2.98 x 10-6 and
1.62 x 10-3 centimeters per second, respectively.

Kent Till

Little is known about the Kent till. In the present model it is assumed to be similar to the unfractured
unweathered Lavery till.

Olean Till

Little is known about the Olean till. In the present model it is assumed to be similar to the unfractured
unweathered Lavery till.

Olean Recessional Sequence

Little is known about the Olean Recessional Sequence and it is assumed to be similar to the Kent recessional
sequence. An initial Olean Recessional Sequence hydraulic conductivity estimate of 1.0 xi 04 centimeters per
second was used in the model. Unlike the Kent recessional sequence, that value has not been varied as a part
of calibration. An anisotropy of 10 was assumed.

Weathered Bedrock

The weathered bedrock hydraulic conductivity used in the model is 1.0 x 10- centimeters per second. This
value is taken from Prudic (Prudic 1986). An anisotropy of 10 was assumed:

E-38



Appendix E

Geohydrological Analysis

Unweathered Bedrock

The unweathered bedrock hydraulic conductivity used in the model is 1.0 x 10-7, centimeters per second. This
value is taken from Prudic (Prudic 1986)'. An anisotropy of 10 was assumed.

All of the hydraulic conductivities used in the groundwater models are collected in Table E-3. The hydraulic
conductivities presented in the table are final values from the hand-calibrated model discussed below in
Section 3.5 and take on a variety of forms including statistically derived values from this section, single
empirical values, a rule set, and values resulting from the calibration.

Table E-3 Final Hydraulic Conductivities for the West Valley Groundwater Models
Nominal Kh, Nominal K, Anisotropy

Unit (centimeters per second) (centimeters per second) (Kh / KJ)

Thick-bedded Unit Variable a K,/ 10 10

Thick-bedded Unit-outlying 2.48 x 10-' (b) 2.48 x 10.4(2) 10-

Slack-water Sequence 5.29 x 10-3 2.65 x '10- 20

Lavery Till-Sand 1.85 x 10-3 1.85 x 10-4 ' 10

Kent Recessional Sequence 1.60 x 10. l.60 x 10- 10

Olean Recessional Sequence 1.0 X 10-
4  

1.0 X 10-5 10

Weathered Lavery Till 4.65 x 10-' 4.65 x 10-5 1

Weathered Bedrock . . 1.0 x 10-5  1.0 x 10-
6  10

Bedrock 1'.0 X 10-7 1.0 X 10.8, 10

Special Cases Unweathered Lavery Till, Kent Till, Olean Till:

Unweathered A set of rules
Lavery Till l.)'At depths of 3 meters or more, Kh = K, = 6.0 x 10-8 (centimeters per second) (anisotropy = 1) - deep

2.) At depths of less than 3 meters, Kh = Kv = 110 x 10-6 centimeters per second - shallow

3.) The depth 3 meters and the shallow

Use for Olean Till, Kent Till (lower number, 6.0 x 10.8 centimeters per second, only) and anisotropy =

1 (Kh = K) c
a Kriged field.
b For use in areas where no thick-bedded unit hydraulic conductivity determinations have been made* arid exitrapolation would

be required.
c Depth measured from the top of the unweathered Lavery till.

E.3.4.2, Infiltration

The recharge for the model evolved from a composite developed from a review taken from multiple sources
including the groundwater and vadose zone hydrology Environmental Information Documents (WVNS 1993b,
1993c), and several modeling reports (Bergeron and Bugliosi 1988, Kool and Wu i991, Prudic 1987,
Yager 1987). In the initial phase of the modeling two infiltration rates were applied. Based on the information
in these reports a net recharge of 32 centimeters per year was applied uniformly across the thick-bedded unit,
and a rate of 3 centimeters per year was applied across the remainder of the site, where the surficial unit is the
weathered Lavery till. For the North Plateau, as calibration proceeded, zones haying other recharge reflecting
differences in surface conditions were added into the model. The number of these zones, however, was kept
low to avoid over-calibration. The South Plateau infiltration was adjusted during the calibration but not in
zones. The final infiltration used in the base model is shown in Figure E-15 as shaded surface' flux cells.

A few porosity data are available for the near surface units. Estimates for the deeper units are based on
similarity of a material to the thick-bedded unit or unweathered Lavery till as appropriate, or adapted from
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literature values. Effective porosity has been assumed to equal the total porosity. Model porosities are shown
in Table E-4.

Table E-4 Porosities
Total Porosity

Geologic Unit (dimensionless) Reference -

Thick-bedded Unit 0.22 WVNS 1993b, Yager 1987 (Specific yield)

Weathered Lavery Till 0.324 Prudic 1986

Slack-water Sequence 0.35 WVNS 1993b

Unweathered Lavery Till 0.324 Prudic 1986

Lavery Till-Sand 0.22 Geolo'y EID

Kent Recessional Sequence 0.22 Kent recessional sequence assumed to be like the thick-bedded unit

Kent Till 0.324 Kent till assumed to be like unweathered Lavefy, till

Olean Recessional Sequence 0.22 Olean Recessional Sequence assumed to be like thick-bedded unit

Olean Till 0.324 Olean till assumed to be like unweathered Lavery till

Weathered Bedrock (Shale) 0.4 Assumed

Bedrock (Shale) 0.05 Adapted from Domenico and Schwartz (Domenico 1990)

E.3.4.3 Soil Moisture Characteristics

Soil moisture characteristics were modeled as a function of the representative hydraulic conductivity,
(KxKYKz) 113. In this approach a lookup table (Table E-5) is used for setting the soil moisture (van Genuchten)
parameters based on established empirical relationships and keyed to the representative hydraulic conductivity
for the material. The parameterization of this table (Pantex 2004) stems from earlier statistical
characterizations as documented in the EPA RETC manual and code (EPA 1991).

Table E-5 Lookup Table for Soil Moisture Characteristics

(KxKyK) 1 1 3 (feet per day) Sr a (cm"1) N

<0.0001 0.2 0.6 1.25

0.0001 - 0.001 0.2 1 1.3

0.001 -0.01 0.2 1.5 1.5

0.01-0.10 0.15 1.9 1.6

0.10-1.0 0.15 2.2 1.8

1.0-5.0 0.15 2.4 1.9

5.0- 10.0 0.1 3 2

10.0-30.0 0.1 3.5 2.2

>30 0.1 3.7 2.5
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E.3.5 Model Calibration

The model has been calibrated both manually and using an automated calibration code, Parameter Estimation
(PEST) (Doherty 2008). The manual calibration was accomplished by the comparison of model predicted head
with the median of observed groundwater level elevations at each of 56 target well locations, and by the
comparison of model predicted seepage flows with estimated flows from the field. The 56 target locations and
median water level values are listed in Table E-6. Target well locations did not align with the node locations
and hence, the model predicted heads at the well locations were estimated by linear interpolation between
nodes.

Table E-6 Groundwater Elevation Targets for Model Calibration
Unit Well Median (feet amsl) TIER

Thick-bedded Unit 103 1391.4 1

104 1385.5 1

111 1383.0
116 1380.5

203 1394.4

205 1393.1

301 1410.7

307 1402.0 2

401 1410.3 .1

403 1408.0 2

406 .1393.3 1

601 1377.3 1

602 1387.8 2

603 1391.9 1

604 1-391;6 .1!

801 1376.6 ,2
804 1369.9 2*

8606 1392.8 1

8608 1393.6 2

8609 1391.8 1
8612 1364.8 2

EWO0 1377.8 2
EW04 1379.2 2

NB1S 1435.7 2

WP04 1382.2 2
Slack-water Sequence 501 1391.3 1

408 1391.8 1
Sand and Gravel Unit 502 1388.0 2

802 1368.4 1
Kent Recessional Sequence 902 1283.3 2

903 1264.0 2
1002 1285.7 1

1004 1291.4 1

8610 1264.4 1
8611 1264*3 1
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Unit Well Median (feet amsl) TIER

Lavery Till-Sand 202 1394.6 1

204 1394.5 1

206 1394.3 1

208 1388.0 1

302 1400.4 2

402 1401.4 1

404 1400.6 1

701 1382.6 2

Unweathered Lavery Till 108 1361.6 2

109 1374.7 2

110 1375.4 l

405 1400.8 1

702 1365.0 2

703 1382.8 2

705 1394.7 1

904 1363.9 2

Weathered Lavery Till 907 1378.2 1

1007 1379.7 2

1008C 1398.9 1

96-1-01 1378.0 2

Bedrock 83-4E 1242.6 1

With one or two exceptions the wells on the list are represented by a large number of observed water levels,
i.e., have been tracked over a number of years, exhibit no or little trend, and exhibit no anomalous behavior in
their hydrographs. Targets designated as TIER 1 targets were judged to be more reliable in this respect than
the TIER 2 targets. Initial calibration used only TIER 1 targets but was later extended to include TIER 2
targets.

Trending in the water levels was evaluated using the United States Geological Survey code KENDALL
(USGS 2005). Trend testing accounted both for seasonal variation and for external influences, e.g., multi-year
climatological variations.

The trend methodology employed was the seasonal Kendall with a LOWESS' smooth of precipitation. Four
seasons were employed-reflecting the water level measurement schedules. The precipitation record was daily
from January 1990 through February 2006 with some records missing in the first year. The daily data were
summed as quarterly based numbers for the LOWESS. The analyses were performed over the maximum
period for which data are available. Selection of the target levels was restricted to locations with more than
32 observations and in most cases more the 60 observations.

The occasional spiked or outlying water level occurs in the observed water level data at a number of locations.
For this reason, the median water levels at the (TIER 1 or TIER 2) locations were selected as the representative
target level values to be used in the calibration. However, the differences between the median and arithmetic
mean or average water levels were small, particularly when compared to the observed water level versus
predicted water level residuals. Figure E-21 shows the locations of the target wells used in the calibration.
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Thick-bedded Unit
Well Locations

Slack-water Sequence
Well Locations

Weathered Lavery Till
Well Locations

Unweathered Lavery Till
Well Locations

Kent Recessional Sequence
Well Locations

Lavery Till Sand and Weathered
Bedrock Well Locations

Figure E-21 Locations of Target Wells Used in Calibration of the Site Model

LOWESS or LOESS, is a locally weighted polynomial regression used here to account for precipitation, an external variable that
potentially confounds the trend analysis.
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Manual Calibration

Calibration to the target levels was an iterative process using both qualitative and quantitative procedures. It
began with a visual fit obtained by iterating between modification of one or more parameters, running the
model, and visual/quantitative inspection of predicted head versus observed water-level plots. The visual
inspection used two criteria to determine the goodness of a run with a given combination of parameters. First,
all of the points in the observed versus predicted head scatter-plot should center around the one-to-one line.

Second, all of the points should lie within +/- 3 meters (10 feet) of that line. As calibration improved, a
quantitative measure was used: regression of observed versus predicted head should result in an adjusted
square of the correlation coefficient (R2) equal to or greater than 0.95.

The seep comparisons used in the calibration were more informal than the head comparisons. Seeps were
modeled for nodes in the vicinity of those seep and spring locations identified in Figure E-10 in Section 2.3.1.
The discharges from these nodes were then compared with the tabulated observed values in Table E-2.
Comparisons were semi-quantitative imposing the constraint that modeled discharges reasonably approximate
the reported discharges. Model gridding and a significant uncertainty in the observed discharges provide the
rationale for this approach.

The manual calibration focused on infiltration, inflow into the thick-bedded unit from the west, and deeper
head boundary conditions as the varying model parameters. This tacitly gave preference to the hydraulic
conductivity data which with one exception were treated as fixed by observation. That one exception was the
hydraulic conductivity for the slack-water sequence. That parameter had. to be adjusted in the present
calibration, because the slack-water sequence,,was effectively draining the thick-bedded unit, precluding any fit
between observed and predicted heads at a large number of target locations.

Final observed versus predicted head scatter-plots of the manually calibrated model are shown in
Figures E-22 and E-23. Figure E-22 presents the results for all target well locations. This figure shows how
the target locations fall into two (2) natural groupings, an upper aquifer and a lower aquifer. The upper aquifer
system is comprised of the thick-bedded unit, slack-water sequence, weathered Lavery till, unweathered Lavery
till, and Lavery till-sand. The geohydrological units found in the lower units are the Kent recessional
sequence, Olean till, Olean Recessional Sequence, weathered bedrock and bedrock. The soils and groundwater
contamination and source areas are found at or near the surface at the site, and most of the data characterizing
groundwater at the site are from units in the upper system. For these reasons the focus of this calibration was
on the upper system, and hence, Figure E-23.

The adjusted R 2 for the upper aquifer plot is 0.953. The adjusted R 2 for all target locations, Figure E-22, is
0.992, but the high value reflects the high-low grouping of the data, i.e., predicted-observed pairs, more than
goodness of fit. Other useful indications in these figures include the 95 percent confidence band (shaded dark
gray), the 95 prediction band (shaded light gray), the one-to-one line (heavy solid line) and the +/- 3-meter
(10-foot) band about that line (dotted lines). The confidence and prediction bands are centered about the
regression lines (not shown). In both figures, the one-to-one line lies within the confidence band. While no
statistical inference can be drawn from this, the fact that the confidence band-an entity constructed to contain
the true observed-versus predicted regression line-also contains the one-to-one line does provide a degree of
confidence in the calibration with respect to the heads.

The observed (see Section E.2.3.1) and modeled values for the drainage base flows and seep discharges are
listed in Table E-7. The match between the two. sets of values is good in light of the uncertainties in the
observed flow estimates as evidenced by the Erdman Brook numbers. The model discharge to Erdnman Brook
is higher than the Kappel and Harding number but much lower than Yager's indirect estimate.
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Observed vs. Residual Heads - Base Case
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Figure E-22 Observed Versus Predicted Heads in the Base Case Model
(all well locations)

Observed vs. Residual Heads - Base Case
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Figure E-23 The Observed Versus Predicted Heads in the Base Case Model
(upper aquifer only)
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Table E-7 Comparison of Observed and Modeled Seep and Stream Discharges
Observed Discharge Predicted Discharge

Location (cubic meters per day) (cubic meters per day)

NP-I base flow *. 29 8

NP-2 base flow 6 20

NP-3 base flow 113 86

NP - Total 148 114

Quarry Creek and Franks Creek 20 36

Erdman Brook (Yager/Kappel and Harding) 220/10 61
Total 388/178 a 211
a Total using Kappel and Harding flow for Erdman Brook.
Note: To convert cubic meters per day to cubic feet per day, multiply by 35.314.

An understanding of the conceptual changes introduced by the new geological interpretations-a realignment
of the slack-water sequence and Lavery till-sand-should contribute to a better understanding of the North
Plateau seepage.faces along Erdman Brook.

The predicted channel base flows (NP- 1, NP-2, and NP-3) agree reasonably well with the observed values but,
the total predicted flow is low and the observed and predicted distributions of the flow among the three
channels differ. The flow at NP-3 is the largest for both the observed and predicted cases, accounting for
76 percent and 75 percent of the total channel base flow in each case, respectively. The split of the remaining
24 percent (25 percent) between the NP-1 and NP-2 channels is approximately reversed in the observed and
predicted cases.

Automated Calibration

Sandia National Laboratories evaluated the hand-calibrated flow model with respect to the improvement at
predicting contaminant transport subject to vis--vis automated calibration (Sandia 2008a). The Laboratory
reported that the hand-calibrated model achieved a root-mean-square-error (RMSE) for heads of 4.6 meters and
for seeps of 0.98 kilograms per second (weighted RMSEs of 5.5 meters and 1.05 kilograms per second,
respectively), which are quite reasonable.

This model, combined with the latest utilities available in the Parameter ESTimation software, PEST
(Doherty 2008), then was used to perform a preliminary uncertainty analysis investigating the ability of the
model to match both observed (steady-state) heads and seep flows, in addition to approximating a 330 meter
travel-time estimate of 1.6 years. Results indicated that, given the current estimable parameters and their
admissible -ranges, the predictive utility of this model would increase after an automated calibration effort.

Because better matches to weighted site data could be achieved, PEST then was used to perform a preliminary
automated calibration. The automated-calibrated model yielded the a head RMSE of 4.2 meters and a seeps
RMSE of 1.04 kilogram per second, but weighted RMSEs were 5.2 meters and 1.11 kilograms per second,
respectively. However, the estimated travel time was reduced from 5.7 years for the hand-calibrated model to
1.6 years for the to automated-calibrated model.

The non-trending constraint applied to the hand-calibration was relaxed increasing the number of observed
(median) heads to 162, thus augmenting both the observation data set and, calibration parameter set
(Sandia 2008b). The calibration was further simplified when multiple median head -observations
corresponding to a-single FEHM node were averaged and the maximum weight from constituent wells applied
in the calibration.
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Weights for each observation .were set inversely proportional to the range of heads measured at that well and a
Gaussian distribution was assumed for the measurement error with the range in heads assumed to approximate
the 95 percent confidence interval. This yielded weights inversely proportional to the standard deviations.
Head observation Weights were also evaluated with regard to the confidence to be placed in each
(i.e., excellent, good, fair, poor, and eliminate). Wells rated as excellent, good, or fair did not have their
weights adjusted. Those two rated as poor had their weights cut in half. Wells rated as eliminate had zero
weight applied. This resulted in 87 non-zero-weighted head observations, a factor of 2.6 increase in the
original TIER 1 hand-calibrated observation data set's size.

In thi's case the automated calibrated model has a higher RMSE and weighted RMSE for heads than the hand-
calibrated model. However, incorporation of the seepage flow rates and transport time as calibration targets in
the Phase II-calibrated model has resulted in a model where these "soft" observations are more closely matched
than with the hand-calibrated model. The simulated transport time with the Phase II-calibrated model is near
the middle of the estimatedrange of values; whereas; the simulated value with the hand-calibrated model is
greater than the upper bound (5.0 years) of the estimated range. In addition, the simulated seepage from Seep 3
(Erdman Brook) is significantly higher than in the hand-calibrated model, although it is still'somewhat lower
than the lower bound of the estimated range of values.

Sandia concluded that it is reasonable that the match between simulated heads and observed heads be
sacrificed to some degree, if the ultimate objective of the flow model is to simulate accurately the migration of
contaminants and 'groundwater flow rates on the North Plateau of the West Valley Site. Further, there is no
strictly objectiveor rigorous method for the relative weighting of different types of observations, such as heads,
seepage rates, and transport times. As a consequence, professional judgment and subjective assessment of the
relative importance of various model predictions (e.g., simulated heads versus contaminant transport times) are
required to define the objective function used in the automated calibration process in a meaningful way.

The increased RMSE for heads in the PEST-calibrated model relative to the hand-calibrated model highlight
structural and/or conceptual uncertainties in the West Valley flow model. By adding the constraints of the
seepage rates and transport time to the automated calibration process, the flow model is less able to compensate
for simplifications associated with these uncertainties and the RMSE for heads is forced to be higher than for
the hand-calibrated model, even for an optimized model. These structural or conceptual uncertainties could be
related to the zonation of hydraulic conductivity, the continuity of hydrogeologic units in the subsurface, the
zonation of recharge, the location of underflow at the lateral boundaries, or zonation of seepage.

E.3.6 Sensitivity and Uncertainty

A series of sensitivity analyses were carried out after the manual calibration. Using the sum of the square of
the head residuals as the measure of fit, the values of fourteen parameters were varied about their base values
in the model one at a time to determine 1) the sensitivity of the model to changes in the parameter value,and
2) the extent to which a locally optimum solution has been achieved.

The sum of the square of the residuals SSR is given by

SSR = -(hi - WLi )2

where

i is an index denoting one of the target wells in Table E-6,

WLi is the Table E-6 median observed groundwater elevation for target well i,,

hi is the model predicted head at the target well location. "
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The parameters examined include two (2) flux boundary condition parameters and 12 material properties,
i.e., hydraulic conductivities:* The flux parameters are the inflow into the thick-bedded unit along the western
boundary (thick-bedded unit inflow) and infiltration at the surface (recharge). The hydraulic conductivities
considered. are the horizontal and vertical components for the six (6) geohydrological units found in the upper
aquifer system: the thick-bedded unit (TBUKxKy, TBUKz), the slack-water sequence (SWSKxKy, SWSKz),
the Lavery till-sand (LTSKxKy, LTSKz), the weathered Lavery till (WLTKxKy, WLTKz), the unweathered
Lavery till (ULTKxKy, ULTKz), and the Kent recessional sequence (KRSKxKy, KRSKz).

In each cas e, the parameter is varied about its base case value using a multiplicative factor while the others are
kept at their base case values. The multiplicative factors applied to the base value were 0.25, 0.5, 2, and 4.
The results are summarized in Figure E-24 in the form of bar graphs showing SSR (square feet) versus
multiplicative factor for each of the flux boundary conditions and hydraulic conductivities. The base case is
also included in each graph.

The change in a bar graph is indicative of a sensitivity of the model vis-A-vis the SSR to changes in the
parameter. A flat appearance suggests little or no sensitivity of the model to a parameter. A large U or V
shape indicates sensitivity with the low point representing the approximate best fit. Continually increasing or
continually decreasing plots indicate situations where the best parameter value lies outside the range
considered. If the change across the plot is judged significant, then this sensitivity should be addressed and the
parameter's range should be extended with the analysis continued. If the change across the plot is judged not
to be significant, no further analysis is performed on that parameter.

Evaluation of the plots in Figure E-24 in this manner pointed to one significant case where the range of
analysis was extended-the Kent recessional sequence horizontal hydraulic conductivity (KRSKXKy). Here
the SSRs in the original set of analyses continuously increased as the value of the Kent recessional sequence
horizontal hydraulic conductivity was increased, suggesting that the best fit lay somewhere below the range
used. The range was extended on the low end demonstrating the shallow minimum or best fit occurs in the
vicinity of the 0.25 case-the lower bound of the original range.

The general conclusions of the sensitivity analyses on the base case model as determined in the head
calibration are that the model was reasonably parameterized although lowering the Kent recessional sequence
horizontal hydraulic conductivity is indicated. In addition, the particular set of sensitivities expressed tend to
corroborate some of the assumptions regarding flow at the site that are key in decoupling schemes used when
smaller domain models are implemented-horizontal flow, vertical flow, etc.

TBUinflow Recharge

o-C- a,

m o

0,25 0.5 1 2 4 0.25 0.5 1 2 4

multiplicative factor multiplicative factor

Figure E-24 Results of Sensitivity Analysis of Base Case Model
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Figure E-24 Results of Sensitivity Analysis of Base Case Model (continued)
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Figure E-24 Results of Sensitivity Analysis of Base Case Model (continued)
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E.3.7 Results

E.3.7.1 Predicted Water Tables

Automated water table contours for the upper aquifer are presented in Figure E-25. These contours are based
on the calculated head in model layer 3 of the manually calibrated model. This approximation works well
because flow in the upper aquifer is largely horizontal. This layer corresponds to the bottom of the thick-
bedded unit at the North Plateau and the bottom of the weathered Lavery till at the South Plateau. Units in the
next layer down are the unweathered Lavery till, the slack-water sequence, and the Lavery till sand.

Comparison of the contours in this figure with the fourth quarter 2007 observed North Plateau water table in
Figure E-1 0. indicates close agreement in most areas of the North Plateau. The comparison is between the
results of a steady-state calculation and a single snapshot in time of a dynamic system, the observed water
table. Reasonable agreement between the contours in the two figures follows because the aquifer behaves as a
steady-state system with small fluctuations over time and space. Exceptions occur, of course, when a major
hydrologic stress is added to or removed from the system. An example of this includes tying off the french
drain to the northwest of the lagoons in 2002 (WVNS and URS 2007). However, the target water levels
(heads) used in the calibration were selected because they exhibit little or no trend over a time period that
includes the introduction of and removal of stresses. That is, the model was fit to those portions of the aquifer
that have been constant over time.

There are several minor differences between the two sets (observed and modeled) of North Plateau contours
that can be seen. These include contours in the immediate vicinity of the process building and contours north
of the lagoons. In the first case differences arise due to limitations inherent in both figures. In the case of
Figure E-25, the impact of the building on infiltration has been incorporated into the model, but any restriction
of flow due to subsurface building structure has not been incorporated. This is in part due to the size of the
grid. In Figure E-1 1 only a limited number of locations provide control for contouring, whether done
manually or automated. The difference in the contours north of the lagoons in the two figures is that the
predicted contours are as a group slightly lowered than the observed contours, suggesting more water is needed
in the modeled system in that area. This is also seen in observed versus predict heads plot (Figure E-23) where
the cluster of locations near the 1370 elevation lie above the one-to-one line.

The contours along the perimeter of the plateau directly across Erdman Brook from the NDA and SDA exhibit
features that are the result of the model implementation. Perimeter seeps have been included inthe model but
the grid spacing is large at 43 meters (140 feet). This part of the North Plateau is also the area where the
prediction of water elevations above actual surface occurred during calibration of the model (Section 3.5).
Yager had a similar result and subsequently refined his model grid in the area (Yager 1987). A physical factor
impacting flow in the area is the evolving new hydrostratigraphy. Because the slack-water sequence extends
further upslope in the new interpretation, a possible effect of the new slack-water sequence /Lavery till-sand is
more of the flow in the surficial sand and gravel being directed through the slack-water sequence, diverted
away from the perimeter seeps along Erdman Brook and Quarry Creek. A more refined interpretation of flow
in this area would require further characterization of the Lavery till-sand. However, at present this is not
expected to be a critical factor in the prediction of contaminant transport at the site.

A similar comparison can be made between modeled and observed South Plateau water tables. The observed
South Plateau water table is in the bottom half of Figure E-12 and the modeled water table is shown in
Figure E-25. Like the contours for the North Plateau the contours in the two figures are similar, but the
differences between the two figures are more noticeable. The differences again reflect the absence of some
structures in the model and insufficient control for contouring the observed data. Unperturbed subsurface
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Aquifer Water Table in the Thick-bedded Unit and Weathered
Lavery Till (Model Layer 3 Head)
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conditions are presently modeled. Structures present but; not included in the model are the actual disposal
facilities. These consist of disposal pits, disposal trenches, the NDA interceptor trench, and the groundwater
diversion barrier between the NDA and SDA. These clearly impact the system and any modeled or observed
water table contours. The lack of explicit incorporation of these structures into the model may appear to be a
limitation of the model but, when considered from the perspective of performance assessment and migration
pathways, this limitation may not be too severe.

Two potential groundwater pathways may be proposed for the materials disposed in the NDA and SDA. The
first pathway is a downward migration through the unweathered Lavery till from the disposal pits and trenches
to the Kent recessional sequence and on from there. The second pathway is the result of the bathtub effect.
Infiltration and interflow into the trenches and pits eventually raise the water levels in them until the water
reaches the interface between the low permeability unweathered Lavery till and more permeable weathered
Lavery till. From there the water and any contaminant with it begins to move laterally through weathered
Lavery till saturated zone. Thatmovement continues until the material either reaches a discharge location at a
nearby stream or eventually turns down moving vertically through the unweathered Lavery till. The distance
from the release area and the downgradient weathered Lavery till discharge location determines which path is
taken.

The first pathway, movement downward through the unweathered Lavery till, is probably not significantly
impacted by the exclusion of the pits and trenches from the model. This is because in their present
configuration these facilities. contain standing water. The difference between the top elevation of that water
and the top of the unsaturated zone in the Kent recessional sequence provides the driving force for the
downward movement. In the case of the unperturbed model, a very similar driving force is imposed by the
water table in theweathered Lavery till and the top of the Kent recessional sequence. Hence, little difference is
expected. In analyzing the second pathway, the lateral transport can be approximated in the current model by
simply placing the release at the weathered Lavery till/unweathered Lavery till interface, i.e., at the bottom of
layer 3 in the weathered Lavery till.

Only a few. controls are available for construction of the observed contours seen in Figure E-12 and multiple
sets of contours-most similar-could be obtained from the data. Expert and site specific knowledge applied
to the task do not appear explicitly in the figure but do shape it. In light of these considerations and the model-
side limitations mentioned. above, comparison of the figures is valid only up to a point. The two sets of
contours are qualitatively and quantitatively similar-both echoing the topography of the South Plateau.

In addition to showing the head contours, Figure E-25 also provides an indication of the extent ofthe upper
aquifer. Shading is included to identify those areas that are fully saturated. The figure~shows much 'of the
North Plateau and South Plateau model layer 3 to be saturated. The partially saturated areas occur along or
near the steep banks of the stream valleys. The fingerlike East Plateau lying between' Franks Creek and
Buttermilk Creek!is interesting because.of the partial saturation along part of its crest. The'cause of thisieffect
was not determined, but flow 'in this area is not considered critical to the estimates of contaminant transport at
the site.

Figure E-26 shows the head contours and saturation for model layer 12, :which includes the'.bottom of the
Kent recessional sequence. The narrow saturated area running along the western boundary is comprised of
bedrock and weathered bedrock. The belt of partial saturation to the east of the bedrock and along the southern
model boundary is the Kent recessional sequence, as is the large area of saturation over the remainder of the
site to the east. The picture of the lower aquifer as it emerges from the present model is one where the zone of
saturation does not extend through all of the Kent recessional sequence. In saturated areas the horizontal flow
is in the direction of the Buttermilk Creek valley, where the aquifer discharges either through seeps along the
valley wall or directly into the creek itself.
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Figure E-26 Simulated Lower Aquifer Water Table in the Kent Recessional Sequence
(Model Layer 12)
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Figure E-27 is a cross section through the North Plateau showing all of the geohydrologic units found in the
model and the water tables for the upper and lower aquifers. Median water level observations for a number of
wells screened in the upper system are also shown in the plot. Consistent with the calibration, the observed
water levels and the computed water table show good agreement. The profile view in Figure E-27 also aids in
understanding the limited extent of the lower aquifer in the Kent recessional sequence. Areas where the
aquifer pinches out, becoming partially saturated, correspond to locations where the Kent recessional sequence
and those glacial materials (Kent till, Olean Recessional Sequence, Olean till) underneath it thin out as bedrock
rapidly rises to the west.
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Figure E-27 Upper and Lower Aquifers Tables at the North Plateau

E.3.7.2 Groundwater Flow Directions

Figure E-28 shows the head contours and saturation in model layer 5. This layer consists mostly of
unweathered Lavery till and slack-water sequence. The figure shows that most of this layer is saturated and in
particular the unweathered Lavery till in the South Plateau is saturated. In the model the saturation is
maintained down to the top of the Kent recessional sequence and is consistent with descriptions summarized in
previous characterizations and modeling studies of the South Plateau (Bergeron, Kappel and Yager 1987, Kool
and Wu 1991, Prudic 1986, WVNS 1993b). Calculated vertical nodal Darcy velocities in layer 5 beneath the
NDA and SDA are on the order of 5 x 10- centimeters per second and the estimated linear velocities are about
5 centimeters per year. This is in good agreement with estimates made in the past studies. While this result is
expected, it is worth noting because the calculations are made within the much larger model domain and the
nodes are located far from any boundary condition nodes.
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Figures E-29 and E-30 show vertical profiles of the velocity field for the North Plateau and the South
Plateau, respectively. In Figure E-29 the horizontal flow in the surficial sand and gravel is indicated by the
mostly horizontal vectors in model layers 3 through 5, the bottom of the thick-bedded unit and the slack-water
sequence. The length of each vector is an indication of the flow velocity at that location. The direction of the
vector shows the direction of the groundwater flow at that location. The lower downward flow of groundwater
through the unweathered Lavery till is indicated by the shortened vectors (heads only) pointing to the bottom of
the figure. Horizontal flow in the lower Kent recessional sequence aquifer appears as the "row" of horizontal
vectors in the lower mid portion of the figure. Figure E-30 presents similar information except that the
uppermost geohydrologic unit is the weathered Lavery till. Flow through the unweathered Lavery till in the
South Plateau profile is vertical and flow along the bottom of the Kent recessional sequence is horizontal.
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Figure E-29 North Plateau Velocity Field in Profile

17
1k-

4-0

It' NDA SDA Franks BUNtWmllk~, Croek -,C4*ek

0 0 0,

KMR = Kst Recessin Sequence
Kr = Ke TIN
NOA = U.S.Nuder Regutoiy

Ott... DtspoM Ar.e

OT x Ohme~ TM
Sa $tWg4miwg Diapous Ares

ULT a JWueIsdwx Lavey 1111
WLT =Weadwhed Lavoy THt

Figure E-30 South Plateau Velocity Field in Profile
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E.3.7.3 Alternative Conceptual Model - Weathered Bedrock Outlet

One of the modeling questions to be addressed by the current effort is to explore how flow out of the system by
way of the weathered bedrock might impact flows in the upper units down to and including the Kent
recessional sequence. That is, can the geohydrology below the Kent recessional sequence safely be ignored
when modeling the impacts of surface and near-surface facilities at the site? To examine that aspect, the base
case model was modified to allow flow out of the system to the north from the weathered bedrock. This was
accomplished by setting constant head boundary conditions in a small segment of the boundary weathered
bedrock cells near the bedrock valley axis located in that unit approximately beneath the northernmost reach of
Buttermilk Creek in the model.

The weathered bedrock constant head used at these locations was varied in several runs, in each case using a
single value ranging from 1,160 feet to 1,210 feet. A comparison of predicted target heads and predicted seep
values in the different runs and the base case model reveals very little differences for the heads in the 'upper
units (through the Kent recessional sequence). Drawing on these results and on the velocity fields seen for the
base case (Figures E-29 and E-30) the implication is that the deeper aquifer systems in the Buttermilk Creek
basin can be ignored with little consequence when modeling impacts of near-surface facilities.

E.4 Near-field Groundwater Flow Models

The three-dimensional site-wide groundwater flow model provides a basis for understanding of the rates and
directions of groundwater flow for current conditions but does not provide information for Sitewide Close-In-
Place or Phased Decisionmaking Alternative conditions. In addition, the scale of engineered features is small
with respect to the scale of the site-wide flow model. For these reasons, three three-dimensional near-field
groundwater flow models have been developed to supplement simulation of conditions on the North and South
Plateaus. The models have been implemented using the STOMP computer code developed at Pacific
Northwest National Laboratory (PNNL 2000). STOMP uses the integrated volume finite difference approach
to solve flow and transport equations for unsaturated and saturated conditions. The approach for development
of the near-field model is to use the stratigraphy and boundary conditions incorporated into the site-wide model
to the extent possible with the STOMP computer code. Flow and transport calculations of the near-field
models are used to establish directions and velocities of flow through and away from sources on the north and
South Plateaus. To provide understanding of the nature of one-dimensional flow models used in estimation of
human health impacts, description of use of a one-dimensional groundwater transport model is presented in the
discussion of historical conditions. The following sections describe the near-field models for the North and
South Plateaus.

E.4.1 North Plateau

The model developed for the north plateau has the shape of a rectangular block oriented from the southwest to
the northeast that extends from the ground surface to the top of the Kent recessional sequence. The exterior
horizontal boundaries of the model are depicted in Figure E-31. The model boundaries on the south, west and
east sides are consistent with the extent of the thick-bedded unit but on the northern end the model is
terminated near the North Plateau ditch where groundwater is observed to discharge to surface drainage prior
to the northern extent of the thick-bedded unit. Geohydrologic units represented in the model are the thick-
bedded unit, the slack-water sequence and the unweathered Lavery till. Together, the thick-bedded unit and
the slack-water sequence comprise the Surficial Sand and Gravel Unit. As described above, the thick-bedded
unit comprises glaciofluvial gravel and alluvial deposits that range from I to 5 meters in thickness overlying
the unweathered Lavery till. The slack-water sequence is a depositional sequence with layers of gravel, sand
and silt filling a southwest-to-northeast trending channel in the upper portion of the unweathered Lavery till.
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Figure E-31 Boundaries of Model Areas for the North and South Plateau
Near-field Groundwater Flow Models
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The slack-water sequence varies in thickness from 0 to 5 meters with the thickest portions at the souihwest end
of the unit below the Main Plant Process Building. The unweathered Lavery till is a glacial till with lenses of
silt and sand with a range of thickness of 10 to 17 meters in the model volume. The Waste Tank Farm tanks
are located in an excavation of the unweathered Lavery till located at the west side of the model volume.
The cross-sectional structured encoded into the North Plateau near-field flow models is represented in
Figures E-32 through E-36. The slack-water sequence appears in the units and northern portions of the
model as shown in Figure E-34 through E-36. The Waste Tank Farm excavation appears in the center portion
of the model as shown in Figure E-35. Hydraulic conductivities of geohydrologic units are assumed constant
over the model domain with values of 2.5 x 10-', 5.3 x 10-3 and 6.0 x 10-8 centimeters per second for the thick-
bedded unit, slack-water sequence and unweathered Lavery till, respectively. These general elements of the
model were developed further into three variants, the first developed for historical conditions as appropriate for
the No Action Alternative, the second incorporated engineered features as appropriate for the Sitewide Close-
In-Place Alternative, and the third incorporated the slurry walls percent for the Phased Decisionmaking
Alternative.

E.4.1.1 Historical Conditions (No Action Alternative).

To simulate historical conditions, the horizontal portion of the model grid comprises uniform, rectangular
10-meter blocks with 49 blocks in the southwest-to-s6utheast direction and 54 blocks in the southwest-to-
northwest direction. For the vertical direction, the upper 3-meters were represented using 15, 0.2-meter-thick
layers, the next 3 meters were represented using 6, 0.5-meter-thick layers, and the bottom 17 meters were
represented, using 17, 1.0-meter-thick .layers. Thus, .this variant of the model. utilizes approximately
100,000 grid blocks.

Boundary conditions applied for the near-field model are consistent with site observations and with those
applied for the site-wide model. At the bottom of the unweathered Lavery till, atmospheric pressure was
applied representing the presence of a water table in the Kent recessional sequence. On the south, north, west
and east sides of the model, no flow conditions were applied for the unweathered Lavery till. On the south side
of the model, lateral recharge into the thick-bedded unit of 20 cubic meters per day was applied. On the east
side of the model, atmospheric pressure conditions were applied for the thick-bedded unit to represent seepage
to Erdman Brook. At the north end of the model,. elevation of the water table was specified to represent
discharge to the North Plateau drainage ditch.

For recharge at the surface, uniform spatial distribution was applied but varied in a parametric fashion to
provide the best match to site conditions.

Pressures simulated with the North Plateau near-field model are summarized in Table E-8 along with
measured conditions at target wells. The results indicate that a uniform recharge of 26 centimeters per year
produced the closest match to observed conditions. A plot of elevation of the water table in the thick-bedded
unit for recharge of 26 centimeters per year is presented in Figure E-37. The results are consistent with both
the measured-heads and with the predictions of the site-wide model. .- .
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Figure E-32 Cross-section of the Near-field Groundwater Flow Model of the'North Plateau:
Southwest to Northeast Distance of 0 to 80 Meters
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Figure E-33 Cross-section of the Near-field Groundwater Flow Model of the North Plateau:
Southwest to Northeast Distance of 80 to 200 Meters
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Figure E-34 Cross-section of the Near-field Groundwater Flow Model of the North Plateau:
Southwest to Northeast Distance of 200 to 260 Meters
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Figure E-35 Cross-section of the Near-field Groundwater Flow Model of the North Plateau:
Southwest to Northeast Distance of 260 to 320 Meters
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Figure E-36 Cross-section of the Near-field Groundwater Flow Model of the North Plateau:
Southwest to Northeast Distance of 320 to 540 Meters

Table E-8 North Plateau Near-field Flow Model Calibration for Head
Predicted Head (feet)

Measured Head Recharge = Recharge = Recharge =
Well (feet) 22 centimeters per year 26 centimeters per year 30 centimeters per year

103 1391.4 1387.9 1389.9 1391.2

104 1385.5 1380.2 1381.5 1382.9

116 1380.5 1375.5 1376.2 1376.8

203 1394.4 1402.0 1402.6 1403.3

205 1393.1 1398.5 1399.1 1400.4

301 1410.7 1408.0 1409.6 1410.8

401 1410.3 1406.8 1408.4 1409.6

406/86-08 1393.45 1394.1 1396.0 1397.4

601 1377.3 1376.8 1377.5 1378.1

603 1391.9 1394.2 1395.5 1396.8

604 1391.6- 1390.0 1391.3 1392.6

86-09 1391.8 1392.7 1394.0 1395.9

408 1391.8 1391.5 1392.8 1394.7.

501 1391.3 1387.9 1389.2 1391.2

403 1408.0 1400.3 1403.6 1404.7

801 1376.6 1372.5 1372.5 1373.2

Sum of Squared 268.88 210.81 242.42
Residuals (square feet)
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Figure E-37 Water Table Plot for the North Plateau. Near-field Flow Model,
Historical Conditions

As an additional check of validity of the model, transport calculations were performed for comparison to
GeoProbe measurements of concentration of strontium-90 in the North Plateau plume (WVNS 1995). The
major source for the plume is believed to be a leak in 1968 from the Main Plant Process Building into the
underlying sediments. For this analysis, the leak was represented as injection of 200 curies of strontium-90
into the central portion of the thick-bedded unit. Two versions of the analysis were performed to evaluate the
range of adsorption of strontium onto the sediments of the thick-bedded unit and slack-water sequence. In the
first case, the thick-bedded unit and slack-water sequence were assumed to have values of distribution
coefficient of 5.0 milliliters per gram. In the second case, the distribution coefficients for the thick-bedded unit
and slack-water sequence were 2.7 and 5.0 milliliters per gram, respectively. These values are within the range
observed in, site-specific laboratory measurements (Dames and Moore 1995) and using GeoProbe
measurements (WVNS 1999). The results presented in Table E-9 indicate that the combination of values of

-distribution coefficient (Kd) produces the best match to measured concentrations, and that the model
predictions for the center of mass of the plume are consistent with observed conditions..
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Table E-9 Comparison of North Plateau Near-field Flow Model Predictions
With Observed North Plateau Plume Concentrations of Strontium-90

Concentration of Strontium-90 (picocuries per liter)

Predicted b Predicted b
GeoProbe Distance from TBU Kd = 5 ml/g TBU Kd = 2.7 mllg
Number Source (meters) Observed a SWS Kd = 5 ml/g SWS Kd = 5 ml/g

75 25 1.5 x 105 7.0 x 10 5  3.8 x 105

30 50 7.8 x 101 9.4 x 10 5  8.1 x 105

72 65 7.9 x 105 8.5 x 10 5  8.6 x 105

23 80 2.0 x 105 5.6 x 10 5  7.9 x i0 5

66 150 7.5 x 104  2.6 x 10
4  1.1 x 105

14/67 170 4.6 x 104  8.2 x 103  4.8 x 104

11 270 1.2 x 10
4  5.6 110

3 330 3.2 x 102 0.1 2.7

ml/g = milliliters per gram, SWS = Slack-water Sequence, TBU = Thick-bedded Unit.
a The reported observed values are the arithmetic average of Geoprobe measurements reported (WVNS 1995) for one or more

depths below the ground surface at the given location.
b The predicted values are the average values estimated for the saturated portion of the Thick-bedded Unit and Slack-water

Sequence.

The vertical distributions of moisture content and of concentration of strontium-90 for the three locations
down-gradient of the source on the center line of the plume are presented in Table E-10. Mass balance
analysis of predicted levels of strontium-90 for calendar year 1995, 27 years after the release, indicate that
greater than 90 percent of the remaining radionuclide is in a volume with a width of 40 meters in horizontal
extent (WVNS 1995).

Table E-10 Near-field Groundwater Flow Model Predictions of
Concentration of Strontium-90 in the North Plateau Plume for Calendar Year 1995

Distance Below Distance from Source (meters)

Ground '50 meters 100 meters 150 meters
Surface Aqueous Concentration of Aqueous Concentration of Aqueous Concentration of
(meters) Moisture Strontium-90 Moisture Strontium-90 Moisture Strontium-90
(unit) , Content (picocuries per liter) Content (picocuries per liter) Content (picocuries per liter)

2.3 (TBU) 0.099 6.6 x 105  0.109 4.0 x 10' 0.225 9.9 X 104

2.7 (TBU) 0.101 7.2 x 105  0.225 5.0 x 10' 0.225 1.0 x 105

3.75 (TBU) 0.225 8.1 x 101 0:225 5.5 x 105. 0.225 1.1 x,10 5.

5.75 (TBU) 0.225 8.1 x l01 0.225 4.1 x 105 0.225 1.3 x 105

6.5 (SWS) 0.350 8.1 x 105  0.350 6.3 x 10' 0.350 1.4 x 105

8.5 (SWS) 0.350 8.4 x 10 5  0.350 6.3 x 105  0.350 1.3 x 10'

13.5 (ULT) 0.324 370 0.324 22 0.324 0.9

18.5 (ULT) 0.324 0 0.324 0 0.324 0

SWS = slack-water sequence, TBU= thick-bedded unit, ULT = unweathered Lavery till.

For sources originating in the saturated portion of the thick-bedded unit below the. Main Plant Process
Building, transport analysis indicates that the solute reaches the North Plateau ditch along a southwest-to-
northeast path centered on the release point.. The entirety of the solute reaching the northeast edge of the model
reaches the boundary within 50 meters of the centerline of the source with vertical movement downward into
the slack-water sequence. Solute flux at the discharge is summarized in Table E-11. A plot of predicated
contours of the plume is presented in Figure E-38.
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Table E-11 Cumulative Solute Flux at the Model Boundary for a Source Below
the Main Plant Process Building Centered Above the Slack-water Sequence

Unit Cumulative Solute Flux at the Aquifer Outlet a (curies)

Slack-water Sequence 2.63

Thick-bedded Unit
Within 50 Meters West of Source Grid Block 0.64
In Line with Source Grid Block 0.44
Within 50 Meters East of Source Grid Block 0.31

a Total solute flux at the aquifer outlet = 4.02 curies.

350-
E

300-
z
0

o 250-
00)

U

200-
U/)

150-

100-

50-

pCial - picocuries per liter

50 100 150 200 250 300 350 400 450

Distance, West to East (meters)

.Figure E-38 Near-field Groundwater Flow Model Prediction of Concentration
of Strontium-90 in the North Plateau Plume 27 Years After Release
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The relation betweenrate of flow in the slack-water sequence and the thick-bedded unit above the slack-water
sequence was investigated through tabulation of groundwater velocities along a flow path extending from the
'location of the Main Plant Process Building to the North Plateau ditch. Average linear velocities predicted by
the near-field model for this path are presented in Table E-12. Values of effective porosity of 0.225 and 0.35
were used for the thick-bedded unit and slack-water sequence, respectively. For the slack-water sequence and
thick-bedded unit above the slack-water sequence, the travel time and average velocity along the flow path are
2.77 years and 115 meters per year and 4.04 years and 79 meters per year, respectively.

Table E-12 Average Linear Velocity for Flow Path Originating at the Main Plant Process Building
Average Linear. Velocity (meters per year)

Distance Along Flow Path (meters) Slack-water Sequence Thick-bedded Unit

0 to 40 89.7 51.0

40 to 80 106.2 67.1

80 to 120 117.4 85.8

120 to 140 129.9 95.6

140 to 180 139.9 102.1

180 to 220 147.6 108.6

220 to 260 155.6 114.2

260 to 300 162.1 119.3

300 to 340 165.6 122.2
Note: To convert meters per year to feet per year, multiply by 3.2803.

The direction of flow through sources at the Main Plant Process Building was investigated using aqueous
fluxes produced by the near-field flow model. For sources at the Main Plant Process Building beginning at the
ground surface and extending downward into the thick-bedded unit such as the General Purpose Cell, the
primary direction of flow is downward into the underlying thick-bedded unit and slack-water sequence at the
specified rate of recharge as indicated by the flow balance presented in Table E-13.

Table E-13 Aqueous Flow Balance for the General Purpose Cell, Historical Conditions
Direction of Flow Aqueous Flow (cubic meters per year)

In
Top 4.00
'South 0.53
West 5.5 x 10-'
East 1.0 x 10-5

Out
Bottom 4.30
North 0.23

Note: To convert cubic meters per year to cubic feet per year, multiply by 35.314.

Aqueous flux and solute flux were also investigated for sources at the Waste Tank Farm Tanks located in an
excavation on the west side of the model area slightly north of the Main Plant Process Building.

The direction of flow towards the northwest end of the model volume was investigated for a conservative
solute (100 curies of technetium-99) released from a location near the bottom of the Waste Tank Farm Tanks.
The location of arrival of solute at the model boundary relative to the location of the source is summarized in
Table E-14. The results indicate that solute moves eastward from the southwest-to-northeast centerline of the
source towards the area of the slack-water sequence. This interpretation is also indicated in the concentration
contours plotted in Figure E-39 for a limit of 2 years after release. The time series of arrival at the thick-
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bedded unit west of the slack-water sequence and the thick-bedded unit above the slack-water sequence and
slack-water. sequence are presented in Figure E-40. The peak of the pulses occurs at approximately 5 years
after traveling approximately 270 meters. The related estimate of average linear velocity of approximately
75 meters per year is consistent with movement primarily through the thick-bedded unit to reach the slack-
water sequence and the northeast boundary.

Table E-14 Location of Arrival at the Aquifer Boundary for Solute Released at the Waste Tank
Farm Tanks

Location of Arrival Cumulative Solute Flux (curies)

Thick-bedded'Unit West of High Level Waste Tank Excavation 0.16

Thick-bedded Unit In Line With High Level Waste Tank Excavation 3.58

Thick-bedded Unit East of High Level Waste Tank Excavation, West of the 33.6
Slack-water Sequence

Thick-bedded Unit Above the Slack-water Sequence and Slack-water Sequence 38.0

Thick-bedded Unit East of Slack-water Sequence 1.2 x 10-'

t
0
z
0

0

0,

150 200 250 300

Distance, West to East (meters)
pCi/I - pico!uies per Hier

Figure E-39 Near-field Groundwater Flow Model Prediction of Concentration of
Technetium-99 for a Release at the Waste Tank Farm 5 Years After Release
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Figure E-40 Rates of Arrival of Technetium-99 at the Model Boundary for a Source
at the Waste Tank Farm Tanks

The direction of flow through the Waste Tank Farm Tanks is indicated by the flow balance for the excavation
is summarized in Table E-15. The results indicate that the primary direction of flow is into the excavation
from the southwest, around the tanks and out of the excavation to the northeast. Flow balances for portions of
the tank located in the center of the excavation are summarized in Table E-16. As in the case of the
excavation, the primary direction of flow is from the southwest to the northeast through each section of the
tank volume.

Table E-15 Aqueous Flow Balance for the High Level Waste Tank Excavation, Historical
Conditions

Flow Area Aqueous Volumetric Flow
Direction of Flow (square meters) (cubic meters per year)

Into Excavation
Top, south 1,600 2,655.81

Top, west 400 255.20
Top, center 600 64.53

Out of Excavation
Top, north 1,600 2,340.16

Top, east. 400 404.06
Bottom 4,800 200.85
Side, south 560 7.70
Side, north 560 10.66

Side, west 420 6.98

Side, east 420 5.10

Note: To convert square meter s to square feet, multiply by 10.764; cubic meters per year to cubic feet Iper year, .multiply
by 35.314.
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Table E-16 Aqueous Flow Balance for the Sections of the Waste Tank Farm Tanks, Historical
Conditions

Aqueous Volumetric Flow (cubic meters per year)

Direction of Flow Flow Area

Section In Out (square meters)

Gravel Base
Top 37.42 800
Bottom 31.54 800
South Side 144.22 40
North Side 137.71 40
West Side 40.81 20
East Side 53.20 20

Grid
Top 43.19 800
Bottom 37.42 800
South Side 147.85 40
North Side 140.67 40
West Side 41.39 20
East Side 54.34 20

Ring
Top 64.53 - 800
Bottom 58.57 800
South Side 421.49 - 800
North Side 382.98 800
West Side 102.85 400
East Side 147.29 400

Note: To convert square meters to square feet, multiply by 10.764; cubic meters per year to cubic feet per year, multiply
by 35.314.

Th eresults of three-dimensional transport modeling of release of strontium-90 from the vicinity of the Main
Plant Process Building can be used to investigate the capability of a one'-dimeifsional transport model. The
one-dimensional model is a finite difference solution to the transport equation described in Section G.3.3.1 of
Appendix G. In this case, the values of input parameters and results from the-3-D near-field model are used to
select conditions for specification of the one-dimensional model. In particular for the three-dimensional model,
the width of 40 meters determined from mass balance considerations and mixing across the approximate 6-
meter thickness of the thick-bedded unit and slack-water sequence (Table E-1 1) are selected as the cross-
sectional dimension of the one-dimensional flow system. An average linear velocity of approximately
90 meters per year is selected as consistent with the near-field three-dimensional model (Table E-13). Initial
inventory of strontium-90 of 200 curies, dispersivity of 5 meters and strontium-90 distribution coefficient of
5 milliliters per gram were also used on the one-dimensional simulation. The one-dimensional model
prediction of spatial distribution of concentration of strontium-90 27 years after release is compared with
three-dimensional model predictions and measured concentrations in Figure E-41. The one-dimensional
model result matches the location and magnitude ofthe peak concentration but does not match the leading edge
of the plume ,where the effect of increase of groundwater velocity in the direction of flow (Table E-12)
influences the shape of the concentration profile.
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• Figure E-41 One-dimensional Groundwater Transport.Model Prediction of Concentration of
Strontium-90 in the North Plateau Plume 27 Years After, Release

E.4.1.2 Engineered Features (Sitewide Close-In-Place Alternative)

The near-field model developed to assess flow conditions with engineered features 'in place' used the same
model volume as that for historical conditions but a range of size of grid blocks in the southwest-to-northeast
direction to represent a 1-meter thick slurry wall placed 30 meters upgradient of the Main Plant Process
Building. The boundary conditions were the same as the historical conditions model with the exception that
recharge was reduced upgradient of the slurry wall to reflect influence of the slurry wall and over the Main
Plant Process Building, Waste Tank Farm and the lagoons of the Low-Level Waste Treatment Facility to
represent placement of caps.

The potential effectiveness of caps was investigated using a simplified model decoupled from the balance of
the near-field flow model. The cap model is two-dimensional rectangular block representing:a transect of one-
half of the cap as shown in Figure E-42. The cap comprises four layers: an uppersoil layer, a drainage layer,
a clay layer and a backfill layer. The layers were sloped at an angle of 2 degrees from the horizontal position.
The van Genuchten relationship (Pantex 2004) was used to represent unsaturated flow behavior with the design
values assumed for simulation purposes summarized in Table E-17. Boundary conditions are no flow for the
centerline on the right, no flow for layers other the drainage layer on the right and atmospheric pressure for the
drainage layer on the right and the bottom of the study volume. Recharge was varied at the top to investigate
the response to differing infiltration conditions. Two cases of degraded performance were also evaluated. In
the first case hydraulic conductivity, of the drainage layer was decreased by an order of magnitude to reflect

clogging and the hydraulic conductivity of the clay layer was increased to reflect desiccation or settling. In the
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second case, the.hydraulic conductivity of the drainage layer was decreased by an additional factor of ten, to
reflect additional clogging. Results, expressed as portion of the flux of recharge for design conditions are
summarized in Table E-18. The results indicate that even under degraded conditions, the cap diverts a high
percentage of the initial infiltration but that the recharge exiting the bottom of the cap could: be: as high as
2 centimeters per year for unfavorable conditions. For degraded conditions, the area of the cap represented in
the model was less than the area covered by the tumulus producing, an average rate of infiltration through the
tumulus of six centimeters per year.,

Topsoil

Drainage Layer

Clay Layer

Backfill

Figure E-42 Schematic of an Engineered Cap

Table E-17 Values of Hydraulic Parameters for an Engineered Cap
Material Saturated Moisture Residual a Saturated Hydraulic Conductivity

Type Content Saturation (1/cm) n (centimeters per second).

Topsoil 0.35 0.15 0.0787 1.9 1.0 X 10-3

Drainage Layer 0.35 0.10 0.1214 2.5 3.0

Clay Layer 0.324 0.20 0.0328 1.3 .5.0 x 10-9

Backfill 0.35 0.15 0.0623 1.6 1.0 X 10.1

Table E-18 Distribution of Flows for an Engineered Cap for Design and Degraded Conditions
'Recharge at Top of Cap Flux Out of Drainage Layer Flux Out of Bottom

(centimeters per year) (centimeters per year) (centimeters per year)
Design Case

20 19.98 0.02
100 99.96 0.04

First Degraded Case
20 19.90 0.30
100 99.39 0.61

Second Degraded Case
20 19.00 1.00
100 98.00 2.0
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For the Close-In-Place near-field model, the long-term period of time, following loss of institutional. control
and degradation of engineered facilities, was simulated. For these conditions, hydraulic conductivity of the
siurrywall was taken as. 1 x 10-6 centimeters per second and the recharge through the cap was 6 centimeters per

year. Design hydraulic conductivity of the slurry wall is less than 1 x 10-7 centimeters per second. The water
table map calculated for these conditions is presented in Figure E-43. The results indicate thatthe slurry wall
located at a distance of 190 meters and extending into the center of the model area from the west diverts flow
to the east, changing water table conditions relative to historical conditions. The slurry wall decreases
thickness of the unsaturated zone upgradient of the wall and in combination with the reduced infiltration due to
the cap increases thickness of the unsaturated zone immediately down-gradient of the slurry wall. Average
linear velocities for flow paths originating at the Main Plant Process Building, Waste Tank Farm, and Low-
Level Waste Treatment Facility were 97, 65, and 98 meters per year, respectively.
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Figure E-43 Water Table Elevation for Close-In-Place Conditions
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For the Sitewide Close-In-Place Alternative, the tanks of the Waste Tank Farm are filled with controlled low
strength materials, the sediments of Lagoons 1, 2, and 3 are grouted and a slurry wall is installed around
Lagoon 1. To represent these features the hydraulic conductivities of the tanks and sediments of Lagoons 2
and 3 are assigned values of hydraulic conductivity of I X 10-5 centimeters per second while the combined
affects of barriers at Lagoon 1 is represented by assignment of a value of 1 X 10-6 centimeters per second to the
material at Lagoon 1.

The direction of flow through sources at the Main Plant Process Building was investigated using aqueous
fluxes produced by the near-field flow model. For sources at the Main Plant Process Building beginning at the
ground surface and extending downward into the thick-bedded unit such as the General Purpose Cell,' the
primary direction of flow is downward into the underlying thick-bedded unit and slack-water sequence at the
specified rate of recharge as indicated by the flow balance presented in Table E-19.

Table E-19 Aqueous Flow Balance for the General Purpose Cell, Close-In-Place Conditions
Direction of Flow Aqueous Flow (cubic meters per year)

In
Top 5.93
South 8.54
East 0.02

Out
Bottom 14.25
North 0.24
West 0.01

Note: To convert cubic meters per year to cubic feet per year, multiply by 35.314.

The direction of flow through the Waste Tank Farm Tanks is indicated by the flow balances for the excavation
summarized in Table E-20. The results indicate that the primary direction of flow is into the excavation from
the southwest, around the tanks and out of the excavation to the northeast and that the combination of the
slurry wall and cap reduces flow through the excavation. Flow balances for portions of the tank located in the
center of the excavation are summarized in Table E-21. As in the case of the excavation, the primary
direction of flow is from the southwest to the northeast through each section of the tank volume.

Table E-20 Aqueous Flow Balance for the High Level Waste Tank Excavation,
Close-In-Place Conditions

Aqueous Volumetric Flow
Direction of Flow Flow Area (square meters) (cubic meters per year)

Into Excavation
Top 2,800 968.3

Out of Excavation
Top, 2,000 767.0
Bottom 4,800 177.7
Side, south 560 5.11
Side, north 560 8.74
Side, west 420 5.07
Side, east 420 4.56

Note: To convert square meters to square feet, multiply by 10.764; cubic meters per year to cubic feet per year, multiply
by 35.314.
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Table E-21 Aqueous Flow Balance for the Sections of the Waste Tank Farm Tanks,
Close-In-Place Conditions

Aqueous Volumetric Flow (cubic meters per year)

Section Direction, of Flow Flow Area (square meters)

In Out

Gravel Base
Top 23.71 - 800
Bottom - 27.86 800
South Side 2.23 - 40
North Side 0.78 - 40
West Side 1.01 - 20
East Side 0.12 - 20

Grid
Top 20.23 - 800
Bottom - 23.71 800
South Side 2.02 40
North Side 0.55 40
West Side 0.91 20
East Side - 20

Ring
Top 9.51 800
Bottom - 12.25 800
South Side 3.11 - 800
North Side - 0.32 800
West Side 1.40 - 400
East Side 0.95 400

Note: To convert cubic meters per year to cubic feet per year, multiply by 35.314.

For the magnitude and direction of flow of groundwater through the sub-surface sediments of the lagoon of the
Low-Level Waste Treatment Facility are presented in Table E-22.

Table E-22 Magnitude and Direction of Groundwater Flow through Sub-surface Sediments of the
Low-Level Waste Treatment Facility a

Volumatic Flow Rate (cubic meters per year)

Direction Lagoon 1 Lagoon 2, Lagoon 3 Lagoon 4 '. Lagoon 5,ý

Top 7.18 81.9 85A1 21.5 -53.6

Bottom -7..96 -57.5 -83.3 46.7 49.6

South 1.12 8.4 - 13.7 196.9 341.8

North -0.52 -9.0 -14.1 -291.2 -353.0

West -0.31 -29.3 -3.1 -4.9 7.1:

East 0.49 5.5 1.6 31.0'' 8.2
a Positive vAlue is for flow in the indicated direction, negative value is for flow opposite to the indicated direction.

Note: To convert cubic meters per year to cubic feet per year, multiply by 35.314.

E.4.1.3 Phased Decisionmaking Alternative

For the Phased Decisionmaking Alternative, the Main Plant Process Building, .the source area of the North
Plateau Plume and the lagoons of the Low-Level Waste Treatment Facility would have been removed. A
slurry wall would be installed to separate the area of the Main Plant Process.Building from the Waste Tank
Farm and to separate the area of the lagoons from the portion of the plume not recovered by removal of the
source are of the plume. The near-field groundwater flow model developed toassess flow conditions for this
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alternative uses the same model volume as that defined for historical conditions with the exception that the
model area has less extent to the .east of the lagoons. The cross-sectional structure of the aquifer is that
represented in Figures E-33 through E-36 with the same vertical discretization as the historical conditions
case. A total of approximately 120,000 grid blocks were used: 53 in the west-to-east, 61 in the south-to-north
and 38 in the vertical directions, respectively. The distribution of hydraulic head predicted for the' Phased
Decisionmaking Alternative is presented in Figure E-44. The results indicate increase of elevation of the
water table in the areas occupied by the Main Plant Process Building and lagoons prior to their removal. Flow
balances predict flow from the prior area of the Main Plant Process Building through theslurry wall to the
west, that is, towards the Waste Tank Farm and from the area of the lagoons both to the east towards Erdmann
Brook and to the west through the slurry wall towards the northern extension of the North Plateau Plume.
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Figure E-44. Elevation of the Water Table on the North Plateau Phased Decisionmaking
Alternative, Near-field Flow Model
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E.4.2 South Plateau

The model developed for the south plateau has the shape of a rectangular block oriented from the southwest to
the northeast that extends from the ground surface to the top of the Kent recessional sequence. The exterior
horizontal boundaries of the model aredepicted in Figure E-3 1. The model boundaries on the north, west and
east sides are along reaches of Franks Creek and Erdman Brook and near contact with bedrock on the south
boundary. Geohydrologic units represented in the model are the portions of the Lavery till differentiated into
the near-surface weathered Lavery till, the underlying unweathered Lavery till and portions of till disturbed by
holes and trenches excavated for disposal of waste. The hydraulic conductivities of the weathered Lavery till,
unweathered Lavery till and disturbed portions of the till were 4.65 x 1-, 6.0 x 10-8, and 4.65,x x0•
centimeters per second, respectively. The weathered Lavery till has thickness of approximately 3 meters across
the South Plateau while the unweathered Lavery till is approximately 27 meters thick under the SOuth Plateau.
For the horizontal directions, grid blocks ranged from I to 20 meters in size with a total of 1,978 grid blocks
for the historical conditions model and 2,346 grid blocks for the engineered features model. For the vertical
direction, the upper 6 meters were represented using 12, 0.25-meter-thick layers, while the lower 27 meters
were represented using 27, 1.0-meter-thick layers. Totals of approximately 77,000 and 91,000 grid blocks
were used for the historical conditions and engineered features models. Boundary conditions applied for the
model are uniform recharge of 2.3 centimeters per year at the ground surface, atmospheric pressure conditions
at the bottom of the unweathered Lavery till to simulate a water table in the underlying Kent recessional
sequence, atmospheric pressure in the weathered Lavery till on the west, east and north to simulate seepage to
the creeks, no flow from the south and no flow into the unweathered Lavery till on all sides. These general
elements of the model were developed further into two variants, the first developed for historical conditions as
appropriate for the No Action and the Phased Decisionmaking Alternatives and the second incorporated
engineered features as appropriate for the Sitewide Close-In-Place Alternative.

E.4.2.1 Historical Conditions and Phased Decisionmaking Alternative

Due to the low hydraulic conductivity of the till, the water table is generally high on the South Plateau. In
addition, only four non-trending target wells are located on the South Plateau. For these reasons, the
calibration target for the South Plateau near-field flow model was location of the water table near the ground
surface across the model area. A water table map for recharge of 2.3 centimeters per year produced these
conditions as represented in Figure E-45 and a comparison of measured and predicted leads, is presented in
Table E-23. Approximately, 70 percent of the incoming recharge exited the model volume at the bottom
while approximately 14, 7 and 7 percent of the recharge exited through seeps on the north, west and east
boundaries of the, model area. Estimates of Darcy velocity for the waste disposal areas are presented in
Table E-24.. Because of greater cross-sectional area, the predominant direction of horizontal flow is to the
north for sources at the SDA and to the north and west for sources at the NDA.

E.4.2.2 Engineered Features (Close-In-Place Conditions)

Engineered features proposed for South Plateau facilities include installation of a slurry wall upgradient of the
disposal areas and placement of caps over these areas. Of most interest is performance over the long-term
when loss of institutional control and of maintenance of the engineered facilities may occur. For the purpose of
analysis, a value of hydraulic conductivity for a degraded slurry wall was taken to be I x 10-6 centimeters per
second. As indicated by the analysis of cap summarized in Table E-l 8, long-term performance may provide
no reduction of recharge below background conditions on the South Plateau. A prediction of water table
elevation for these values of engineered conditions is presented in Figure E-46. Placement of the slurry wall
produces an increase in elevation of the water table upgradient of the slurry wall but only minor change inflow
relative to background conditions., Approximately 70 percent of the recharge water exits through thebottom of
the model volume with the balance exiting through the weathered Lavery till to the creeks. Estimates of Darcy
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velocity for the waste disposal areas are presented in Table E-25. Becauselof greater.cross-sectional area, the
predominant direction of horizontal flow is to the north for sources at the SDA and to the north and west for
sources at the NDA.
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Figure E-45 Elevation of the Water Table on the South Plateau. Historical
Conditions, Near-field Flow Model

Table E-23 Comparison of Measured and Predicted Heads for the South Plateau Near-field
_ _ _ _ _Flow Model •

Well Measured Head- (feet) Predicted Head (feet)

97 1378.2 1,385.8

1007 1,379.7 1,385.2

. 1008c 1,399.0 1,400.6

96-1-01 1,738.0 1,379.0
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Table E-24 Estimates of Darcy Velocity for Waste Disposal Areas on the South'Plateau for
Historical Conditions

Darcy Velocity a (meters per year)

Flow Direction
Disposal Area Bottom South North West East

NFS Process 0.025 -0.31 0.28 0.10 -0.094

NFS hulls 0.057 -0.43 0.12 0.035 -0.025

WVDP 0.031 -0.37 0.25 0.032 -0.013

SDA 0.023 -0.28 0.26 0.037 0.041
a Positive magnitude indicates flow in the specified direction.
Note: To convert meters to feet, multiply by 3.2808.
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Figure E-46 Elevation of the Water Table for Long-term Close-In-Place Conditions,
Near-field Flow Model
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Table E-25 Estimates of Darcy Velocity for Waste Disposal Areas on the,,
South Plateau for Close-In-Place Conditions

Darcy Velocity.a (meters per year)

Flow Direction
Disposal Area. Bottom . South , North West East

NFS Process 0.025 -0.26 0.23 .. 0.06 -0.09

NFS hulls 0.057 -0.04 0.10 -0.08 -0.23

,WVDP 0.031' -0.321 0.22 0.02 -O' 13

SDA 0.023 -0.27 0.25 0.03 0.04
a Positive magn itude indicates flow in the specified direction.
Note: To convert meters to feet, multiply by 3.2808.

E-80



Appendix E
Geohydrological Analysis

E.5 References

Bergeron, M. P. and W. M. Kappel, and R. M. Yager, 1987, Geohydrologic Conditions at the Nuclear-Fuels
Reprocessing Plant and Waste-Management Facilities at the Western New York Nuclear Service Center,.
Cattaraugus County, New'York, U.S. Geological Survey Water-Resources Investigations Report 85-4145,
U.S. Geological Survey, Ithaca, New York.

Bergeron, M. P. and E. F. Bugliosi, 1988, Ground: Water Flow Near Two Radioactive-Waste-DisposalAreas
at the Western New York Nuclear Service Center, Cattaraugus County, NeW York-Results of Flow
Simulation, U.S. Geological Survey Water-Resources Investigations Report 86-4351, U.S. Geological Survey,
Albany, New York.

Beven, K., 2006, "A manifesto for the equifinality thesis," Journal of Hydrology 320, pp. 18-36.

Cohen, F., 2006, Senior Geologist, URS Corporation, Personal communication (email) to J. Ross, University
of Vermont, Burlington, Vermont, October 11.

CWVNW (Coalition on West Valley Nuclear Wastes), 1993, Confirmation of Anomalous Westward Dip
between Springville and West Valley, New York, East Concord, New York, November 14.

Dames and Moore (Dames and Moore, Inc.), 1995, Investigation of Strontium Behavior in the Surficial Sand
and Gravel - Groundwater System, 10 805-953-8251, Orchard Park, New York, June 9.

Dana, Jr., R. H., R. H. Fakundiny, R. G. Lafleur, S. A. Mollello, and P. R. Whitney, 1979a, Geologic Study of
the Burial Medium at a Low-Level Radioactive Waste Burial Site at West Valley, New York, NYSGS/79-2411,
New York State Geological Survey/State Museum, Albany, NY.

Dana, Jr., R. H., S. A. Mollello, R. H. Fickies, and R. H. Fakundiny, 1979b, General Investigation of
Radionuclide Retention in Migration Pathways at the West Valley New York Low-Level Burial Site, Annual
Report, September 1, 1997- September 30, 1998, New York State Geological Survey/State Museum, Albany,
p. 99, NUREG/CR-0794, November.

Doherty, J, 2004, PEST, Model-Independent Parameter Estimation, User Manual, 5th ed., July.

Domenico, P. A., and F. A. Schwartz, 1990, Physical and Chemical Hydrogeology, John Wiley & Sons,
New York, pp. 824.

Engelder, T., and P. Geiser, 1979, The relationship between pencil cleavage and lateral shortening within the
Devonian section of the Appalachian Plateau, New York, Geology, Vol. 7, pg. 460-464, September.

Englund, E., and A. Sparks; 1991, GEO - EAS 1.2.1, Geostatistical Environmental Assessment Software,
User's Guide, U.S. Environmental Protection Agency Report, EPA 600/4-88/033, March.

EPA (U.S. Environmental Protection Agency), 1991, The RETC Code for Quantifying the Hydraulic
Functions of Unsaturated Soils, EPA/600/2-91/065, December.

Kappel, W. M., and W. E. Harding, 1987, Surface-Water Hydrology of the Western New York Service Center,
Cattaraugus County, New York, U.S. Geological Survey Water-Resources Investigations Report 85-4309,
Ithaca, New York.



Revised Draft EIS for Decommissioning and/or Long-Term Stewardship at the West Valley Demonstration Project
and Western New York Nuclear Service Center

Kool, J. B., and Y. S. Wu, 1991, Ground-Water Flow and Transport Modeling of the NRC-Licensed Waste
Disposal Facility, West Valley, New York, NUREG/CR-5794, prepared by HydroGeoLogic, Inc. for the
Nuclear Regulatory Commission, October.

La Fleur, R. G., 1979, Glacial Geology and Stratigraphy of Western New York Nuclear Service Center and
Vicinity, Cattaraugus and Erie Counties, New York, USGS Open File Report 79-9,89, Albany, New York.

LANL (Los Alamos National Laboratory), 2003, Software Users Manual (UM) for the FEHM Application,
Version 2.21, Rev. No. 00, Document ID: 10086-UM-2.21-00, October.

NYSGS (New York State Geological Survey), 1979, Research at a Low-level Radioactive Waste Burial Site at
West Valley, New York - An Introduction and Summary, NYSGS Open File Report 79-2413, New York State
Geological Survey, Albany, New York.

Pantex (BWXT Pantex, L.L.C.), 2004, Subsurface Modeling Report for the U.S. Department of
Energy/National Nuclear Security Administration Pantex Plant, Amarillo, Texas, Amarillo, Texas, September.

PNNL (Pacific Northwest National Laboratory), 2000, STOMP, Subsurface Transport Over Multiple
Phases, Version 2.0 Theory Guide, PNNL-12030, Richland, Washington, March.

Prudic, D. E., 1986, Ground- Water Hydrology and Subsurface Migration of Radionuclides at a Commercial
Radioactive Waste Burial Site, West Valley, Cattaraugus County, New. York, U.S. Geological Survey
Professional Paper 1325.

Ritzi, R. W., Z. Dai, D. F. Dominic, and Y.N. Rubin, 2003, "Review of permeability in buried-valley aquifers:
centimeter to kilometer scales," in Calibration and Reliability in Groundwater Modelling: A Few Steps Closer
to Reality, K. Kovar, ed., IAHS Publication no. 277, International Association of Hydrologic Sciences Press.

Sandia (Sandia National Laboratories), 2008a, Evaluation of. the West Valley Demonstration Project
Groundwater Flow and Transport Model, Report prepared for the U.S. Department of Energy, West Valley,
New York, August.

Sandia (Sandia National Laboratories), 2008b, Phase II: Calibration of the SAIC West Valley Demonstration
Project FEHM Flow Model, Report prepared for the U.S. Department of Energy, West Valley, New York,
August.

URS (URS Corporation), 2002, Report, An Update of the Structural Geology in the Vicinity of the Western
New York Nuclear Service Center, West Valley, New York, West Valley, New York, May.

USGS (U.S. Geological Survey), 2005, Computer Program for the Kendall Family of Trend Tests,
U.S. Geological Survey Scientific Investigations Report, 2005-5275.

Weber, D. and E. Englund, 1992, "Evaluation and Comparison of Spatial Interpolators", Mathematical
Geology.; 24:4, pp. 381-391. Also available as available as a research paper at
http://www.epa.gov/esd/cmb/research.htm.

WVES (West Valley Environmental Services, LLC), 2007, Annual Summary for the North Plateau
Strontium-90 Groundwater Plume, October 1, 2006 - September 30, 2007, December 31.

WVNS (West Valley Nuclear Services Company), 1993a, Environmental Information Document, Vol. I,
Geology, WVDP-EIS-004, Rev. 0, West Valley, New York, March.

E-82



Appendix E
Geohydrological Analysis

WVNS (West Valley Nuclear Services Company), 1993b, Environmental Information Document, Vol. III,
Hydrology, Part 4 of 5, Groundwater Hydrology and Geochemistry, WVDP-EIS-009, Rev. 0, West Valley,
New York, February.

WVNS (West Valley Nuclear Services Company), 1993c, Environmental Information Document, Vol. III,
Hydrology: Part 5 of 5, Vadose Zone Hydrology, WVDP-EIS-009, Rev. 0, West Valley, New York, February.

WVNS (West Valley Nuclear Services Company), 1994, Environmental Information Document, Vol. IV, Soils
Characterization, Appendices, WVDP-EIS-008, Rev. 0, West Valley, New York, September 15.

WVNS (West Valley Nuclear Services, Inc.), 1995, Subsurface Probing Investigation on the North Plateau at
the West Valley Demonstration Project, WVDP-220, West Valley, New York, May 1.

WVNS (West Valley Nuclear Services, Inc.), 1999, 1998 GeoProbe Investigation in the Core Area of the
North Plateau Groundwater Plume, WVDP-346, West Valley, New York, June 11.

WVNS (West Valley Nuclear Services Company), 2007, Safety Analysis Report for Low-Level Waste
Processing and Support Activities, WVNS-SAR-001, Rev. 11, West Valley, New York, June 28.

WVNS and Dames and Moore (West Valley Nuclear Services Company and Dames and Moore), 1997,
Resource Conservation and Recovery Act Facility Investigation Report Volume 1, Introduction and General
Site Overview, West Valley Demonstration Project West Valley, New York, WVDP-RFI-017, West Valley
Nuclear Services Company, Inc., West Valley, New York, July 14.

WVNS and URS (West Valley Nuclear Services Company, Inc. and URS Group Inc.), 2005, West Valley
Demonstration Project, Annual Site Environmental Report, Calendar Year 2004, West Valley, New York,
August.

WVNS and URS (West Valley Nuclear Services Company, Inc. and URS Group Inc.), 2006, West Valley
Demonstration Project, Annual Site Environmental Report, Calendar Year 2005, West Valley, New York,
September.

WVNS and URS (West Valley Nuclear Services Company, Inc. and URS Group, Inc.), 2007, West Valley
Demonstration Project, Annual Site Environmental Report, Calendar Year 2006, West Valley, New York,
September.

Yager, R. M., 1987, Simulation of Groundwater Flow near the Nuclear-Fuel Reprocessing Facility at the
Western New York Nuclear Service Center, Cattaraugus County, New York, U.S. Geological Survey, Water-
Resources Investigations Report 85-4308, U.S. Nuclear Regulatory Commission, Ithaca, New York.

Yager, R., 1993, U.S. Geological Survey, Personal communication (letter) to P. Bembia (NYSERDA),
September 2, 1993.

Zadins, Z. Z., 1997, A Hydrogeologic Evaluation of "Geologic and Hydrologic Implication of the Buried
Bedrock Valley that Extends from the Western New York Nuclear Service Center into Erie County, NY",
Dames and Moore, August.

E-83



APPENDIX F
EROSION STUDIES



APPENDIX F
EROSION STUDIES

Erosional processes are actively changing the glacial till landscape at the Western New York Nuclear Service
Center (WNYNSC), including the vicinity of the Project Premises and the New YorkState-licensed Disposal
Area (SDA). The North and South Plateaus are being modified through stream downcutting, slope movement,
gully migration, and sheet and rill erosion. The rate at which the plateaus are eroding has been the subject of
numerous studies at WNYNSC over the last 30 years (WVNS 1993a, 1993b).

The objective of this appendix is to describe current understanding of the erosion processes affecting
WNYNSC and the experimental observations and predictive modeling used to relate erosional process effects
and rates to the site's waste isolation capability. It summarizes erosion study results and presents short- and
long-term erosion rate estimates. Most of these analyses assume no engineering changes to the site drainage
pattern and no erosion control measures, though two long-term model simulations were developed to examine
the potential impacts of the engineered structures proposed as part of the Sitewide Close-In-Place Alternative.
Long-term erosion predictions are estimated using the CHILD and SIBERIA landscape evolution models and
validated using the limited amount of available site-specific data. Two sets of predictions are presented in this
appendix. Section F. 1 presents an overview of the processes affecting erosion at WNYNSC and the geologic
context in which those processes are acting. Section F.2 discusses observations of environmental conditions
related to erosion and summarizes erosion rate estimates based solely on these observations. Section F.3
describes approaches to mathematical modeling of erosion processes and presents erosion rate estimates for
both short and long periods of time.

F.1 Overview of Western New York Nuclear Service Center Erosional Processes and History

F.1.1 Overview of Erosional Processes

Erosion is the loosening and removal of soil by running water, moving ice, wind, or gravity. At WNYNSC,
running water is the predominate mechanism that causes erosion. Development of the topography and stream
drainage patterns currently observed at WNYNSC began with the glaciation and retreat process that ended
approximately 17,000 years ago. Erosion processes have affected the WNYNSC topography due to
gravitational forces and water flow within the Buttermilk Creek watershed. A portion of the watershed is
represented schematically in the topographic map presented as Figure F-1. Buttermilk Creek flows in a
northwesterly direction close to the central axis of WNYNSC at an elevation approximately 30.5 meters
(100 feet) below the plateau on which most of the facilities are located. On the plateau, Erdman Brook divides
the Project Premises and the SDA into two areas: the North Plateau, containing the industrial area, and the
South Plateau, containing the disposal areas. The entire watershed is shown in Figure F-2. This figure shows
the Project Premises and the SDA as a small area in the central portion of the watershed.

Major erosion processes affecting WNYNSC include stream channel downcutting, stream valley rim-widening,
gully advance, and, in disturbed areas, sheet and rill erosion. Each of these processes is discussed in the
following paragraphs.

During precipitation events, surface water runoff can create sheet and rill flow, which can entrain and transport
sediment particles. Sheet flow is a continuous film of water moving over smooth soil surfaces. Rill flow
consists of a series of small rivulets connecting one water-filled hollow with another on the rougher terrain.
Sheet and rill erosion occurs when the stress exerted by flow is sufficient to entrain and remove soil and
sediment particles. This form of erosion is generally rare on well-vegetated surfaces, but can be significant
when vegetation is sparse or absent.
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Figure F-I Western New York Nuclear Service Center Topography
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Figure F-2 Buttermilk Creek Drainage Basin
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The three small stream channels (Erdman Brook, Quarry Creek, and Franks Creek) that drain the Project
Premises and the SDA are being eroded by the stream channel downcutting and valley rim-widening processes.
The streams appear to be incising rapidly, as suggested by convex-upward longitudinal profiles, steep
V-shaped valley-side profiles, and the paucity of floodplains over a major portion of their length. The streams
within the plateau areas flow over glacial till material that is highly erodible. As channel downcutting
progresses, two specific mechanisms contribute to stream rim-widening. Streambanks are undercut, causing
localized slope failures (i.e., slumps and landslides). This process commonly occurs at the outside of the
meander loops and produces a widening of the stream valley rim. Even in locations where there is no bank
undercutting, downcutting of the stream will produce a steeper creek bank that is subject to slumping. This
second mechanism also produces widening of the floodplain.

Gully advance is the third type of erosion process that results from local runoff and reflects soil characteristics.
Gullies are most likely to form in areas along streambanks where slumps and deep fractures are present, seeps
are flowing, and the toe of the slope intersects the outside of the meander loop. Gully growth is not a steady-
state process; it occurs in response to episodic events, such as during thaws and after thunderstorms in areas
where a concentrated stream of water flows over the side of a plateau, as well as in areas where groundwater
pore pressure is high enough for seepage to promote grain-by-grain entrainment and removal of soil particles
from the base of the gully scarp (a process sometimes known as "sapping"). Sapping causes small tunnels (or
"pipes") to form in the soil at the gully base, which contributes to gully growth by undermining and weakening
the scarp until it collapses. Surface water runoff into the gully also contributes to gully growth by removing
fallen debris at the scarpbase, undercutting side walls, and scouring. the base of a head scarp. Although
human-induced changes to the surface water drainage pattern can control the growth of some gullies, other
natural processes that induce gully formation, such as the development of animal trails or tree falls, cannot be
readily controlled.

F.1.2 Overview of Geomorphic History

The postglacial geomorphic history of the site is relevant to calibrating long-term erosion models, so it is useful
to briefly review what is known about that history. The Cattaraugus Creek drainage basin empties into
Lake Erie. The bedrock geology consists of late Paleozoic sedimentary rocks that dip 0.5 to 0.8 degrees to the
south. Within the larger valleys, the bedrock is buried beneath a thick sequence of glacial, lacustrine, and
alluvial deposits (LaFleur 1979; Boothroyd et al. 1979, 1982; Fakundiny 1985). These deposits, which are
now partly dissected by stream incision, form an extensive set of low-relief, terrace-like surfaces inset into the
bedrock topography. Thus, the catchment has three distinct topographic elements: (1) rounded bedrock hills
with peak altitudes on the order of 550 meters (1,805 feet), (2) mid-level inset glacial terraces at an altitude of
approximately 400 meters (1,312 feet), and (3) modern valley floors etched several tens of meters below the
glacial terraces (see Figure F-3). The glacial terraces that form the "second story" in this landscape owe their
existence to deposition during repeated advances of the Wisconsin ice sheet. Glacial deposits within the
Buttermilk Creek Valley are composed of a series of till units representing the Olean, Kent, and Lavery
advances, together with interstadial deltaic, lacustrine facies, and alluvial facies (LaFleur 1979). At its
maximum extent, the ice margin reached a position several kilometers south of the Cattaraugus basin
(e.g., Millar 2004). The ice margin in this area is demarcated in part by the Kent moraine, which has been
correlated with the maximum ice advance some time later than 24,000 years ago (Muller and Calkin 1993).

The best constraints on the timing of glacial recession in western New York State appear to come from
stratigraphic studies in the Finger Lakes region. A seismic stratigraphic study by Mullins et al. (1996) showed
that the Finger Lakes were last eroded by a surge of ice at approximately 14,500 carbon-14 years before
present (about 17,000 calendar years ago) that is correlated with Heinrich event H-I (the most recent of the
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Stream valley Bottoms

Glacial Terraces

Rounded Bedrock Hills

Figure F-3 Shaded Relief Image of Buttermilk Creek and Vicinity, Showing
Rounded Bedrock Hills, Glacial Terraces, and Stream Valley Bottoms

glacial North Atlantic large iceberg discharges). Radiocarbon-dated cores from Seneca Lake reveal that ice
retreated rapidly from the north end of the lake at about 14,000 carbon-14 years before present (approximately
16,600 calendar years ago) (Anderson et al. 1997, Ellis et al. 2004). (Note that the difference between
measured carbon-14 years and actual calendar years represents a correction applied to compensate for natural
variations through time in both the production rate and concentration of carbon-14 in the earth's atmosphere;
see for example Fairbanks et al. 2005 for details on calibration methods).

Cattaraugus Creek and many of its tributaries are deeply incised into the complex of unconsolidated, glacially
derived sediments that fill the bedrock valleys. The depth of incision varies but is typically on the order of
60 to 70 meters (197 to 230 feet). Near the outlet of Buttermilk Creek, for example, the modem channel lies
about 60 meters (197 feet) below the adjacent glacial terrace. The incision is clearly postglacial because it cuts
late Wisconsinan valley fills. Although some incision during one of the later interstadials (post-Erie) cannot
definitely be ruled out, the geometry of the incised portion of drainage network makes this unlikely. Incision
along Cattaraugus Creek extends downstream through the Zoar Valley, a narrow, deep (approximately
150 meters [492 feet]) bedrock canyon just east of Gowanda, New York. Downstream of the Zoar Valley,
relief drops markedly as the creek enters a broad, tongue-shaped valley that appears to reflect the position of a
former ice lobe. It is hypothesized that incision of the Zoar Valley and the valley fills upstream of it was
triggered by baselevel lowering as the ice margin retreated north from the Gowanda area. Results from
optically stimulated luminescence (OSL) dating in and near Buttermilk Creek, discussed in Section F.2.2, are
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consistent with this hypothesis, though additional dates from terraces along the Cattaraugus Valley upstream

and downstream of the Zoar Valley would be necessary to confirm it.

F.2 Summary of Site Erosion Measurements

Site-specific historical erosion rates are important for testing the validity of any erosion predictions. Rates for
the four dominant erosion processes (sheet and rill erosion, stream channel downcutting, stream valley
widening, and gully advancement) for the Project Premises and the SDA have been estimated from
measurements at the site. Sheet and rill erosion rates were directly measured using erosion frames at
23 locations along the stream valley banks adjacent to the Project Premises. Stream downcutting rates were
determined from the age dating of terraces using carbon-14 and OSL methods and stream channel longitudinal
profile measurements. The downcutting rates were translated into stream valley rim-widening rates using an
estimate of the stable slope angle and geometric considerations. Gullymigration rates were determined using
aerial photographs and the Soil Conservation Service Technical Release 32 Method (USDA 1976).
Observation of other geomorphic processes, including meandering and. knickpoint advance, provides
perspective but no additional quantitative information for erosion rate estimates.

These historical measurements provide perspective by which to judge the reasonableness of current erosion
projections. All of these measurements, with the exception of OSL terrace dating, were collected before the
current long-term erosion modeling effort was initiated and, therefore, were not designed as calibration
measurements with quantifiable uncertainties. Thus, with the exception of the OSL age-dating data, specific
measurements reported in this section were not directly used in the long-term modeling projections discussed
in Section F.3.2.

F.2.1 Sheet and Rill Erosion Measurement

Field measurements of sheet and rill erosion on overland flow areas and mass-wasting on hillslopes Were taken
at 23 locations along Erdman Brook, Franks Creek, and Quarry Creek using erosion frames (WVNS 1993a)
(see Figure F-4). Each erosion frame was composed of a triangular steel structure designed to detect changes
in soil depth at the point of installation. Twenty-one frames were placed on hillslopes that are close to plant
facilities and contain a variety of soil types and slope angles. Two frames (EF-5 and EF-9) were placed near
the edges of stream valley walls to monitor the potential slumping of large soil blocks. The frames were
installed in September 1990 and initially monitored every month and subsequently, monitored at 6-month to
1-year intervals between 1993 and September 2001. In September 1995, SDA construction activities
necessitated removal of frames EF-3, -4, and -5 to allow for the construction of erosion controls in the SDA
gully. Also, EF-1 2 was removed from the monitoring program in June 1998 because it had been displaced due
to a gross slump (block) failure.

The sheet and rill erosion results are shown in Table F-1. These results show that soil buildup (aggradation)
ranging from 0.003 to 0.16 meters (0.01 to 0.52 feet) was occurring at eight locations along Erdman Brook
(EF-1, -2, -7, -8, -9, -21, -22, and -23), three locations along Franks Creek (EF-16; -19, and -20), and
one location along Quarry Creek (EF-10) (WVNS 1993a). Soil depletion (degradation) ranging from -0.0003
to -0.015 meters (-0.001 to -0.05 feet) was observed at one location along Quarry Creek (EF- 11) and five
locations on Franks Creek (EF-6, -13, -15, -17, and -18). The Quarry Creek location (EF-1 1) is on the slope of
the NP-1 gully (see Figure F-5), where a stormwater outfall (SO-4) is also located. The management practice
of directing runoff to this location likely accelerated the gully development; however, none of the five locations
on Franks Creek where degradation occurred are near stormwater outfall locations or appear to have been
influenced by stormwater management practices. No soil aggradation or degradation was measured at the
EF-14 location. The largest measured erosion rate over the 11-year period was measured at frame EF-17 with
an elevation change of 0.05 feet per eleven years, which is equal to a rate of 0.0014 meters (0.0046 feet) per
year or 1,400 millimeters (4.6 feet) per 1,000 years.
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Figure F-4 Sheet and Rill Erosion Frame Measurement Locations

F-7



Revised Draft EIS for Decommissioning and/or Long-Term Stewardship at the West Valley Demonstration Project
and Western New York Nuclear Service Center

...... French Drain

Slump Block Area
F-48, Station Number

Knickpoints

'Gullies

A Direction of Surface Flow

. •; LFence

CDDL Construction, Demolition, and
Debris Landfill

NDA: Nuclear Regulatory Commission-
Licensed Disposal Area

SDA New York State-Licensed
z . Disposal Area

100 0 100

Scale in Meters

300 0 300

Scale in Feet

Source: Adaeoted from VVVNS 1993a.

Figure F-5 North and South Plateau Gully Locations
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Table F-1 Sheet and Rill Erosion Measurements
Elevation Change between

Frame Number Frame Location 1990 and 2001 (feet)

EF-I At north end of SDA on slope to Erdman Brook +0.39

EF-2 On slope to Erdman Brook downgradient of EF- I location +0.03

EF-3 Adjacent to gully located northeast of SDA N/A

EF-4 In stream channel near northeast corner of SDA N/A

EF-5 On flat ground near northeast corner of SDA N/A

EF-6 At crest of a hillslope on the eastern slope of SDA -0.02

EF-7 On ridge near northwest corner of NDA +0.11

EF-8 On ridge along Erdman Brook +0.10

EF-9 On flat ground south of lagoon 2 +0.04

EF-10 On plateau at north end of facilities near Quarry Creek +0.01

EF-11 On west slope of the NP-I gully -0.04

EF-1 2 In gully NP-1 north of the security fence N/A

EF-13 On western slope of lower Franks Creek -0.001

EF- 14 South of lagoon 3 on eastern slope of Erdman Brook -0.000

EF- 15 On south slope of Franks Creek -0.04

EF-16 On west slope of Franks Creek +0.07.

EF-17 On eastern slope of Franks Creek -0.05

EF-18 On west slope of Franks Creek -0.004

EF-19 On slope outside the southeastern end of SDA +0.52

EF-20 On slope outside the south end of SDA +0.13

EF-21 At southwest end of site along Rock Springs Road +0.06

EF-22 On south bank of Erdman Brook north of NDA +0109

EF-23 On north bank of Erdman Brook north of NDA +0.24

SDA = State-licensed Disposal Area, N/A = frames removed due to construction activities in SDA and gross slump block
failures, NDA = NRC-licensed Disposal Area, + = aggradation, - degradation.
Note: To convert meters to feet, multiply by 3.281.

F.2.2 Stream Downcutting

Estimates of past. rates of- channel incision serve three purposes: they give an indication of potential future
incision rates, they enable estimates of valley, rim-widening (using a geometric approach described in
Section F.2.3), and they provide data for testing and calibrating long-term erosion models. Rates of stream
incision were estimated using two complementary methods. The first method uses dated stream terraces to
estimate average -incision rates during the time period since terrace abandonment. The second relies on
repeated surveys of channel cross sections to assess rates of channel lowering on annual to decadal time scales.

LaFleur and Boothroyd calculated an average stream downcutting rate of approximately 6.0 meters (20 feet)
per 1,000 years by means of the carbon- 14 age dating of one wood fragment sample collected from the highest
of 14 terrace levels on the west side of Buttermilk Creek (LaFleur 1979). The sample was extracted from a
trench where wood fragments were buried 50 centimeters (20 inches) below the river gravel surface, and was
determined to have an age of 9,920 ± 240 years before present (before present uncorrected carbon-14 years,
dated by Richard Pardi, Queens College) (Boothroyd et al. 1979). Using the CalPal online radiocarbon
calibration curve (http://www.calpal-online.de/), the corresponding calendar age is 11,502 + 507 years before
present. This age was assumed to be close to the time of initial incision and downcutting of Buttermilk Creek.
Because Buttermilk Creek has eroded to a depth of 55 meters (180 feet) at the Bond Road Bridge near the
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confluence with Cattaraugus Creek, Boothroyd et at. (1979) calculated a stream downcutting rate of 5.5 meters
(18 feet) per 1,000 years as determined by dividing 55 meters by 10,000 years (the approximate uncalibrated
age). The equivalent calculation using the calibrated age yields an average downcutting rate of 4.8 meters
(15.7 feet) per 1,000 years.

In November 2006, samples for OSL dating were collected from ten locations along and near Buttermilk
Creek, as shown in Figure F-6 and Table F-2. Three pairs of samples (OSL 4, 8, and 9) were collected from
fluvial gravels deposited on or near the plateau surface in areas isolated from tributary sediment sources. Five
pairs (OSL 1, 2, 3, 5, and 6) were collected from fluvial terraces mapped by LaFleur (1979) and
Boothroyd et al. (1982). An additional sample pair (OSL 7) was collected from a mid-level strath terrace in the
Cattaraugus Valley near the Buttermilk confluence. The final sample pair (OSL 10), which is- not shown in
Figure F-6, was obtained from a high-level strath terrace in the adjacent Connoisarauley Creek Valley, which
lies just to the southwest of the Buttermilk Creek watershed. Sample collection followed standard procedures
for OSL sampling (http://crustal.usgs.gov/laboratoriesfluminescence-dating/prospective.html). The samples
were processed at the U.S. Geological Survey (USGS) Luminescence Laboratory (Mahan 2007).

The OSL sample results shown in Table F-3 were obtained using a central-age model, which is most
appropriate for well-bleached samples (i.e., those with a.narrow equivalent-dose histogram). Three of the
samples (OSL IA, 5A, and 8A) show tight dose-equivalent clusters, indicating that the grains within them are
likely to have been well bleached. These samples are considered to be the most reliable of the group. Sample
9A suggests a date of 17,100 ±.1,390 years before present for initial incision of Buttermilk Creek; this date
overlaps within one-sigma error the age estimates for the other two high-surface samples (4A and 9A; Table F-
3). Of the Buttermilk Creek terrace samples, the most reliable are considered to be samples IA and 5A (due to
their narrow single-aliquot distributions, which are indicative of good bleaching). Both samples were obtained
from terraces with treads lying roughly midway between the plateau surface and the modem valley floor. The
central-age estimates of 14,800 ± 1,330 and 14,500 ± 1,080 years before present for samples IA and 5A,
respectively,'suggest that roughly half of the incision had occurred by 13,000 to 16,000 years before present,
and that the remaining incision has occurred since that time. Thus, the incision rate along Cattaraugus Creek
has evidently slowed down over time. Collectively, the OSL dates suggest rapid incision from about 17,000 to
15,000 years before present and a slower incision rate from approximately 15,000 years before present to the
present. The estimated rates vary somewhat with location, but are on the order of 0.01 meters (0.03 feet) per
year during the early period and 0.001 meters (0.003 feet) per year during the later period.

The origin of the discrepancy between the carbon-14 age and the OSL ages is not known. One possibility is
that the carbon-14 was contaminated with younger carbon. Another possibility is that the OSL samples are
biased toward older ages by incompletely bleached grains, though if this were the case it would have to apply
to all the samples. Resolution of the discrepancy would require additional data collection and/or analysis, such
as collection of additional carbon-14 samples and/or application of alternative-age models to the OSL dose-
equivalent data (e.g., the minimum-age model of Galbraith and Laslett [1993]).

The second measurement for downcutting involves comparison of elevation changes in cross-sections after
10 years. In 1980 a longitudinal profile survey was conducted by Dames and Moore (WVNS 1993a) on a
section of Franks Creek starting at the Quarry Creek confluence and proceeding upstream to a point on the east
side of the SDA. In 1990 a second survey was completed along the same section of Franks Creek, and a
comparison of resulting data indicated a downcutting rate of approximately 0.6 meters (2 feet) per 10-year
period, which is equivalent to 60 meters (200 feet) per 1,000 years. This downcutting rate is the result of direct
measurement of the change in thalweg, which is the locus of the lowest points in a stream or valley depth over
the 10-year period. Because this rate is based on a short (10-year) projection, it does not take into account the
wider range of precipitation values that are likely to occur over the long term, and thus, is not considered to be
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Figure F-6 Contour Map of Buttermilk Creek Showing Optically Stimulated Luminescence
Sample Locations
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Table F-2 Optica ly Stimulated Luminescence Sample Locations
Altitude

Site Number Coordinates (meters) Location Notes

WV-OSL-1 42.43542 N, 78.63179 W 414 Right-bank strath terrace, upper Buttermilk valley

WV-OSL-2 42.45270 N, 78.64275 W 382 Right-bank terrace, middle Buttermilk valley

WV-OSL-3 42.43885 N, 78.63079 W 410 Right-bank terrace in tributary valley

WV-OSL-4 42.43709 N, 78.63091 W 425 Gravel quarry on plateau surface, upper Buttermilk valley.

WV-OSL-5 42.47130 N, 78.66745 W 379 Left-bank terrace, lower Buttermilk valley

WV-OSL-6 42.47155 N, 78.66703 W 367 Left-bank strath terrace, lower Buttermilk valley

WV-OSL-7 42.49426 N, 78.66277 W 365 Right-bank terrace, Cattaraugus valley

WV-OSL-8 42.45938 N, 78.65047 W 408 Plateau-top terrace between Franks and Buttermilk

WV-OSL-9 42.45874 N, 78.64859 W 394 Fluvial gravel over till, south end of abandoned meander loop

WV-OSL-10 42.42475 N, 78.69410 W 440 Plateau sand/gravel over till, Connoisarauley valley

Altitude represents terrace tread height rather than sample height.
Note: To convert meters to feet, multiply by 3.28 1.

Table F-3 Optically Stimulated Luminescence Sample Ages and Average Incision Rates
Depth Below Height Above Pre-terrace Incision Post-terrace Incision

Sample Central-Age Model Plateau Valley Floor Rate (meters per Rate (meters per
Number Date (ky ± 1 o) (meters) (meters) 1,000 years) 1,000 years)

IA 14.8 ± 1.33 14 18 6.5 1.2

2A 16.2 ± 1.31 42 9 52 0.56

3A 16.7 ± 0.88 20 10 66 0.60

4A 16.1 ± 2.01 5 25 5.3 1.6

5A 14.5 ± 1.08 32 28 . 13 1.9

6A 15.0 ± 2.04 44 16 22 1.1

7A 15.2 ± 1.82 40 25 22 1.6

8A 16.8 ± 1.53 7 45 N/A 2.7

9A 17.1 ± 1.39 21 31 N/A i.8

10A 21.2 ± 1.17 N/A N/A N/A N/A

Depth below plateau and height above valley floor estimated from contour map and/or digital elevation model.
Post-terrace incision rate based on assumed start time of incision of 17 thousand years before AD 1950.
ky = 1,000 years, 1 or= one standard deviation.
Note: To convert meters to feet, multiply by 3.281.

representative of long-term conditions. The 10-year projection also relies heavily on the current status of land
use in the watershed, which is industrial in the vicinity of WNYNSC. The larger percentage of impervious
areas associated with the industrial complex results in higher surface water runoff rates than are expected to
occur following decommissioning.

F.2.3 Historical Stream Valley Rim-Widening

Stream valley rim-widening rates were calculated using estimates of the stream channel downcutting rates and
the stream valley stable slope angle. The estimate of stable slope angle was determined from measurements of
slope movement rates on several stream valley slopes that are actively slumping. The average downcutting
rate, as estimated from dated terraces and the longitudinal profile study, was translated into a rim-widening rate
by dividing the downcutting rate by the tangent of the stable slope angle.
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F.2.3.1 Rim-Widening Estimates Based on Stream Downcutting Measurements

Dames and Moore studied the ravine angle of slopes within the Buttermilk Creek Drainage Basin to estimate
the angle of stable slopes. They measured 21 cross-sections along Quarry Creek, Franks Creek, and Erdman
Brook using the 0.61-meter (2-foot) contour interval on a topographic map compiled by stereo-
photogrammetric methods from 1:6,000-scale aerial photographs taken on May 17, 1989, and compiled by
Tallamy, Van Kuren, Gertis, and Associates of Orchard Park, New York (WVNS 1993a). The cross-sections
were taken in areas having rather stable stream valley walls (no evidence of active landsliding), and an average
slope angle was calculated. The slope angle, approximately 21 degrees, is considered to be representative of an
"at-rest" slope condition, meaning the valley walls have reached equilibrium. Slopes with angles greater than
21 degrees are viewed as potentially unstable.

A second method confirmed the estimate of a 21-degree stable-slope angle. In this second study, force balance
analysis was applied to estimate the slope angles for eight areas along Erdman Brook and Franks Creek
(WVNS 1993a). Five of the areas, with slope angles ranging from 18.4.to 24.9 degrees, were found to be
stable. One of the areas, with a slope angle of 27 degrees, was found subject to creep. The remaining two
areas, with slope angles of 26 and 38 degrees, were found to be unstable.

Using the stable-slope estimate of 21 degrees and an average downcutting rate of 5,500 millimeters (18 feet)
per 1,000 years computed from the uncalibrated carbon-14 age of the high-terrace sample, the average rim-
widening rate for Buttermilk Creek is 0.0143 meters (0.05 feet) per year. The equivalent figure for the
calibrated carbon-14 age is 0.0 125 meters (0.04 feet) per year. The same calculation can be made using rates
of downcutting estimated from OSL terrace ages. Dividing the height of mid-level Buttermilk Creek terraces
(sample locations 1, 2, 3, 5, and 6) by their ages yields average downcutting rates ranging from
0.6 to 1.9 meters (2.0 to 6.2 feet) per 1,000 years (Table F-3). Of these, the most reliable figures are thought
to come from the well bleached samples IA and 5A, with estimated post-15,000 years ago downcutting rates of
1.2 and 1.6 meters (3.9 to 5.2 feet) per 1,000 years, respectively. The corresponding rim-widening rates are
3.1 and 4.2 meters (10.2 to 13.8) per 1,000 years, respectively. Note, however, that downcutting estimates
based on Buttermilk Creek would likely underestimate the current downcutting rate along Franks Creek, which
has a partly convex-upward longitudinal profile that may indicate that it is still in a state of transient response
to base-level lowering in the Buttermilk Creek Valley, and therefore incising faster than Buttermilk Creek.

The rim-widening rate was also estimated using the measured short-term downcutting rate from the
longitudinal profile study of approximately 0.6 meters (2 feet) per 10 years in conjunction with an assumed
21-degree stable slope. This approach results in a rim-widening rate of 0.156 meters (0.5 feet) per year for
Franks Creek (see Table F-4).

Table F-4 Estimates of Stream Valley Rim-Widening Based on Stream Downcutting
Stream Downcutting Rate Stream Valley Rim-Widening

Location and Method (meters per 1,000 years) Rate (meters per year)

Buttermilk Creek (calibrated carbon-14 age dating of wood 4.8 0.0125
fragment)

Buttermilk Creek (OSL dating of terrace alluvium, samples 1.2 (lA) 0.0031
IA and 5A) 1.6 (5A) 0.0042

Franks Creek (longitudinal profile survey) 60 0.156

OSL = optically stimulated luminescence.
Note: To convert meters to feet, multiply by 3.281.
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F.2.3.2 Rim-Widening Estimates Based on Slope Movement Measurements

The slope movement ratewas measured on active slump areas along Buttermilk Creek and Erdman Brook. In
1978 movement of a slump block on the Buttermilk Creek ravine, referred to as the "BC-6" landslide,
approximately 426 meters (1,400 feet) east of the Waste Management Area 2 lagoons was analyzed
(Boothroyd et al. 1979). Thirty-five steel posts were surveyed at locations on the slump block complex and
adjoining slopes. Resurvey of the posts two years later yielded an estimated average downslope movement rate
of 7.9 meters (26 feet) per year. This downslope movement rate corresponds to a stream valley rim-widening
rate of 4.9 to 5.8 meters (16 to 19 feet) per year based on the angle of the slope (Boothroyd et al.: 1982). This
movement rate is believed to represent an upper estimate of the annual mass movement that has occurred on
the slope because a severe storm (recurrence interval: 10 to 20 years) was recorded during the measurement
period and a sand layer 4.6 meters (15 feet) thick was identified near the top of the landslide. The movement
rate is also expected to be higher than the long-term average because a moderately severe storm occurred
during the short measurement timeframe, inducing rapid movement and potentially skewing results toward the
high end. Also, the high rate is not sustainable over the long term because slope movement slows as the slope
angle tends to stabilize and eventually stops as that angle attains equilibrium; movement may be rejuvenated,
however, by stream incision at the base of the slope. Over the course of a 1,000-year period, many localized
areas throughout the stream valley would develop unstable slopes, which would move rapidly over a short time
and then stabilize.

Along the section of Erdman Brook referred to as the "North Slope of the SDA," the New York State
Geological Survey installed and surveyed 34 posts in 1982 and resurveyed the post elevations in 1983 to assess
slope movement. The downslope till movement rate for the first year (1982 to 1983) was reported to be
0.2 meters (0.66 feet) per year, equivalent to a stream valleyrim-widening rate of approximately 0.15 meters
(0.49 feet) per year (Albanese et al. 1984). The New York State Energy Research and Development Authority
(NYSERDA) resumed yearly measurements in 1991 and reported a maximum downslope till movement rate of
0.04 meters (0.12 feet) per. year over the last 22 years (1982 to 2004) and a maximum of 0.02 meters
(0.07 feet) per year over the last 13 years (1991 to 2004), indicating thatthe movement rate has slowed down
over the last decade (WVNS 1993a). Table F-5 summarizes these results.

Table F-5 Estimates of Stream Valley Rim-Widening Based on Slope Movement
Slope Movement Rate Stream Valley Rim-Widening

Location (meters per year) Rate (meters per year)

BC-6 landslide (on ButtermilkCreek 426 meters east of 7.9 4.9 to 5.8
the lagoons)

North Slope of SDA (on Erdman Brook) - first-year rate 0.2 0.15

North Slope of SDA (on Erdman Brook) - 22-year rate 0.02 to 0.04 0.015 to 0.03

SDA = State-licensed Disposal Area.
Note: To convert meters to feet, multiply by 3.281.

F.2.3.3 Measurement of Gully Advance Rates

Several existing gullies in the Buttermilk drainage basin are migrating into theedge of the North and South
Plateaus. If natural gully advancement proceeds without mitigation, the gully heads could cut into the areas in
which residual radioactivity could be closed in place. To address this concern, studies have been initiated to
determine the gully migration rate. As shown in Figure F-5, five gullies have been mapped on the North
Plateau extending from Quarry Creek (NP-1), Erdman Brook (EQ-1), and Franks Creek (NP-2, NP-3, and 006)
toward the industrial area, and two have been mapped onto the South Plateau (SDA and NRC-licensed disposal
Area [NDA]) extending from Erdman Brook toward the disposal facilities.
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The headward advance rate of three active gullies (SDA, NP-3, and 006) was calculated (WVNS 1993a) using
the Soil Conservation Service Technical Release 32 method (USDA 1976). Aerial photographs taken in 1955,
1961, 1968, 1977, 1978, 1980, 1984, and 1989 were reviewed in support of the calculation. As: shown in
Table F-6, this method indicated that the SDA gully was advancing toward SDA Disposal Trench 1 at a rate
of 0.4 meters (1.2 feet) per year, implying that, without mitigation, the gully would reach the SDA fence in
approximately 25 years and the trench in about 200 years. In 1995, as part of an effort to control infiltration
and runoff at the SDA, the gully was reconstructed to mitigate erosion. The NP-3 gully is advancing toward
the Construction and Demolition Debris Landfill at a rate of 0.7 meters (2.2 feet) per year; without mitigation,
thisgully will encroach upon it in about 100 years. The 006 gully is migrating toward the area between the
Construction, and Demolition Debris Landfill and the wastewater treatment lagoons at a rate of 0.7 meters
(2.3 feet) per year. Without mitigation, this gully is predicted to reach the area in approximately 150years;
however, given the present surface water drainage course, the gully head is not likely to. affect the two
facilities. Other gullies on the Project Premises have not shown sufficient visible movement of the gully heads
to allow for the calculation of migration rates by the Soil Conservation Service Technical Release 32 method.

.. .. __Table F-6 Gully Advance Rate Measurements

Gully Advance Rate
Gully Name Gully Location (meters pier year)

SDA On east bank of Erdman Brook north of SDA .0.4 a

NP-3 On west bank of lower Franks Creek, east of Construction and Demolition Debris 0.7
Landfill

006 On west bank of Franks Creek, just north of confluence with Erdman Brook '0.7

SDA - State-licensed Disposal Area.
a The SDA gully was reconstructed in 1995 and the 0.4 meters per year rate was measured before mitigation.

Note: To convert meters to feet, multiply by 3.281.

F.3 Erosion Rate Prediction Methods

Mathematical models are used to predict the nature and rates of erosion processes. A survey of the models
shows that they fall into two broad categories. Models in the first category make short-term predictions
(projections considered valid for decades). These short-term models are generally based on detailed simulation
of one or two distinct erosional processes. Models in the second category use upper-level conservation
equations representing the combined effect of multiple erosional processes to make long-term projections
(thousands of years). The following paragraphs provide a discussion of the various short- and long-term
erosion models and a summary of erosion rate estimates at the West Valley Site developed using these models.
Currently no single model provides a detailed representation of the variety of natural processes that, over
differing spaces and times, combine to produce Observed landform and stream channel configurations.

F.3.1 Short-Term Models

This section presents available, relevant, short-term erosion predictions that were made before the current long-
term erosion modeling effort was initiated. The models were used to predict channel downcutting and sheet
and rill erosion processes. These historical short-term erosion predictions provide perspective by which to
judge the reasonableness of current erosion projections; however, the predictions reported in this section were
not directly used in the calibration of the long-term modeling projections. discussed in Section F.3.2.

F.3.1.1 Short-Term Sheet and Rill Erosion Prediction

Four methods were used to predict the sheet and rill erosion rate at WNYNSC..First, the Universal Soil Loss
Equation (USLE) was used to predict the average annual soil loss from individual subwatershed areas that
collectively represent the Franks Creek, Erdman Brook, and Quarry Creek watershed (referred to as the
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"Franks Creek watershed"). Then, the Sedimentology by Distributed Model Treatment (SEDIMOT) 1I model
was run to account for soil loss that occurs during major storm events within the same subwatershed areas.
Third, the Chemicals, Runoff, and Erosion from Agricultural Management Systems (CREAMS) model .was
used to predict the average annual sediment yield from a small portion of the South Plateau., And fourth, the
Water Erosion Prediction Project (WEPP) model was run to predictthe average annual sediment yield~from all
the subwatershed areas within the Franks Creek watershed and to determine the sediment yield from these
subwatershed areas during major storm events.

Universal Soil Loss Equation

The USLE is an empirically derived relationship developed to predict soil loss rates for agricultural conditions.
The empirical equation is the product of six major factors that use the quantity of rainfall, length and average
gradient of the slopes, type of soil, and type of soil cover (e.g., forest, grass, bare soil). It predicts soil loss
caused by overland flow from the point of origin to a channel (Weltz et al. 1992) and does not simulate soil
deposition or gully and channel erosion (Foster 1982).

The USLE equation is-

A =R x K x LS'x Cx P

where:

A is the potential long term average annual soil loss in metric tons per hectare per year.

R is the rainfall and runoff factor by geographic location. The greater the intensityand duration; of the
rainstorm, the higher the erosion potential. The runoff factor takes into account the variation in land-use
conditions.

K is the soil erodibility factor. It is the average soil loss per unit area (in metric tons per hectare) for a
particular soil in cultivated, continuous fallow with an arbitrarily selected slope length of 72.6 feet and a
slope steepness of 9 percent. K is a measure of the susceptibility of. soil particles to detachment and
transport by rainfall and runoff. Texture is the principal factor affecting K, but structure, organic matter,
and permeability also contribute.

LS is the slope length-gradient factor. The LS factor represents a ratio of soil loss under given conditions
to soil loss at a, site with the "standard" slope steepness of 9 percent and slope length of 72.6 feet. The
steeper and longer the slope, the higher is the risk for erosion.

C is the crop/vegetation and management factor. It is used to determine the relative effectiveness of soil
and crop management systems in preventing soil loss. The C factor is a ratio of soil loss from land under a
specific crop and management system to soil loss from continuously fallow and tilled land.

P is the support practice factor. It reflects the effects of practices that will reduce the amount` and rate of
water runoff and thus reduce the amount of erosion. 'The P factor represents the ratio of soil loss by a
support practice to soil loss attributable to straight-row farming up and down the slope.

The USLE method was used to predict the rate of soil loss from the hillslopes within the entire Franks Creek
watershed. As shown in Figure F-7, the Project Premises and the SDA are near the downgradient end of the
440-hectare (1,040-acre) watershed. The watershed was divided into the same 22 subwatershed areas defined
in the hydrologic modeling studies conducted by Dames and Moore (WVNS 1993c) to provide consistency in
the analyses. Precipitation data were obtained from the site meteorological tower for the 1-year period of
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March 1, 1990,ý to February 28, 1991 (WVNS 1993a). Soil erodibility values were based on standard
U.S. Department of Agriculture (USDA) grain-size classifications of each soil unit, as defined in. site-specific
studies (WVNS 1993a). Vegetation cover values were based on a vegetation survey. of the area
(WVNS 1993d).. Input values for cover management factors were obtained from source document tables
(Wischmeier and Smith 1978). Table F-7 summarizes input parameters used in the USLE for each of the
22 subwatershed areas and the results.

West Valley Demonstration
Project Premises Boundary

Figure F-7 USLE and SEDIMOT II Modeling Studies Subwatershed Areas

The results indicate that small quantities of soil are being removed from the. hillslopes by the sheet and rill
erosion process. The correlation indicates that the areas with the greatest soil loss were within the Quarry
Creek Drainage Basin west and northwest of the Project Premises and within the Erdman Brook-Franks Creek
Drainage Basin west and east of the Project Premises. The average soil loss for the watershed was estimated to
be 0.19 metric tons per hectare (0.085 tons per acre) per year. This soil loss rate is equivalent to an average
decrease in elevation of 12.8 millimeters (0.04'feet) per 1,000 years. These USLE estimates are based on only

year of site-specific precipitation data. USLE estimates are more accurate when applied over a period of at
least 30 years, which allows effects of isolated and unpredictable short-term fluctuations to be dampened.
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Table F-7 USLE Input Parameters and Results.
R K Soil Loss Soil Loss

(MJ x millimeters (metric tons x hectare x K (metric tons (metric
Sub- Area per hectare x hour hour/ hectare x Distr. .. per tons per.
area (hectares) x year) LS MJ x millimeter) % C P hectare-year) year)

Q1 10.26 2067.33 3.2 0.0026 100 0.003 0.6 0.03 0.32

Q2 20.63 2067.33. 4.3 0.0026 100 0.003 0.6 . 0.04 0:86

Q3 10.30 2067.33 1.8 0.0026 100 0.003 0.5 0.02 .0.15

Q4 26.24 2067.33 11.0 0.0026 100 0.003 0.8 0.14 3.77

Q5 23.01 2067.33 5.0 0.0026 100 0.003 0.6 0.05 1.12

Q6 20.63 2067.33 9.1 0.0026 100 0.003 0.75 0.11 2.30

Q7 17.82 2067.33 5.8 0.0026 100 0.003 0.7 0.07 1.18

Q8 24.30 2067.33 19.2 0.0026 100 0.003 1.0 0.31 7.62

Q9 32.65 2067.33 23.4 0.0026 100 0.003 1.0 0.38 12.48

Q10 45.79 2067.33 16.9 0.0026 90 0.003 0.8. 0.20 9.14
0.0020 10 0.003 0.8 0.02 0.76

Q11 26.35 2067.33 27.0 0.0026 80 0.003 1.0 0.35 9.28
0.0020 .20 0.003 1.0 0.07 1.74

Q12 34.49 2067.33 3.6 0.0026 60 0.003 0.55 0.02 0.66
0.0020 40 0.003 0.55 0.01 0.34

El 21.24 2067.33 22.5 0.0026 100 0.003 1.0 0.36 7.81

E2 12.13 2067.33 6.8 0.0026 50 0.003 .0.8 0.04 0.54
0.0020 50 0.003 0.8 0.03 0.41

E3 2.99 2067.33 6.4 0.0026 70 0.003 0.85 0.05 0.14
0.0020 30 0.003 0.85 0.03 0.08

E4 6.41 2067.33 1.9 0.0026 100 0.003 0.55 0.02 0.11

E5 9.32 2067.33 1.9 0.0026 60 0.003 0.55 0.01 0.07
0.0020 40 0.003 0.55 0.01 0.06

F1 42.51 2067.33 15.1 0.0026 100 0.003 1.0 0.25 10.49

F2 12.24 2067.33 4.3 0.0026 100 0.003 0.7 0.05 0.60

F3 13.03 2067.33 1.9 0.0026 100 0.003 0.55 0.02 0.23

F4 27.58 2067.33 1.5 0.0026 80 0.04 0.55 0.14 3.96
0.0026 20 0.003 0.55 0.001 11.15

F5 23.47 2067.33 10.9 0.0026 50 0.14 0.17 0.53 10.24
0.0020 50 0 0.17 0.00 0.00

USLE = Universal Soil Loss Equation, R = rainfall and runoff factor, K = soil erodibility factor, LS = slope length-gradient factor,
C = crop/vegetation and management factor, P = support practice factor.
Note: To convert millimeters to inches, multiply by 0.03937; hectares to acres, multiply by 2.471; megajoules (MJ) to foot pounds,
multiply by 737,562.18; metric tons to tons, multiply by 1.1023.

Sedimentology by Distributed Model Treatment (SEDIMOT II)

The quantity of sheet and rill erosion during major storm events was estimated using the SEDIMOT 11 surface
erosion model (WVNS 1993a), which simulates rainfall intensity and depth over a given time period, the
resulting surface water runoff volume, and the soil volume washed from the ground surfaice.

For the West Valley Project, four 24-hour design storms were modeled: 2-, 10-, and 100-year, and the probable
maximum precipitation event, which is the maximum rainfall that could conceivably occur. The hillslopes
were modeled within the, entire Franks Creek watershed. The watershed was divided into the same
22 subwatershed areas defined in the USLE and hydrologic modeling studies to provide consistency in the
analyses. The rainfall amount expected from each of the design storm events was taken from standardized.

F-18



Appendix F
Erosion Studies

maps developed by the Soil Conservation Service (USDA 1.986) using a Type Hl Soil Conservation Service
storm designation and rainfall depths of 6.35 centimeters (2.5 inches) for the 2-year storm, 9.4 centimeters
(3.7 inches) for the J0-year storm, 13.2 centimeters (5.2 inches) for the 100-year storm, and 63.2 centimeters
(24.9 inches) for the probable maximum precipitation event. Hydrologic parameters for each of the
subwatershed areas were taken from the TR-20 simulations as shown in Table F-8 (WVNS 1993c). Soil
properties for each of the subwatershed areas were based on the geotechnical evaluation of samples from the
Lavery till, Kent till, and North Plateau surficial sand and gravel unit. The particle-size distribution used for
each of these'soil units is also shown in Table F-8 (WVNS 1993e). The soil's cover condition within each
subwatershed area was specified by a general land-use condition designation of either forest, agricultural,, or
disturbed.

Table F-8 SEDIMOT II Hydrologic and Soil Input Parameters
Soil Parameters - Particle-Size Distributions

Particle Size Kent Till Surficial Sand Lavery Till Particle Size Kent Till Surficial Sand Lavery Till
(mm) (%) and Gravel (%) (%) (mm) (%) and Gravel (%) (%)

19 98 88 . 82 0.075 83 42 51

6.4 94 73 69 0.03 52 32 46

4.8 93 67 67 0.02 36 . 27 43

1.9 92 54 62 0.011 28 21 37

0.82 91 50 58 0.006 18 14 32

0.42- 89 47 56 0.003 11 9 24

0.15 87 43 53 0.001 1 5 14

Hydrologic Parameters 'Sediment Yield Results

24Year Storm 10-Year Storm PMP Storm
Time of Event (metric Event (metric 100-Year Storm Event (metric'

Area SCS Runoff Concentration tons per tons per Event (metric tons per
Sub-area (hectares) Curve Number (hours) hectare) hectare) tons per hectare) hectare)

QI 10.24 76 0.41 0.29 0.83 1.79 31.55

Q2 20.96 76 0.59 0.07 0.21 0.47 8.96

Q3 10.20 74 0.21 0.06 0.17 0.37 7.14

Q4 25.70 73 0.41 0.13 0.38 0.86 16.80

Q5 23.15 74 0.56 0.08 0.22 0.50 9.70

Q6 21.25 .73 0.41 0.13 0.39 0.89 17.66

Q7 17.64 71 0.58 0.03 0.10 0.24 5.04

Q8 25.01 71 0.51 0.17 0.56 1.32 27.21

Q9 33.63 70 0.54 0.11 0.35 0.82 18.09

Q10 46.70 68 0.50 0.12 0.41 1.02 23.25

QI I 27.15 72 0,52 0.13 0.41 0,95 .19.04

Q12 33.75 77 0.49 0.12 0.33, . 0.70 11.48

El 20.88 72 0.40 0.08 0.25 0.58 11.89

E2 12.10 95 0.35 0.09 0.17 0.30 3.46

E3 2.79 80 . 0.34 . 0.13 0.34 . 0.71 .12.66.

E4 6.39 81 0.20 0.09 0.21 0.43 7.07

E5 11.90 81 0.42 0.17 0,.38 0.72 9.79

Fl 43.83 67 0.37 0.07 0.24 0.60 . 14.24

F2 12.18 77 0.48 0.03 0.09 0.20 3.85

F3 13.23 79 0.26 0.03 0,07 0.14 2.80

F4 27.96 70 0.76 . 1.84 3.77 6.60 92.06

F5 23.43 .67 0.52. .. 0.07 0.19 0.41 7.67

SEDIMOT = Sedimentology by Distributed Model Treatment, SCS = Soil Conservation Service, mm= millimeter, PMP = probable
maximum precipitation.
Note: To convert hectares to acres, multiply by 2'47 1; metric tons to tons, multiply by 1.1023; millimeters to inches, multiply
by 0.03937.
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To predict the average annual soil loss rate, it was assumed that 500 2-year storms, 100 10-year storms,
10 100-year storms, and one probable maximum precipitation event occurred over a 1,000-year period. Thus,
the average soil loss for the watershed was estimated to be 0.16 metric tons per hectare (0.07 tons per acre) per
year. This soil loss rate is equivalent to an average decrease in elevation of II millimeters (0.04 feet) per
1,000 years. The SEDIMOT II simulation results are consistent with the USLE analysis results. As in the
USLE calculations, the predicted soil erosion rate was greatest in an area of the Franks Creek-Erdman Brook
Basin with disturbed or insufficient ground cover. The major determinant of the erosion rate was the large
number of high-frequency storms (i.e., 2- and 10-year events), not the few low-frequency storms (i.e., 100-year
and probable maximum precipitation events). This conclusion is consistent with other research findings
reported in the literature (e.g., Wolman and Miller 1960).

Chemicals, Runoff, and Erosion from Agricultural Management Systems (CREAMS)

The CREAMS model was used to estimate erosion rates for a portion of the South Plateau over a 1-year period
(Dames and Moore 1987). The purpose of the study was to evaluate the utility of the CREAMS model in
predicting surface soil-water balances and erosion rates; therefore, only a small 2-hectare (5-acre) test area was
used for the simulations instead of the entire Franks Creek watershed, as shown in Figure F-8. Unlike USLE
and SEDIMOT IH, CREAMS is a physically based, distributed-parameter, continuous-simulation erosion model
capable of predicting sediment yield on a field-size area. The South Plateau portion selected for the study was
a gently sloping open field covered with low-to-medium grasses.

Major input parameters used in the model are shown in Table F-9. The simulations involved the use of daily
rainfall data for a single year as recorded at the West Valley Nuclear Services (WVNS) weather station in
1984. Soil properties for the weathered till were obtained from a New York State Geological Survey study
conducted at WNYNSC (Hoffman 1980). When site-specific data were not available, input parameter values
were estimated from the data provided in the appendices of the Soil Conservation Service model manual
(USDA 1984) for conditions similar to those at the West Valley Site.

The CREAMS simulations produce an estimate of sediment yield for the study area that is greater than the soil
loss estimates predicted by the USLE and SEDIMOT II models. According to those simulations, the average
sediment yield for the watershed is 10.3 metric tons per hectare (4.6 tons per acre) per year. This rate is
equivalent to an average decrease in elevation of 690 millimeters (2.3 feet) per 1,000 years. It should be noted
that the CREAMS study is extremely limited in terms of areal extent and range of precipitation conditions.
The small area used in the simulations has less protective ground cover and a more-limited range of slope
conditions than the balance of WNYNSC, and thus is not considered representative of the watershed as a
whole. Also, the 1-year simulation period is too short. a time to account for long-term fluctuations in
precipitation and thus cannot be used reliably for long-term projections.

Water Erosion Prediction Project

The WEPP model was used to predict sediment yield based on consideration of the physical processes
affecting the watershed for a set of seven storms with return periods ranging from I to 100 years. Like
CREAMS, WEPP is a physically based, distributed-parameter, continuous-simulation erosion model capable of
predicting sediment yield. Unlike CREAMS, WEPP can predict sediment yield on a small-watershed scale; it
is not restricted to a field-size area.
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CREAMS = Chemicals, Runoff, and Erosion from
Agricultural Management Systems 0 150 300

Scale in Feet

Figure F-8 Location of CREAMS Study Area
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Table F-9 CREAMS Model Input Parameters and Results
Input Parameter Names Input Parameter Values

Field Area Acreage 2.2 hectares

Slope of Field 0.02

Length of Field 152 meters

Annual Precipitation (1984) 113.8 centimeters

Soil Type/Hydrologic Soil Group Silty clay/Hydrologic Soil Group D

Effective Hydraulic Conductivity 0.01 centimeters per year

Soil Conservation Service Curve Number 84

Soil Erodibility Factor 6.0

Soil Loss Ratio 0.26

Mannings 'n' value for overland flow 0.046

Output Parameter Names Output-Parameter Values

Total Evapotranspiration 36.60 centimeters
Percolation 11.49 centimeters

Predicted Runoff 65.81 centimeters
Annual Soil Loss for Area 10.3 metric tons per hectare

CREAMS = Chemicals, Runoff, and Erosion from Agricultural Management Systems, Soil Conservation Service Curve
Number = a value that describes a catchment's runoff production behavior, Mannings 'n' value = roughness coefficient which
indicates the resistance to flow of the land surface.
Note: To convert centimeters to inches, multiply by 0.3937; hectares to acres, multiply by 2.471; metric tons to tons,
multiply by 1.1023.

In this study, the Quarry Creek and Franks Creek watersheds were modeled separately. As shown in
Figure F-9, a network of 11 channel sections and 28 hillslope areas within the Quarry Creek watershed and
3 channels and 8 hillslope areas within the Franks Creek watershed were used to characterize the same study
area as that for the USLE and SEDIMOT II simulations. However, the subdrainage areas were defined in a
slightly different manner than in those two simulations, because their size was dependent on the geometry of
the branched-stream network in accordance with WEPP program constraints (USDA 1995). The subdrainage
basin boundaries were delineated using the GeoWEPP ArcX 2004.3 version of the software package. Unlike
the USLE and SEDIMOT II simulations, which modeled soil loss from individual hillslopes within the
watershed, this study modeled sediment leaving the hillslopes and migrating downgradient through the stream
network to the watershed outlet. This more comprehensive modeling approach simulates both erosion and
depositional processes within the channels as well as on the hillslopes.

Data were entered into the, model to describe the climate, topography, soil properties, and cover conditions.,.
within the watersheds. WEPP used 24-hour design storms with 1-, 2-, 5-, 10-, 50-, and :100-year return
intervals to determine single-storm event sediment yield rates. The rainfall amount expected from each of the
design storms events was taken from standardized maps developed by the Soil Conservation Service
(USDA 1986) using a Type .1 Soil Conservation Service storm designation and rainfall depths of
5.3 centimeters (2.1 inches) for the 1-year storm, 6.4 centimeters (2;5 inches) for. .the 2-year storm,
8.1 centimeters (3.2 inches) for the 5-year storm, 9.4 centimeters (3.7 inches) .for the 10-year storm,
11.2 centimeters (4.4 inches) for the 25-year storm, 11.9 centimeters (4.7 inches) for the 50-year storm, and
13.2 centimeters (5.2 inches) for the 100-year storm. To determine average annual sediment yield rates,
WEPP's climate simulator (CLIGEN).was used to stochastically project changes in the climatic conditions
daily over a 100-year period based on records supplied from the Little Valley, New York, weather
station (Nicks and Gander 1997). Topographic profiles were entered for each hillslope area based on a high-
resolution -topographic map of the Project Premises as compiled by Erdman Anthony Consultants and
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West Valley Demonstration Franks Creek Watershed
Project Premises Boundary • .

Figure F-9 Water Erosion Prediction Project Modeling Study Channel.Network and
Hillslope Areas

the 1:24,000 Ashford Hollow Quadrangle map compiled by the, USGS. The soil unit distribution within the.
watershed area was determined from the Soil Conservation Service soil survey for Cattaraugus County
(USDA 2004). Other soil parameters were established through review of site, conditions and published values

for similar conditions (Meyer and Gee 1999), as shown in Table F-10. Two cover conditions, 50-year-old
forest and Old Field Recessional, were specified within the watershed area based on the site-specific vegetation.
survey (WVNS 1-993f).

The WEPP simulation results are shown in Tables F-11 and F-12. The best-estimate value for the average
annual sediment yield of the hillslope areas was determined to be 6.1 metric tons per hectare (2.7 tons per.acre)
per year from regression analysis of the single-storm events. This yield is equivalent to an average decrease in
elevation of 408 millimeters (1.3 feet) per .1,000 years. During the 100-year storm event, the sediment yields of.
individual subwatershed areas vary from 0.0 to 4.9 metric tons per hectare (0.0 to 2.2 tons per acre") with an
average value of 1.3 metric tons per hectare (0.60 tons per acre). This is equivalent to an average decrease in
elevation of 91 millimeters (0.3 feet) per 1,000 years, indicating that, over a long-term period, the high
frequency of smaller-storm events, has greaterimpact on erosion rate. Also, WEPP predicts that the'average
annual sediment yield of the watershed through creek channels' is approximately 22,317 metric tons
(24;600 tons) per year, equivalent to an average downcutting rate of 98,000 millimeters (320 feet) per
1,000 years.
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Table F-10 Water Erosion Prediction Project Model Soil.Units and Properties
Rill Hydraulic

NRCS Interrill Erodibility Critical Shear Conductivity
Site Soil Unit NRCS Soil Erodibility (seconds (newtons per (millimeter per

Location Number Unit Name Soil Texture Kg x s/m4 per meter) square meter) hour)

North 81 Varysburg Loamy Sand 263762 0.00068 0.24 57.600
Plateau 135 Hudson Clay 1083060 0.00206 3.292 0.154

29 Chenango Loamy Sand 263762 0.00068 0.24 57.600

32 Churchville Clay 1083060 0.00206 3.292 0.154

35 Rhinebeck Clay 1083060 0.00206 3.292 0.154

South 32 Churchville Clay 1083060 0.00206 3.292 0.154
Plateau 36 Canadice Clay 1083060 0.00206 3.292 0.154

75 Alden Loam 945944 0.000788 2.508 3.427

55 Darien Clay Loam 951524 0.001184 2.76 0.446

West 51 Chadakoin Loam 945944 0.000788 2.508 3.427
Hillslopes 55 Darien Clay Loam 951524 0.001184 2.76 0.446

61 Schuyler Loam 945944 0.000788 2.508 3.427

80 Fremont Loam 945944 0.000788 2.508 3.427

56 Chautauqua Loam 945944 0.000788 2.508 3.427

63 Langford Silt Loam 928308 0.000704 2.62 1.094

69 Erie Loam 945944 0.000788 2.508 3.427

72 Towerville Loam 945944 0.000788 2.508 3.427

78 Hornell Clay 1083060 0.00206 3.292 0.154

74 Ashville Loam 945944 0.000788 2.508 3.427

52 Valois Loam 945944 0.000788 2.508 3.427

76 Orpark Loam 945944 0.000788 2.508 3.427

Note: To convert millimeters to inches, multiply by 0.03937; kilograms to pounds, multiply by 2.2046; newtons to pound-
force, multiply by 0.225.
Sources: Soil Conservation Service Soil Survey for Cattaraugus County (USDA 2004) for soil unit and texture data and
NUREG CR-6656 (Meyer and Gee 1999) for all other data.

Table F-11 Water Erosion Prediction Project Modeling Channels Sediment Yield Results
Length Storm Event (metric tons)

Watersheds Channels (meters) 1-Year 2-Year 5-Year 10-Year 25- Year 50-Year 100-Year

Franks C1 642.47 21.77 31.03 49.80 67.68 90.54 110.13 155.13
Creek C2 1,425.68 48.63 64.86 101.06 128.73 160.57 187.52 236.96
Channels C3 731.96 127.28 166.83 249.57 314.79 390.09 452.78 576.97

Quarry CI 646.12 2.09 4.72 10.98 15.42 23.31 30.48 45.90
Creek C2 107.31 2.27 3.18 4.99 4.63 9.43 16.60 26.76
Channels C3 140.15 6.71 11.61 22.04 27.94 43.09 59.24 87.54

C4 1,135.66 11.97 20.50 35.47 46.90 59.87 71.67 94.08
C5 681.53 7.08 12.52 23.22 31.39 41.00 49.17 63.68

C6 518.98 4.99 9.43 18.33 26.31 36.92 46.18 63.23
C7 425.85 16.51 32.39 66.32 93.53 126.46 154.04 208.02

C8 246.88 0.82 1.72 4.08 5.99 8.98 12.52 22.32

C9 558.38 34.20 65.32 127.46 176.27 233.78 282.32 384.10

CIO 960.77 74.39 137.08 256.82 346.27 455.86 548.76 745.71

CI1 750.37 207.20 324.86 536.78 688.73 873.62 1,028.66 1,343.36
Note: To convert meters to feet, multiply by 3.281; metric tons to tons, multiply by 1.1023.
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Table F-12 Water Erosion Prediction Project Modeling Hillslope Sediment Yield Results
Area Storm Event (metric tons per hectare)

Watersheds Hillslopes (hectares) 1-Year 2-Year 5-Year 10-Year 25- Year 50-Year 100-Year
Franks HS1 14.27 0.00 0.00 0.00 . 0.00 0.00 0.00 0.00
Creek HS2 5.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hillslopes HS3 20.70 0.11 0.18 0.09 0.16 0.20 0.27' 0:15

HS4 11.80 0.04 0.09 0.16 0.20 0.27 0.34 0.19

HS5 20.62 0.20 0.47 1.26 1.93 2.76 3.50 2.19
HS6 23.12 0.07 0.11 0.22 0.31 0.43 0.54 0.28
HS7 12.40 0.00 0.00 0.00. 0.00 0.00 0.00 0.00
HS8 19.44 0.07 0.20 0.61 1.10 1.68 2.29 1.73

Quarry HS 1 9.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Creek HS2 14.49 0.04 0.09 0.13 0.20 0.25 0.31 0.36
Hillslopes HS3 19.24 0.00 0.00 0.09 0.20 0.63 0.99 1.28

HS4 14.96 0.09 0.11 0.20 0.04 0.02 0.04 0.09

HS5 9.99 0.04 0.04 0.09 0.18 0.40 0.61 0.96
HS6 13.67 0.81 1.32 2.17 2.82 3.43 3.90 4.91
HS7 2.89 0.00 0.00 0.00 0.02 0.09 0.18 0.31
HS8 7.07 0;00 0.00 0.00. 0.00 0.00 0.00, 0.07
HS9 10.14 0.07 0.09 0.18 0.25 0.38 0.61 1.23

HS1O 11.79 0.09 0.29 0.85 1.32 1.91. 2.31 3.18
HS11 5.69 0.00 0.00 0.00 0.00 0.00 0.00 0.18
HS12 9.52 0.04 0.04 0.11 0.27 .0.56 0.83. 1.30
HS13 15.32 0.09 0.13 0.25 0.36 0.47 0.58 0.69
HS14 10.40 0.04 0.11 0.27 0.40 0.58 . 0.74 1.08

HS 15 12.24 0.02 0.04 0.07 0.11 0.16 0.20 0.27
HS16 11.58 0.07 0.11 0.20 0.29 0.38 0.47 0.58
HS17 16.10 0.07 0.13 0.25 0.34 0.45 0.58 0.69
HS18 18.78 0.07 0.11 0.18. 0.25 0.34 0.45 0.54
HS19 11.97 0.11 0.16 0.29 0.43 0.58 0.74 0:96
HS20 10.44 0.04 0.07 0.13 0.20 0.25 0.31 0.43
HS21 1.48 0.16 0.22 0.02 0.02 0.02 0.02 0.04
HS22 0.83 0.00 0.00 0.02 0.04 0.11 0.13 0.18
HS23 0.30 0.02 0.04 0.07 0.11 0.13 0.18 0.20
HS24 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HS25 10.38 0.09 0.13 0.25 0.13 0.52 1.12 2.04
HS26 6.07 0.04 0.07 0.13 0.18 0.25 0.29 0.34
HS27 5.90 0.04 0.07 0.11 0.02 0.00 0.00 0.02
HS28 10.08 0.04 0.04 0.09 0.16 0.45 0.76 1.59

Note: To convert metric tons to tons, multiply by 1.1023; hectares to acres, multiply by 2.471.

Summary

A comparison of the USLE, SEDIMOT H, CREAMS, and WEPP short-term predictions is presented as
Table F-13.. The USLE and SEDIMOT H methods predict the lowest average annual soil loss rate, followed
by WEPP and, lastly, CREAMS. Of these results, the WEPP predictions are considered the most reliable. The
USLE predictions are considered less reliable than those of WEPP-because they predict only soil loss (not
deposition) from individual hillslopes; the method does not provide a basis for examining erosion effects on a
watershed scale; and the results are based on only 1 year of precipitation data, which is too short a timespan to
be reliable for long-term projections. Likewise, the CREAMS modeling results are based on only 1 year of
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precipitation data; and because only a small portion of the watershed is simulated (restricting the model to a
field scale), the model does not provide a basis for examining erosion effects on a watershed scale. Finally, the
SEDIMOT H predictions are considered less reliable because the model simulatesonly individual storm events,
predicts only soil loss (not deposition) from individual slopes, and does not provide a basis for examining
erosion effects on a watershed scale.

Table F-13 Short-Term Modeling Results Comparison
Average Annual Soil Soil Loss/Sediment Yield During Average Elevation Change

Loss/Sediment Yield 100-Year Storm (millimeters per

'Model Name' (metric tons per hectare per year) (metric tons per hectare) 1,000 years)

USLE 0.19 N/A 12.8

SEDIMOT I1 0.16 1.1 11

CREAMS 10.3 N/A 690

WEPP 6.1 1.3 408

USLE = Universal Soil Loss Equation, SEDIMOT = Sedimentology by Distributed Model Treatment, CREAMS = Chemicals,
Runoff, and Erosion from Agricultural Management Systems, WEPP = Water Erosion Prediction Project.
Note: To convert metric tons to tons, multiply by 1.1023; hectares to acres, multiply by 2.471; millimeters to inches, multiply
by 0.03937.

The larger-scale WEPP results are considered the better estimate of sheet and rill erosion from the Franks
Creek watershed. The WEPP code, a physically based model, exploited available site-specific.data, weather
data from a nearby weather station, and a climate simulator to achieve more reliable long-term predictions.
The WEPP method is also more encompassing in nature, predicting sediment yield on a watershed scale.

F.3,1.2 Short-Term Channel Downcutting and Valley Rim-Widening Prediction

Another estimate of valley rim-widening was developed by modeling channel downcutting rates for individual
storm events. The downcutting rates in both Franks Creek and Erdman Brook were estimated for six different
storm events with return intervals of 2, 5, 10, 20, 100, and 500 years. The individual storm downcutting rates
were predicted using the Hydrologic Engineering Center (HEC) HEC-6 code, a one-dimensional open-channel-
flow numerical model designed to predict scour and/or deposition resulting from gradually changing sediment
and hydraulic conditions over moderate time periods. Owing to its one-dimensional nature, HEC-6 is not
capable of simulating the bank erosion or lateral-channel migration processes that are actively causing Franks
Creek and Erdman Brook to widen and adjust their course. These processes slow the downcutting rate.by,
adding large quantities, of sediment that must also be removed from the streambed. Thus, by assuming that the
current channel width will remain constant over time, the model will overpredict the downcutting rate, which,
in turn, will provide a conservative estimate of valley rim-widening.

The model requires measurements of the stream cross-sectional geometry, flow rates, and elevation,'as well as
the selection of a sediment transport function. The stream cross-sections, flow rates, and elevations.for the
current drainage system were taken from HEC-2 modeling runs performed by Dames and Moore
(WVNS 1993c). Closely spaced cross-sections (generally 30.5 to 46 meters [100 to 150 feet]) were used to.
approximate a steady, gradually varied flow condition despite stream irregularities. The Hydraulic Design
Package for Channels (SAM), developed by the Waterways Experiment Station (ACE 1993), identified the
Laursen (Madden) function as an appropriate sediment transport function based on site-specific measurements
of the flow, sediment load, and geometry.characteristics of Erdman Brook and Franks Creek (WVNS 1993c).
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The calculated downcutting rate for the six reference storms is presented in Table F-14.' These values
represent the average downcutting that occurs along the stream profiles during the reference storms. The
results show minimal change in downcutting for the storms with the higher frequency of occurrence, and there
is little difference in the downcutting rates between Erdman Brook and Franks Creek. Table F-14 also shows
the corresponding rim-widening, which results from dividing the downcutting by the tangent of the 21-degree
stable slope angle. In other words, these rim-widening estimates assume that following channel downcutting,
the adjacent slope fails at a constant 21-degree angle, resulting in rim-widening. This rim-widening rate is the
rate at which each of the streambanks moves in a horizontal direction. The rim-widening estimate is
considered conservative because it assumes the slope will fail everywhere along the channel profile instead of
being restricted to the most susceptible areas, such as the outside of meander loops.

Table F-14 Estimates of Channel Downcutting on Erdman Brook and Franks Creek from
Single-Storm Events

Frequency of Average Downcutting Distance from the Average Rim-Widening Distance

Occurrence Single Storm (meters) a from the Single Storm (meters)

Storm Event (1 per year) Erdman Brook Franks Creek Erdman Brook Franks Creek

2-year storm 0.50 0.20 0.14 0.52 0.36

5-year storm 0.20 0.21 0.19 0.55 0.49

10-year storm 0.10 0.22 0.20 0.57 0.52

20-year storm 0.05 0.30 0.23 0.78 0.60

100-year storm 0.01 0.32 0.23 0.83 0.60

500-year storm 0.002 4.10 3.50 10.68 9.12
a Positive numbers means degradation and the area is being scoured.

Note: To convert meters to feet, multiply by 3.2808,

The storm frequency (return interval) estimates and rim-widening estimates were combined to develop
probabilistic estimates for the long-term rim-widening rate from erosion. The probabilistic method estimated
the probability of a specific storm combination (e.g,, 20 2-year storms and 5 100-year storms) and combined it
with the estimate for the total rim-widening for all storms in the specific combination (e.g., 20 times the 2-year
storm rim-widening plus 5 times the 100-year storm rim-widening). The summation of combinations
considered storms of all magnitudes, equivalent to averaging over an indefinite period of time. Nearly all
(99.94 percent) possible storm combinations were considered. The sets of estimates for storm combination
probability and total rim-widening were arranged in order of increasing total rim-widening' The ordered listing
was used to estimate the likelihood of a specific rim-widening rate. Selecting a rim-widening rate and
summing probabilities for all rim-widening rates lower than the selected rate gives an estimated likelihood of
the rate being the same as, or less than, the selected rate. The probability of a specific number of storms having
the same recurrence interval over a given time was estimated using the Poisson distribution.

This method was used to estimate the long-term rim-widening rate on Erdman Brook and Franks Creek for the
current drainage condition. Table F-15 presents the probabilistic rim-widening rates. Results show that the
90 percent quantile for Erdman Brook is 0.158 meters'(0.518 feet) per year,' while the 90 percent quantile for
Franks Creek is 0.153 meters (0.502 feet) per year, meaning that 90 percent of the erosion rates for the two
streams are expected to be equal to'or less than their. 90 percent quantiles. A narrow distribution for the rim-
widening rate is shown because'the major determinant in the probabilistic rim-widening rate is 'the large
number of high-frequency storms. This observation is consistent with the results presented in Table F-14.
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Table F-15 Estimate of Long-Term Rim-Widening for Erdman Brook and Franks Creek
Erdman Brook Average Rim Franks Creek Average Rim

Quantile (percent) Widening Rate (meters per year) Widening Rate (meters per year)

10 0.138 0.134

20 0.140 0.137

30 0.143 •0.139'

40 0.145 0.141

50 0.147 0.143

60 0.149 0.145

70 0.151 0.147

80 0.154 0.149

90 0.158 0.153

Note: To convert meters to feet, multiply by 3.2808.

F.3.2 Long-term Models

The models discussed in Section F.3.1 are considered valid for short-term projections and are not generally
used for long-term projections. Long-term projection considering the interaction between, and integrating the
effects of, the different erosion processes over long time periods is an area of ongoing research. The types and
diversity of natural processes, their spatial and temporal variability, and the interaction of the processes at
differing spatial scales combine to produce the complexities of the long-term erosion processes. In this study,
long-term erosion models are used not as the direct basis for dosimetry calculations (see Section F.3.2.6.6) but
rather as a means of developing insight into potential rates, patterns, and modes of erosion under different
scenarios.

F.3.2.1 Review of Erosion Models

A survey of long-term erosion models was conducted to identify models that could be used for analysis of the
West Valley Site. Several criteria were used to help identify and evaluate models. These models must have
the following capabilities and characteristics:

* Analysis of long-term erosion (thousands of years);

* Modeling of the dominant erosive processes of the West Valley Site, including hillslope movement
(soil creep and landsliding), stream channel downcutting, and gully formation;

* Calibration directly or indirectly using available models or measurements;

* Public availability; and

* Peer review and general verification.

Three specific models for predicting landscape evolution were identified. These models, SIBERIA,
Geomorphic/Orogenic Landscape Evolution Model (GOLEM), and Channel-Hillslope Integrated Landscape
Development (CHILD), are briefly described in the following paragraphs.

The SIBERIA model was initially developed in the late 1980s to predict landform changes over long periods of
time (hundreds to millions of years). It is a physically based model that uses average precipitation over a
specified timeframe and accounts for both fluvial and diffusional processes that move sediment through a
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drainage system. The fluvial processes include soil detachment and water transport (e.g., sheet and rill erosion,
stream downcutting, gully advance), while the diffusional process represents soil creep and landsliding
(e.g., slope movement). The central feature of SIBERIA is a sediment balance that is conducted over each
rectangular grid element that makes up the total grid representing the site. The change in sediment thickness
within a grid is the basis for prediction of erosion or sedimentation within that grid. The model is one of the
earliest and most developed of the current generation of landform evolution models. A continuing research
program has been under way during the past 10 years to validate SIBERIA predictions against small-scale
laboratory experimental and large-scale natural landscapes over a range of different landforms, geologies, and
climates. Studies in this program include: (1) Willgoose (1994), who demonstrated that SIBERIA is able to
simulate the statistical form of the Pokolbin catchment in the Hunter Valley in Australia; (2) Hancock and
Willgoose (2001 a), who demonstrated that SIBERIA is able to simulate development of experimental model
landscapes; (3) Ibbit, Willgoose, and Duncan (1999), who demonstrated that SIBERIA can simulate natural
landforms in a tectonically active region of New Zealand; (4) Hancock and Willgoose (2001b), who
demonstrated that, using parameters derived from a short-term analogue site (i.e., an abandoned uranium mine
at Scinto 6 in the South Alligator River Valley, Kakadu National Park, Australia), SIBERIA can accurately
model gully development on a manmade postmining landscape over timespans of around 50 years; and
(5) Hancock, Willgoose, and Evans (2002), who demonstrated that, using parameters derived from a long-term
analogue site (i.e., a natural, undisturbed site at Tin Camp Creek within the Myra Falls Inlier, Northern
Territory, Australia), SIBERIA can accurately model the geornorphology and hydrology of a natural catchment
over the long term.

The second model that was identified was GOLEM. This model was developed in the early 1990s to simulate
evolution of topography over geologic time scales. Like SIBERIA, it is a physically based model that uses
average precipitation over a specified timeframe; accounts for both fluvial and diffusional processes; and
conducts sediment balances over the grid elements that represent the site. Its structure is also similar to
SIBERIA in that it uses a rectangular, finite-difference grid. It uses a somewhat different method for
computing erosion and sedimentation by running water.

The CHILD model was developed in the later 1990s and is a descendant of the GOLEM and SIBERIA
models. Like SIBERIA and GOLEM, it simulates the interaction of fluvial processes (slope wash and channel
and rill erosion) and diffusional processes (weathering, soil creep, and other slope transport processes).
However, this basic capability has been expanded with the addition of several features. It uses an irregular
gridding method that makes it possible to represent different parts of the landscape at different spatial
resolutions and allows incorporation of lateral stream erosion. It is the first landscape evolution model in
which the processes of vertical stream erosion and lateral channel migration (meandering) are coupled. Also,
instead of using a single effective rainfall or runoff rate that represents a geomorphic average, it provides the
option of stochastic rainfall input. In addition, it models floodplain (overbank) deposition, eolian (loess)
deposition, multiple sediment sizes and layers, and chronostratigraphic deposition. Like the GOLEM model
(and the related DELIM by Howard et al. 1994) it allows for detachment-limited, transport-limited, or mixed
behavior in calculating runoff erosion.

On the basis of a review of existing models and their capabilities, the SIBERIA and CHILD models were
selected to perform the long-term erosion analysis at the West Valley Site. The use of two models broadens the
assessment through the development of two independent estimates of site erosion. GOLEM was not selected
because its capabilities have been largely superceded by those of CHILD.

F.3.2.2 Approach to Erosion Modeling Using SIBERIA and CHILD

Erosion modeling objectives at WNYNSC are to develop an understanding of local erosion processes and the
manner in which those processes may develop over a long period of time and to provide a basis for estimating
potential health impacts related to erosion. Major analysis products include the estimation of local erosion
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rates at facilities on the North and South Plateaus, evaluation of gully and stream channel development, and
assessment of the potential for major-stream configuration alteration.

Application of the CHILD and SIBERIA models to the Buttermilk Creek drainage basin is designed to shed
light on the nature and magnitude of potential long-term (10,000-year) geomorphic evolution of the area.
Modeling over such long periods is based on a simple premise: If a model, when given a plausible set of
parameters and boundary conditions, can adequately reproduce the observed pattern of landscape evolution
over the last 10,000 to 20,000 years, then there is increased confidence in the ability of that model to indicate
potential erosion trends over a similar timeframe under similar environmental conditions. This approach takes
advantage of the rather simple and well-constrained postglacial geomorphic history of Buttermilk Creek,
which, as noted above, is interpreted to involve post-glacial (circa 18ka) drainage network incision into glacial
deposits due to baselevel lowering along Cattaraugus Creek.

In evaluating the output of landscape evolution models like SIBERIA and CHILD, it is important to bear in
mind that the details of computed drainage network patterns are known to be sensitive to initial conditions. For
example, Ijjasz-Vasquez et al. (1992) showed that small perturbations of initial conditions led to notable
differences in simulated drainage pathways, though the topography and network geometry were robust in a
statistical sense. This instance of the "butterfly effect" means that these models are more useful for indicating
general trends, patterns, and parameter sensitivities than for predicting the detailed erosional history at a
particular spot in the landscape. The particular geometry of any simulated drainage network should be
considered merely one of many possible realizations. To some extent, the modeling strategy employed in this
project reduces the butterfly effect but cannot entirely eliminate it. A second consideration concerns the nature
of the physical laws ("geomorphic transport laws"; Dietrich et al. [2003]) that go into landscape evolution
models like SIBERIA and CHILD. For the most part, these are semi-empirical statements about the
relationship between sediment transport rates in accordance with a particular type of process (e.g., soil creep,
channelized flow) and controlling variables such as gradient or fluid friction. For example, the linear and
nonlinear soil creep laws rely on empirical rate coefficients that, at present, cannot be determined a priori from
knowledge of soil type, biota, and climate alone. This means that, like most environmental models, landscape
evolution models are provisional; they represent the current state of the science but are subject to continual
improvement as the science evolves. In the context of evaluating erosion at the WNYNSC, the best available
test of these models' .reliability is their ability to reproduce past landscape evolution. This is the basis for the
testing and calibration strategy.

Determination of erosion processes and processes influencing erosion requires vastly different scales of space
and time. Representative scales for the detachment of soil particles in rills are on the order of millimeters and
seconds; those for river meandering or tectonic uplift, from one to thousands of kilometers and from centuries
to thousands of years. Within this range of scales, differing modeling approaches may be applicable. From the
reductionist view, detailed specification of many processes is needed to understand all features of landscape
evolution (Rodriguez-Iturbe and Rinaldo 1999). An opposing view holds that, for complex landform systems,
a reductionist approach does not provide a self-consistent method (Werner 1999) and that large-scale structure
is independent of detailed description of motion at small scales (Goldenfeld and Kadanoff 1999). The
SIBERIA/CHILD modeling approach is-designed to use macroscopic-scale correlation of measured conditions
projected over differing space and time scales. The following sections provide the rationale for the selection of
the initial, postglacial topography, the model boundary conditions, and the SIBERIA and CHILD input
parameters..
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F.3.2.3 Model Calibration Strategy and Parameter Selection

Every conceptual model has parameters that are the coefficients and exponents in the model equations. These
parameters must be :estimated for a given watershed and for each computational segment of the model. This
requires determining the parameters" inherent relationships with physical characteristics or tuning 'the
parameters so thaf model response approximates observed response, a process known as calibration. In the
calibration process, the modeling results are checked to determine whether they'are reasonable for the area and
time that was modeled, and for the conditions modeled. The calibration process can be quite complex and time
consuming because of the limitations of the input and output data, imperfect knowledge -of basin
characteristics, the mathematical structure of the models, and limitations in the ability to quantitatively express
preferences for how best to fit the models to the data.

Calibration of the SIBERIA and CHILD models was accomplished through a forward modeling exercise,
which starts with a postglacial (pre-incision) valley topography and 'attempts to reconstruct the modern
topography. Within this framework, a number: of different potential strategies, with varying degrees of
complexity could be-used. These range from Monte Carlo-based, multi-parameter optimization schemes to
simple single-parameter tuning exercises. The advantage of complex, multi-parameter schemes such as Monte
Carlo methods is that they can achieve the closest possible match to data and can also reveal thepotential for
model equifinality (multiple solutions provide equivalent matches to the data). They can also be used to place
uncertainty bounds on the calibrated parameters. Their main disadvantage is the high cost ahid long times'of
computation. Simpler parameter-tuning methods have the advantage of computational efficiency, and are most
effective where the majority of parameters can be estimated a priori Using site-specific data.

This analysis'used a two-parameter "tuning-based" approach to calibrate each model on the basis of the
postglacial landscape history. The approach involved estimating values for as many parameters as could be
justified by some relationship with the watershed physical characteristics (i.e., site measurements or literature
values), leaving only two parameters to be adjusted so that'the model response approximated the observed
response. For the CHILD model, a 5 x 5 matrix of runs was conducted in Which the parameters governing
bedrock detachment capacity, Kb, and fluvial transport efficiency, Kf, were varied. The Kb-Kf combination
yielding the smallest misfit statistic (discussed below) was identified. For the SIBERIA model, a 6 x 7 matrix
of runs was conducted in which the fluvial transport efficiency factor P 1 (comparable to CHILD's Kf) and the
transport threshold QsHold were varied; the range of values tested is discussed below.

The two-parameter tuning approach is considered to yield a trial calibration and reveal whether either model is
able to reproduce some of the key features of the postglacial landscape. A more thorough calibration would
requi're'a larger suite of test metrics (as discussed below) and exploration of a wider area of parameter space.

F.3.2.3.1 Reconstructed Postglacial'Topography of Buttermilk Creek

The starting condition for the models was a Digital Elevation Model (DEM), which represented the topography
of Buttermilk Creek as it would have existed following the initial retreat of the ice sheet. The 'last glacial
retreat from the area left behind thick accumulations of glacial deposits within the main, Valleys, including the
valleys of the modern Cattaraugus Creek and its tributaries. In the Buttermilk Creek watershed, these glacial
deposits, together with a thin mantle created by postglacial fan deposits, formed a low-relief surface sloping
gently downward to the north-northwest. Since deglaciation, Cattaraugus Creek and its tributaries have incised
these glacial deposits (Fakundiny 1985). Extensive remnants of the incised postglacial valley surface remain
throughout the Buttermilk Creek basin, forming a dissected, semicontinuous, low-relief surface with an altitude
that ranges roughly from 400 to 430 meters (1,300 to 1,400 feet) within the Buttermilk Creek basin. These
remnants appear to be only thinly mantled by postglacial deposits (see, for example, Quaternary geologic map
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and generalized cross-section in LaFleur [1979]), so it is logical to assume that they provide a reasonably
accurate representation of the valley topography shortly before stream incision began.

The pre-incision valley topography was reconstructed using the valley slope projection method. This method
uses the slope of the existing topographic remnant features within the Cattaraugus valley. The slope of the
initial, pre-incision valley was estimated by projecting the modem day slopes of the remnant surfaces down
valley toward the outlet of Buttermilk Creek. The resulting pre-incision valley gradient lies between 0.003 and
0.004. Total postglacial incision depth at the Buttermilk Creek outlet was obtained from the difference
between the modem creek elevation and the elevation of the surrounding terrace remnants, ranging between
60 and 80 meters (200 and 260 feet) of incision depending on which nearby plateau fragment is selected. The
plateau heights in the confluence area appear to reflect the presence of a fill or strath terrace about 20 meters
(60 feet) below the original valley surface; this feature is suggested by a gentle east-west trending scarp that
separates two low-relief surfaces above the left bank of lower Buttermilk Creek, in the vicinity of Edies
Siding. For purposes of model calibration, we have adopted intermediate values of 0.0035 for the paleo-valley
gradient and 405 meters (1,329 feet) for the initial outlet elevation, which implies a total postglacial incision
depth of 69 meters (226 feet). The topography of the pre-incision valley was reconstructed by combining two
DEMs: one representing the modem topography of the catchment and one representing the postglacial valley-
surface topography. The postglacial valley-surface DEM was built using the following algorithm:

* Assignment of a pre-incision elevation (in this case 405 meters [1,329 feet]) to the outlet point.

* Setting the elevation of each remaining DEM cell in the DEM to z(x,y) = z0 + L Sv, where z0 is the

outlet elevation, L is the Euclidian distance from the outlet (= x2 + y 2 ), S, is the projected valley

slope (in this case 0.0035), and x and y are the east-west and north-south distances, respectively, from
the outlet point.

The initial topography DEM was then constructed by assigning to each cell the value of the corresponding cell
in either the~modern, topography DEM or the valley-surface DEM, whichever, was higher. This method yielded
a smooth, gently sloping central valley whose height corresponds approximately to the present-day height of
the plateau remnants, as shown in Figure F-10. No attempt was made to reconstruct subtle variations in the
initial valley topography that may reflect features such as recessional moraines or proglacial lake shorelines.
Such features demonstrably exist, but for the most part they are below the resolution of the best available.
topographic maps, and are therefore subject to considerable uncertainty. Likewise, no attempt was made to6
correct for p0ostglacial erosion or aggradation within the small tributaries above the valley remnants (in the
bedrock region), such as upper Quarry Creek, because there appears to be no data set available at present.on
which to base such corrections. In the future, acquisition of high-resolution, vegetation-corrected airborne
laser-swath maps could allow for greater precision in reconstructions of pre-incision topography because such
data would allow for improved Quaternary geologic mapping and feature identification, mapping of smaller
terrace features, and quantification of historic rates of land surface change. The final step in the construction of
the initial topography was the addition of the modem stream channel pattern, which was etched into the valley-'
surface DEM at a depth'of 1 meter.

Boundary Conditions: Base-Level History

Glacial recession from the Lake Erie basin appears to be the ultimate cause of stream incision within the
Cattaraugus valley and its tributaries. For purposes of erosion evaluation, however, the key boundary
conditioni, is the elevation history in the reach of Cattaraugus Creek, for it provides the base level for the
Buttermilk.Creek catchment. To estimate this base-level history, it was necessary to answer the following.
questions: When did incision begin here? How fast did Cattaraugus Creek incise here? Has this rate varied
through time, and if so, how?
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Figure F-10 Topography of the Pre-Incision Buttermilk Creek Valley that was used to
Calibrate the Landscape Evolution Models

To constrain the timing of base level lowering,. and also provide information on the history of incision within
the Buttermilk valley itself, ten samples for OSL dating were collected from various points in and around the
Buttermilk Creek catchment, as described in SectionF.2.2 above. The samples were analyzed, in the
USGS Luminescence Dating Laboratory. (Mahan 2007). A well-bleached sample obtained in fluvial
sediments near the top of the plateau implies that Buttermilk Creek began incision about 17,000 years ago,
(i.e., 16,800 ±1,530 (one sigma) years from OSL sample 8A (see TableF-3). This timingagrees, within
uncertainty, with the timing of glacial retreat from the Finger Lakes to the east (e.g., at Seneca Lake, final
retreat is estimated to have occurred approximately 16,600 years before present; Anderson.et al. 1997;
Elliset al. 2004). Note that the common practice in the literature of reporting uncalibrated carbon-14 ages can
sometimes cause confusion; for example, 14,000 uncalibrated carbon-14 years corresponds to approximately
16,600 calendar years according to current calibration curves.

As noted earlier, OSL ages of - 15,000 years obtained from mid-level fluvial terrace deposits below the plateau
suggest that incision was more rapid during the first approximately 2000 years than in the succeeding
approximately 15,000 years. To quantify this change in incision rate near the outlet of Buttermilk Creek, an
OSL sample was used from a fluvial terrace in the Cattaraugus valley near the confluence (sample 7A, with a
central age model date of 15.2 1 1.82 *thousand years ago). The early incision, rate of 22 millimeters
(0.87 inches) per year is obtained by dividing the incision depth at the sample point (40 meters [.130 feet]) by
the duration of this phase of incision (17,000. - 15,200 = 1,800 years). The later incision rate of
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1.6 millimeters (0.063 inches) per year is obtained by dividing the terrace's height above the modern stream
(25 meters [82 feet]) by 15,200 years. In deriving incision rates from this mid-level terrace, it is assumed that
the terrace-is'a strath (bedrock-cut platform mantled by alluvial) rather than a thick fill terrace. Without deeper
(backhoe) sampling, at this site, this assumption cannot be confirmed, but it is supported by similar ages from
two confirmed strath terraces at similar levels in the Buttermilk Valley (samples IA and 6A).

Uncertainty in the derived base level history reflects uncertainty in the dating. Reducing this uncertainty would
require additional identification and dating of strath terraces in the vicinity of the Buttermilk-Cattaraugus
confluence. This would produce a larger sample size, yield a greater likelihood of identifying well-bleached
(and therefore more reliable) samples, and (if additional terrace levels could be identified) increase the time
resolution in the base-level reconstruction.

F.3.2.3.2 . Boundary Conditions: Glacio-Isostatic Uplift

Removal of the load of the ice sheets leads to isostatic rebound of the lithosphere. From the point of view of a
drainage basin subjected to such glacio-isostatic uplift, there are three potential effects. First, if a catchment
drains to a body of water such as a lake or ocean that has a fixed altitude, glacio-isostatic uplift (or subsidence)
will change the elevation difference between the catchment and its base level. It may also alter the length of
the catchment by, for example, exposing part of a coastal shelf (or drowning the lower part ofa catchment, in
the case of subsidence). Isostatic uplift along a shoreline can lead to either increased ordecreasederosion and
transport rates, depending on the slope of the uplifted shelf relative to the stream slope near the coastline
(e.g., Summerfield 1986, Snyder et al. 2002). Regional postglacial isostatic uplift inthe Lake Erie basin has
been well documented, as have fluctuations in lake levels through time (Holcombe et al. 2003). From the point
of view of Buttermilk Creek, the net effect of these processes has been to change the base level at its junction
with Cattaraugus Creek, as discussed above. In other words, the influence of postglacial isostatic uplift on
local base level is incorporated in the model by specifying the base-level history at the Buttermilk-Cattaraugus
confluence.

A second potential effect of postglacial isostatic uplift relates to climatology. A substantial increase in the
absolute elevation of a catchment can indirectly influence rates of weathering and erosion by altering the
catchment's mean temperature (due to the environmental lapse rate) and precipitation (due to orographic
effects). 'However, in this case the magnitude of absolute uplift is sufficiently small (likely less than a few
hundred meters [several hundred feet]) that any associated'changes in temperature or precipitation fall well
within the existing uncertainties regarding postglacial climate variation.

The third potential effect of isostatic adjustment is tilting of the surface due to spatial variations in uplift rate.
Spatial variations in glacio-isostatic uplift rates are well documented in eastern North America. For the Lake
Erie basin, Holcombe et al. (2003) used bathymetry data to map submerged paleo-shorelines. Based on a tilted
13.4 thousand year old shoreline, their data suggest about 52 meters (170 feet) Of differential uplift over a
distance of approximately 130 kilometers (80 miles), which implies a down-to-the-west tilt of about 4 x 104.

By comparison, the gradient of the modern Buttermilk valley in its lower-middle reaches is about 8 x 103,
while the gradient of the plateau is approximately 3.5 x 10-3, as discussed above (see also the generalized
Buttermilk valley profile of LaFleur [1979]; i.e., Figure 3, which.shows an average creek gradient from
RicevilleStation 'to the outlet of approximately 0.0085, and a plateau gradient of approximately 0.003). Thus,
assuming that Buttermilk Creek experienced postglacial tilting of a similar magnitude to that. observed inLake
Erie, even if that tilt were aligned directly along the valley axis, it would alter the initial valley gradient by.only
about' 10 percent. Therefore the postglacial tilting likely had only a second-order effect on stream gradients.
Because the likely magnitude of tilt is comparable tothe uncertainty in the estimates.of paleo-valley gradient; it
is not incorporated in the model calibration.. 1 - 11 i.
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F.3.2.3.3. Description of the SIBERIA Model Input Parameters

This section discusses the selection of default parameter values for SIBERIA, as shown in Table F-16.. A
detailed description of the model can be found in Willgoose (1989) and Willgoose et al. (1991). Validation
and applications of the model can be found in a number of publications (Hancock and Willgoose 2001b;
Hancock et al. 2002; Hancock 2003a, 2003b, 2004; Hancock et al. 2000, 2002; Willgoose 2005).

Table F-16 Values of SIBERIA Input Parameters Selected for Forward Modeling Runs
Parameters Symbols Values

Fluvial Transport Parameters

Runoff rate constant P3 48 a

Runoff rate exponent of area m3  0.842

Sediment transport constant P3i Determined

Sediment transport exponent of discharge mI 1.5

Sediment transport exponent of slope n, 1.5

Sediment transport constant Ot 1.0

Sediment transport threshold QsHold Determined

Channel Initiation Parameters

Channel initiation constant P35 3.00 x 10-,4a

Channel initiation exponent of discharge m5  0.67

*Channel initiation exponent of slope n5  0.67

Hillslope Diffusivity Parameters

Hillslope diffusive transport coefficient Dz 0.01 square meters per year

Maximum stable slope in hillslope transportequation SOMx 20 degrees

Determined = determined as part of the forward modeling calibration exercise; see text.
a See text for units.

Selection of Fluvial Transport Parameters for the SIBERIA model

Use of the SIBERIA model requires specification of empirical parameters that determine the discharge (water
flow rate) and fluvial sediment transport rate at each node.. The SIBERIA model represents discharge as a
function of area contributing to the flow and a runoff coefficient:

Q = 33Am3

where:
Q

A
m 3

= discharge at a grid block (cubic meters per year)
= runoff rate constant (cubic meters per year / square meters raised to the exponent M3)

= area contributing to flow (square meters)
= exponent of area, unitless

SIBERIA uses a steady-state discharge to represent the effects of long-term sediment transport. This dominant
discharge is defined as that which, if it Were maintained indefinitely, would produce the same. long-term
average erosion or deposition rate as the natural sequence of flows.. This use of a single characteristic
discharge to represent a-natural frequency-magnitude of flows (the "dominant-discharge approximation") is
based on the observation that-much of the work performed by fluvial systems can be associated with a specific
discharge. It is a common assumption in fluvial geomorphic analysis, and one that is widely used in models of
landscape and sedimentary basin evolution (for discussion and derivations, see .Willgoose [1989],
Willgoose et al. [1991], Tucker and Bras [2000], Willgoose [2005], and references therein).
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The dominant discharge can be variously identified with channel-forming discharge, bankfull discharge,
effective discharge, and discharge having a particular. recurrence interval. The channel-forming discharge is
defined as a theoretical discharge that if maintained indefinitely would produce the same channel geometry as
the natural long-term hydrograph (Copeland et al. 2000). The bankfull discharge is the maximum discharge
that the channel can convey without flowing onto its floodplain. The effective discharge is that which
transports the largest fraction of the average annual bed-material load. If dominant discharge is based on a
specified recurrence interval, that interval is typically defined between the mean annual and 5-year peak.

The selection of the appropriate method is based on data availability and site physical characteristics.
Agreement among the methods is considered to be the best for snowmelt-hydrology, nonincised channels with
coarse substrate (Doyle et al. 2007). Classic work in fluvial geomorphology has also shown that in many
alluvial rivers, the most effective discharge in terms of downstream sediment transport is close to the bankfull
discharge, which commonly has a return interval between 1 and 2 years (e.g., Wolman and Miller 1960).

Of the two hydrologic parameters, P33 and in3 , the most critical for this study is the scaling factor m3 because it
strongly influences the rate at which sediment-transport capacity changes downstream. This parameter was
chosen using the bankfull-discharge method, while the runoff coefficient P33 was based on the mean annual
runoff. Choice of this method is based on the close agreement between the bankfull and effective discharges in
alluvial rivers, and the fact that USGS hydrologic investigations provide data on bankfull discharge and its
scaling with basin size in New York's Hydrologic Region 6, which includes the study area. The USGS study
used regression analysis of stream survey data and discharge records from 11 active and 3 inactive sites within
Hydrologic Region 6 to relate bankfull discharge to the size of the drainage area (Mulvihill et al. 2005). The
resulting equation is:

Bankfull discharge (cfs) = 48.0 (drainage area, in square miles)9.842

This equation was used to establish the exponent of area (M 3 ) in the SIBERIA discharge equation. To check
the applicability of the USGS regional bankfull discharge equation to Buttermilk Creek, the annual peak
discharge values were obtained from the USGS Buttermilk Creek gauging station (Station 04213450) at Bond
Road near Springville, New York. Peak flows were recorded at this station for 7 years (1962 through 1968).
The 1.2-year return interval was calculated to be 30 cubic meters per second using the procedure in
Chow et al. (1988) for the 77.7 square-kilometer (30.0 square-mile) drainage area. This bankfull discharge
is consistent with the bankfull stage height and stage-rating curve data reported in Boothroyd et al. (1979).
Figure F-11 shows the 1.2-year return interval discharge data from the Buttermilk Creek drainage area plotted
on a graph with the regional bankfull discharge values as a function of drainage area size, as collected in the
USGS regional curve study. The 1.2-year return interval discharge data from the Buttermilk Creek drainage
area is shown to be consistent with the USGS study results.
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Figure F-11 Bankfull Discharge Values for Buttermilk Creek and New York Region 6

The SIBERIA fluvial transport relation represents the rate of transport of sediment per-unit width of flow as a
power law function of discharge per unit width of flow and slope along the flow path, contingent on exceeding
a threshold shear stress. The power law functional form has a mass-momentum balance theoretical basis in
analysis of flow down inclined planes and an empirical basis in force balance-derived relations for gravity-
driven flow in channels and for flow around submerged objects. More precisely, the first term on the left-hand
side can, depending on the choice of ml and nl, be configured such that transport rate depends on either
tractive force per unit bed area or on the rate of energy dissipation (stream power) per unit bed area (for
derivations, see, for example, Willgoose et al. [1991 ], Howard et al. [ 1994], Tucker and Slingerland [ 1997]).
The functional form of the SIBERIA fluvial sediment relation is:

qs = P1 Ot qmi Snl - QsHold

where:
q, = sediment transport rate per unit width, kg/m-s
P = correlation coefficient for flow in channels and hillslopes, kilograms per meter-second / cubic
meters per meter-second raised to the exponent in,

0, = coefficient for sediment transport on hillslopes, dimensionless
q = discharge per unit width, m3/m-s
S = slope, dimensionless
QsHold = threshold for sediment transport
in = exponent of discharge
n= exponent of slope

The parameter Ot has a value of unity in channels and a value less than unity for hillslopes (reflecting the
attenuating effects of factors such as vegetation cover and surface roughness). The threshold for sediment
transport may also be represented as a power law function of discharge per unit width and slope. With
discharge per unit width and slope as independent variables of the landscape evolution model, the relation has
five adjustable parameters whose values must be specified to allow use of the relation in simulation of
landscape evolution. As described for the overall calibration procedure, the approach is to provide a basis for
specification of a subset of the parameters, leaving the remaining parameters to be adjusted in order to calibrate
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the model to current conditions. The approach adopted for the Buttermilk Creek scalecalibration is selection
of values of the exponents ml and nI as constant during a simulation. The values of the parameters J1, QsHold,
and 0, are then adjusted during calibration to match the elevation of channels and hillslopes (plateaus) of the
Buttermilk Creek watershed. The following paragraphs describe the technical basis for identification of
parameter ranges and identify values selected for use in the current calibration.

The range of reasonable values for the power law exponents, ml and nl, may be established through
considerations of theory, geomorphology modeling practice, and measurement. A relation between sediment
transport rate, discharge, slope, and hydraulic radius is provided assuming sediment transport rate is a power
law function of shear stress and using Manning's equation for dependence of discharge on slope and hydraulic
radius (Willgoose 1989). Values of hydraulic radius consistent with differing channel geometries may then be
applied to derive estimates of m, and nl. Using a value' of three for the exponent in the power law relation
between sediment transport rate and shear stress (as in the Einstein-Brown equation) leads to.values of 1.1 and
1.8 for m, and values of n, of 2.4 and 2.1 for triangular and wide channels, respectively.

Another commonly used form states that rate of sediment transport is a power law function of stream power per
unit bed area, expressed as the product of discharge per unit width and slope. Evaluation of a correlation of
this type, the Bagnold equation, with the power law exponent of 1.5, has been shown to provide a reasonable
fit to experimental and field data (Gomez 'and Church 1989, Martin and Church 2000). Another evaluation of
sediment transport relations (Prosser and Rustomji 2000) reports that experimental measurements of m1 ranged
from 1.0 to 1.8, that values of nl ranged from 0.9 to 1.8, and that values of ml and n, of 1.4 were the best
single combination.

Estimates of m1 and n1 values have also been investigated based on measurement of Buttermilk Creek physical
parameters. The SAM Hydraulic Design Package for Channels (ACE 2002) was used as an aid in selecting a
sediment transport equation applicable to the Buttermilk Creek hydraulic conditions. SAM compares
calculated screening parameters for a given river to the same screening parameters from a database of rivers
(Brownlie 1981) that have sufficient sediment data to determine an appropriate sediment transport function.
The screening parameters used in the SAM analysis were velocity, depth, slope,. and width, as measured at
bankfull conditions along Buttermilk Creek, and d50 values .(i.e., median bed material gradations)
(Boothroyd et al. 1979). SAM identifies a "match" when a parameter falls within the range of data for a
database river and then recommends the three best sediment transport functions for the river. Buttermilk
Creek's screening parameters matched four of the five screening parameters for a database stream (North
Saskatchewan River) and recommended the Madden extension of the Laursen function as an appropriate
sediment transport function. The Laursen equation has the form:

f {[r dp]/W }=c /{(d/D) 7/6 [(To'/Tc)- ]}

Tro =7D S
T0'= (V2/30dm/D)l/3

Tc 4 d

where:
W = channel width
y = specific weight of water
D = channel depth
S = channel slope
c = correlation constant
d - particle diameter
dm= median particle diameter
V = stream velocity
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Values of the function f I [ý/Td/p]/W } are provided graphically as a log-log function. of [/r 0/pJ/W
(Madden 1993). The function is nonlinear on a log-log plot but does have a linear segment extending over a
,range of values of ['/ro/p]/W. The slope of this linear segment is approximately. 2.6. Using this estimate and
rearranging the Laursen equation provides values of m, and n1 of 1.7 and 1.3, respectively. A literature review
(Howard 1980) provides estimates of mi: and nI of 1.5 and 1.7, respectively as -appropriate for the Laursen
correlation.

The above-discussion identifies a range of I to 2 as reasonable for both m, and n1. In addition, generic site and
site-specific data suggest that the best estimates of values for both exponents are in the midpoint of the
identified range. On the basis of these considerations, a value of 1.5' was selected for both m .and n1 for the
Buttermilk Creek calibration study .

Selection of the Channel Initiation Parameters for SIBERIA

The SIBERIA model provides the capability to represent nodes as belonging to hillslopes or channels, where
the rate of hillslope sediment transport is a fraction of the fluvial transport rate controlled by the. Ot parameter.
In. the. calibration. study, 0, was set to unity, and in this case the channel initiation parameters play no
-meaningful role. However, altemativevalues of Ot were used in initial exploratory simulations, and for these
simulations the channel initiation parameters do- matter. The method for calibrating the channel initiation
parameters is described here.

The potential for transformation of a hillslope node into a channel node is predicted using an activation index
that is a function of discharge and slope at the node, referred to as the Channel Initiation Function. The node

,,activation equations at node j are:

aj- IP5 Qm5 Sn5

where:
aj= channel initiation function equation
135 = coefficient for channel initiation
Q = discharge
S S=slope ' '

m5,n5 ' exponents for channel initiation function (dimensionless)

Selection of the exponents for the channel initiation function (M5 and n5) was based on the.premise that
channels form where overland flow shear stress exceeds a threshold with shear, stress, represented by
m5 -- n5 = 2/3. Calibration of the coefficient for channel initiation (035) was based on the configuration of the
modem channel network, which is unlikely to have changed much over time in this fixed-basin scenario. A
trial and error approach was used, whereby a range of P35 values were input into SIBERIA simulations. From
the SIBERIA output files, plots of nodes that were transformed from a hillslope to a channel were generated
and compared with the modern channel network as shown on the USGS quadrangle map. The 135 value that
best fit the modem channel network configuration was selected for use in the forward modeling runs.
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Selection of Hillslope-Diffusivity Coefficients

In the SIBERIA model, sediment transport rate (Q) for creep-related processes (often referred to as "hillslope
diffusion") is related to slope change rate using a relation of the form:

Qs =( Dz Sdzn ) / (1-i S/ Somax) - D,

where:
Dz = coefficient of diffusion, square meters per year
dzn ='exponent of nonlinearilty (default.= 1), unitless
Dt = threshold below which diffusive sediment transport does not occur (default = 0), g/m-yr
S.= slope, unitless
Somax = maximum stable slope in the diffusive transport model, unitless

At low slope angles, SIBERIA's model for hillslope mass transport is equivalent to the well-known slope-
linear soil creep law, in which the volumetric rate of downslope sediment transport per unit slope width is
equal to the product of slope angle times a transport coefficient, Dz. Values of Dz have been estimated in
many parts of the world, often for purposes of morphologic dating of landforms such as earthquake fault
scarps. In general, the inferred creep coefficients range over two orders of magnitude, from approximately 10-4
to approximately 10-2 square meters per year (Hanks 1998). There is some evidence that creep rates vary
according to climate, with colder and/or wetter environments generally experiencing higher rates of creep. For
example, in the compilation by Hanks (1998), the highest creep coefficients come from Michigan and coastal
California, while the lowest are found in desert regions in Israel and the arid U.S. Basin and Range province
(Nevada and Utah). Oehm and Hallet (2005) compared modem creep rates across a broad range o f climates,
and found a-strong increase in the effective creep coefficient with latitude north of 50 degrees north.

For purposes of this study, published estimates of Dz were compiled (Table.F-17). Among these, those that
match most closely in climate include studies in Michigan, Ohio, NorthernEurope, northwestern Wyoming
(Yellowstone), and Japan. In a study of fault-scarp degradation in the Rhine River Valley near Basel,
Niviere et al. (1998) calibrated a creep coefficient using observed degradation of an approximately 100-year-
old railway embankment, arriving at an estimate of 0.0015 square meters (0.016 square feet) per year. Farther
north in the Rhine Valley, Camelbeek et al. (2001) obtained creep coefficients from forward modeling of dated
fault scarps, with Dz estimates ranging between0.002 and 0.008 square meters (0.021 to 0.086 square feet) per
year in sand-gravel alluvium. A study by Nash (1984) of a single degraded terrace scarp in the subhumid
climate of northwestern Montana yielded an estimate of 0.002 square meters (0.021 square feet) per year. In a
compilation of modern creep rates and profiles by Oehm and Hallet (2005), data from Japan (latitude
35 degrees north) suggest creep coefficients ranging from 0.0036 to 0.014 square meters (0.039 to
0.151 square feet) per year. The degradation of an 1800-year-old embankment and trench in south-central
Ohio provided O'Neal et al. (2005) an opportunity to estimate a creep coefficient of 0.0005 square meters
(0.0054 square feet) per year through forward modeling. Nash (1980) analyzed modern and abandoned wave-
cut cliffs cut in glacial till along the Lake Michigan shoreline, and derived a best-fit estimate of 0.012 square
meters (0.129, square feet) per year.
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Table F-17 Published Values of the Diffusivity Coefficient (Dz)
Reference Dz (square

Location. meters peryear) Source

Lake Bonneville, UT, shoreline scarps 0.00052 Andrews DJ and RC Bucknam 1987 JGR

92(B12): 12857-12867

San Andreas Fault system 0.0085 Arrowsmith 1995, PhD Thesis, Stanford U

Carrizo Plain, California 0.0086 Arrowsmith, JR et al. 1998 JGR-Solid Earth
103(B5): 10141-10160

S. Xingiang, China/Hotan-Qira fault 0.0033 Avouac & Peltzer 1993, JGR 98:217.73-21807

Longmu, western Tibet 0.0055 Avouac et al. 1996, Palaeogeog., 120:93-104

Northern Tien Shan 0.0055 Avouac 1993 JGR-Solid Earth 98(B4):6755-6804

Northwestern Negev, Israel 0.0001 Begin 1992, Israel J Earth Science 41:95-103

Northwestern Negev, Israel 0.0005 Begin 1992, Israel J Earth Science 41:95-103

Gulf of Elat, eastern Sinai 0.0004 Bowman 1986, Tectonophysics 128:97-119

Northern Arava 0.0004 Bowman 1989, Israel DoE in Martin 2000)

Bree, Belgium; Neer, Netherlands 0.006 Camelbeeck, 2001, Neth J GEOS 80(3-4):95-107

Arava, Israel 0.00025 Enzel et al. 1996, Tectonophysics 253: 305

Idaho 0.001 Hanks 1998, NUREG/CR 5562, 2-497-2-535

Bonneville (UT) & Lahontan (NV) 0.00052 Hanks & Andrews 1989, JGR 94(B1):565-573

Bonneville (UT) & Lahontan (NV) 0.0011 Hanks & Andrews 1989, JGR 94(B 1):565-573

Bonneville (UT) & Lahontan (NV) 0.00069 Hanks & Andrews 1989, JGR 94(B1):565-573

Lake Lahontan, Pershing, Nevada 0.0011 Hanks & Wallace 1985, Bulletin SSA 75:835

Seacliff, Santa Cruz,'CA 0.011 Hanks et al. 1984 JGR 89(NB7):5771-5790

Fault scarp, southern California 0.016 Hanks et al. 1984 JGR 89(NB7):5771-5790

Lake Bonneville (Utah) shoreline 0.0011 Hanks et al. 1984 JGR 89(NB7)5771-5790

West-central Nevada 0.0011 Hecker 1985, MSc thesis, Univ Arizona, Tucson

Basin and range 0.0001 L.W. Anderson (personal comm. NUREG 1989)

Various 0.0002 Martin 1997 22:273-279

East Bay Reg Park,,San Fran, CA 0.036 McKean et al. 1993, Geology 21:343-346.

Tennessee 0.0004 Mills, HH 2001 Geomorphology 38(3-4):317-336

Emmet County, Michigan 0.012 Nash 1980a ESPL 5:331-345

Western US 0.00044 Nash 1980b JoG 88:353-360

West Yellowstone, Montana .0.002 Nash 1984, GSA Bulletin 95(12):1413-1424

Upper Rhine graben 0.0014 Niviere B 2000 Geophysical JI 141(3):577

Near Basel 0.0015 Niviere B. 1998 Geophy Res Letters 25(13):2325

Chillicothe, OH. 0.0005 O'Neal et al. 2005

Switzerland 0.0021 Oehm 2005'Zeithschrift fur Geomorph 49(3):353

Switzerland 0.0031 Oehm 2005 Zeithschrift fur Geomorph 49(3):353

Switzerland 0.0047 Oehm' 2005 Zeithschrift fur Geomorph 49(3):353

Switzerland 0.0003" Oehm 2005 Zeithschrift fur Geomorph 49(3):353

Japan 0.0036 Oehm 2005 Zeithschrift fur Geomorph 49(3):353

Japan 0.0093 Oehm 2005 Zeithschrift fur Geomorph 49(3):353

Japan 0.0135 Oehm 2005 Zeithschrift fur Geomorph 49(3):353

Japan 0.0059 Oehm 2005 Zeithschrift fur Geomorph 49(3):353

Central California coastline 0.01 Rosenbloom 1994, JGR 99:14,013-14,029

N flank Qilian Shan, Gansu, China 0.0033 Tapponnier 1990, Earth Planet. Sci. 97:382

Note: To convert meters to feet, multiply by 3.2808.
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In summary,I estimates of Dz obtained in humid to subhumid climates range over more than an order of
magnitude; from 5 x 10-4 suare meters (0.0054 square feet) per year to a little over 10-2 square meters
(0.108 square feet) per year. In terms of climate, soil texture, and time scale, the closest match toWest Valley
appears to be that presented in the study of Nash (1980). The regional climate is humid temperate with cold
winters; temperatures drop. below zero on 150 or more days per year on average, promoting transport by frost
heave. Like West Valley, the environment is predominantly forest'covered, and both sites are underlain by
glacial sediments. Unlike some of the other studies, the time scale for Nash's (1980) estimate spans a large
fraction of the postglacial period (10,500 and 4,000 years, respectively, for two different scarp populations),
and the data come from a population of scarp profiles rather than a single profile (as used for example by
Nash [1984], O'Neal et al. [2005], and Niviere et al. [2005]). Given these considerations and the fact that most
field estimates are only precise to within a single digit, a Dz value of 0.01 square meters (0.108 square feet) per
year is adopted. The exponent of nonlinearity (dzn) was calibrated by comparing the curvature of slopes along
Buttermilk Creek to the curvature of slopes predicted by the diffusion equation in SIBERIA. Cross sections
were cut along the Buttermilk Creek drainage using existing topographic maps of the area to determine the
curvature of the slopes. A series of one-dimensional runs were completed using SIBERIA to determinethe
curvature of the slopes predicted by the diffusion equation. The diffusion equation's exponent of nonlinearity
was varied in the runs, and the resulting slope evolution was plotted and compared with the existing Buttermilk
Creek slope angles. The SIBERIA run that best matched the existing slope angles was determined (dzn value
of 1) and used in the forward modeling exercise. Also, approximately 60 measurements of the valley side-
slope angles from the digital elevation model of'current topography were used to establish a range for the
maximum stable slope angle (Somax) of 20 to 30 degrees.

F.3.2.3.4 Description of the CHILD Model Input Parameters

This section discusses the selection of default parameter values for CHILD, as shown in Table F-18. A
detailed description of the model can be found in Tucker et al. (2001 a), while some of the basic data structures
and algorithms are presented in Tucker et al. (2001b). Applications of the model to various research problems
can be found in a variety of publications (Tucker and Bras 2000, Lancaster et al. 2001, Bogaart et al. 2003,
Lancaster et al. 2003, Colllins et al. 2004, S61yom and Tucker 2004, Tucker 2004, Istanbulluoglu et al. 2005,
Clevis et al. 2006, Flores-Cervantes et al. 2006, Crosby et al. 2007, Gasparini et al. 2007).

Parameters Related to Climate

CHILD uses a stochastic representation of rainfall and runoff in which a sequence of storm and interstorm
events is drawn at random from exponential frequency distributions (Eagleson 1978; Tucker and Bras 2000).
The rainfall model requires three parameters: the average storm intensity, P, the average storm duration, T,, and
the average time period between storms; T1,. Hawk (1992) derived sets of these three parameters from hourly
rainfall data for each month of the year at several dozen meteorological stations around the United States. For
this study, the default parameters were based on Hawk's data from the Buffalo, New York, station for the
month of August (P = 2.131 millimeters (0.084 inches) per hour, Tr = 5 hours, Tb = 65 hours). The month of
August, which has the highest precipitation intensity, was selected because the nonlinearity inherent in the
water erosion and transport rate laws makes them sensitive to precipitation intensity (Tucker and Bras 2000); in
effect, the assumption was made that rainfall in August contributes more to erosion and sediment transport than
any other month (for future analyses, it would be feasible to develop an annualized rainfall distribution, which
would circumvent the need to choose a particular month). The mean storm and interstorm durations, were
magnified by a factor of either 102 (initial calibration runs) or 10 (regridded calibration runs and forward runs).
Magnifying the mean storm and interstorm duration preserves the frequency-magnitude distribution of rainfall
intensity while allowing for greater computational efficiency. A comparison of simulations using different
values of this magnification factor (using Buttermilk Creek's topography as an initial condition and running
forward in time for 10,000 years) showed that the error introduced by a tenfold storm/interstorm magnification
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is small (less than 3 percent difference in average elevation change) while yielding a ninefold speed
improvement. No attempt was made to explore scenarios in which precipitation frequency and/or magnitude
change through time.

Table F-18 Values of CHILD Input Parameters Selected for Forward Modeling Runs
Parameter Symbol Value

Mean rainfall intensity P 2.1 millimeters per hour.

Mean storm duration T, 0.0057 years

Mean inter-storm duration T 0.74 years
b

Infiltration capacity I 1 millimeter per hour
Sediment transport efficiency factor kf 246.5 square meters per year per pascal 3/2

fSediment transport capacity discharge exponent mf 0.667

Sediment transport capacity slope exponent flf 0.667

Excess shear stress exponent Pf 1.5

Bedrock erodibility coefficient kb 18 meters per year per pascal

* Regolith erodibility coefficient k, 10,000 meters per yearper pascal

* Shear stress coefficient (=p g
213 Cf1

1
3; see text) k 900 pascals per (square meter per second) 2/3

Bedrock erodibility specific discharge exponent mb 0.667

Bedrock erodibility slope exponent nb 0.667

Exponent on excess erosion capacity Pb 1

Critical shear, stress for bedrock rb 3 kg/mis 2

Critical shear stress for regolith 23 kg/m/s2

Diffusivity coefficient kd or 0.01 square meters per year

Critical Slope Sc 0.5774 n/m

Initial regolith thickness Hr 0  1.0 meter

Base level lowering rate and duration U 0.0224 meters per year for 2,000 years
0.00 164 meters per year for 15,000 years

At-a-station channel width-discharge exponent Cos ½2
Downstream channel width exponent o~b /2 1/2

Channel width coefficient k, 10 meters per (cubic meters per second) /2

Parameters Related to Hydrology

The current version of CHILD provides four alternative means of computing runoff. Of these, the simplest and
most commonly used is a single-parameter infiltration capacity model in which any rainfall in excess of a
specified infiltration rate contributes to runoff. In general, the use of such a model in a humid temperate
setting would be questionable because rainfall intensity rarely exceeds soil infiltration 'capacity under normal
circumstances. In such settings, most runoff tends to be generated in localized areas wheresoils readily
become saturated due to topographic convergence and/or low gradient (Dunne and Black 1970). However, the
study area is somewhat unusual in having a high proportion of soils derived from clay-rich and therefore fairly
impermeable glacial sediments, and therefore widespread hillslope runoff generation during heavy rains will be
more common than in many humid-temperate environments. This is supported by the results of hydrologic
monitoring discussed in the Surface Water Environmental Information Document (WVNS 1993c). In the
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South Plateau disposal area, nearly 80 percent of the gauged flow resulted from runoff, implying that the
effective infiltration capacity of soils formed from the clay-rich glacial sediments is rather low (not
surprisingly, the study also found a higher effective permeability in the alluvial fan-derived soils of the North
Plateau). For purposes of this study, a simple one-parameter infiltration-capacity runoff model is adopted, with
the recognition that future studies of hydrologic response may point toward a different choice. An infiltration
capacity of 1 millimeter per hour, which lies toward the low end of commonly observed infiltration rates (see,
for example, Table 7.1 in Dunne [1978]), is used as a default parameter. The combination of rainfall
parameters with a 1 millimeter per year infiltration capacity yields an average annual flow at the former
gauging station of about 2 cubic meters per second (70 cubic feet per second), which is within a factor of two
of-the annual flows of 1.1 to 1.47 cubic meters (38 to 52 cubic feet) per second recorded during the station's
brief period of operation during the 1960s. By using a relatively low value of infiltration capacity, the model
emphasizes areas underlain by clay-rich, till-derived soils such as the South Plateau and the Franks Creek and
Erdman Brook valleys.

The channel width, W, at any given node is calculated using an empirical relationship between width and
discharge,

W = Wbr = Q

where the subscript b denotes quantities at bankfull stage and W,, Wb, and kw are parameters. There do not
appear to be any data available on variations in channel width downstream and at a station in the Buttermilk
Creek watershed. Based on traditional hydraulic geometry data (Leopold et al. 1964), the following parameters
provide a reasonable depiction of a range of alluvial rivers: kw = 10 (in meters and seconds) and W, = Wb = 0.5.
For these parameters, the Buttermilk Creek bankfull discharge of 23.85 cubic meters per second yields a width
of 48.8 meters, which is compatible with measured width in the bar complex maps of Boothroyd et al. (1982).

Parameters Related to Water Erosion and Sediment Transport

The erosion and transport laws should be appropriate to the processes occurring at the site. Based on reports
and field observations, fluvial processes in the Buttermilk Creek watershed include: (1) transport of gravel
through the stream network (Boothroyd et al. 1979, 1982), and (2) stream incision into cohesive clay-rich till
(as well as other units, e.g., fan gravels, proglacial lake sediments). The presence of coarse bed sediment in
Buttermilk Creek suggests that the stream system cannot be realistically treated solely with a detachment-
limited model (Howard et al. 1994). One method would be to use a transport-limited fluvial model, which
effectively treats the channel bed as loose sediment. However, the active incision of till and bedrock by Franks
Creek and other tributaries and the observation of till exposed in the bed of Franks Creek near the SDA,
suggest that a transport-limited model may not correctly capture incision of Lavery Till. Therefore, it is
reasonable to use a hybrid model that accounts both for bed-load transport of gravel and for detachment of the
till (or other bedrock) substrate. CHILD's standard water erosion algorithm computes bed lowering as the
lesser of: (1) bedrock detachment capacity, and (2) excess sediment transport capacity per unit surface area.

This approach requires a choice of transport-capacity law and a choice of detachment-capacity law. Because
the substance being detached is mostly clay till, it is appropriate to choose a detachment-rate formula that is
applicable to cohesive, clay-rich substrates. Howard and Kerby (1983) found that the detachment (lowering)
rate of cohesive clay sediments in a badland area was roughly proportional to the cross-section average bed
shear stress. Correlations between detachment rate and boundary shear stress have been also been found in
field tests of soil erosion (Elliot et al. 1989) and in studies of hydrodynamic erosion of cohesive riverbanks
(Julian and Torres 2006). This motivates the use of the following widely used du Boys formula for computing
the detachment capacity of cohesive material:
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DC K )

where D, is the detachment capacity (with dimensions of length per time [L/T]), t is boundary shear stress, T cb

is a threshold shear stress below which detachment is negligible, and Kb is a lumped dimensional coefficient
that depends on bulk density, effective particle size, and the strength of cohesive bonds between particles. The
subscript indicates that the relationship only applies when r > T cb; otherwise, the detachment capacity is
zero. The detachment coefficient Kb is used as one of two calibration parameters. A default value of
4.5 (in meters, kilometers, and years) is based on field experiments in soil detachment (Elliot et al. 1989). The
detachment threshold T cb (b for bedrock) could, in principle, be estimated for the clay-rich till units in the
study area using jet testing. For the present, it is set to 3 Pascals (Pa), a value that falls within the general range
of values estimated from field experiments on soils (Elliot et al. 1989) and cohesive river banks (Julian and
Torres 2006).

CHILD offers several alternative formulations for calculating the sediment transport capacity of channelized
flow. The coarser fraction of sediment, which tends to move as bed load, is considered to be the limiting factor
for erosion of detached sediment. Therefore, a transport formula designed for bed load is considered
appropriate. For practical reasons of simplicity and computational efficiency, a single effective grain size,
rather than multiple grain-size fractions, is used for this study. The general form is

Q, = WKf (rP - P)+

where Q, is the volumetric sediment transport capacity, W is the width of the channel, and Kf is a transport
efficiency factor that incorporates fluid and sediment density and gravitational acceleration. A number of
laboratory and field studies show a strong correlation between transport rate and excess shear stress raised to
the 3/2 power, which is consistent with the hypothesis that transport rate depends on unit stream power (which
represents the rate of energy expenditure per unit bed area and is equal to the product of shear stress and flow
velocity). This motivates a choice of p = 3/2. The default value of the motion threshold, I ., is based on the
observed median grain size of bar sediment on the order of 32 millimeters (1.26 inches) in Buttermilk Creek
(Boothroyd et al. 1982, Figure 5A), assuming -a critical Shields stress of 0.045, water density of
1,000 kilograms (1.1 tons) per cubic meter, and sediment density of 2,650 kilograms (2.9 tons) per cubic
meter. The transport capacity coefficient Kf is used as a calibration parameter. Its default value of -1.56 x 10-5
(meters, kilograms, seconds) is derived from the Meyer-Peter and Mueller transport formula, which has the
same scaling as the transport equation above.

Note that there is no single generally accepted transport formula for bed-load flux. Rather, there are a number
of competing approaches that involve somewhat different'scaling of the key variables (Howard 1980; Martin
and.Church 2003) and hav~e yarying degrees of explanatory power depending on what data sets are examined.
The choice of the above equation is based on the fact that its scaling is common to a number of frequently used
and reasonably successful transport formulas. One limitation is that CHILD presently has no way to address
suspended or wash load; thus, for example, when a cubic meter of clay is eroded, it all turns into "sediment" of
a specified size. SIBERIA has the same limitation. A more realistic approach would be to specify a
percentage of fines for the eroded substrate, and have these directly removed (Kirkby and Bull 2000), but this
would require additional model development and testing, and it is considered unlikely to have a significant
effect on the behavior of the model in this setting.

The cross-section averaged bed shear stress exerted by running water is based on a force balance between
gravity and friction for steady, uniform, fully turbulent flow in a wide channel:

2/3c 1/ Q )2/3 s2/3
2F3-5
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where Q is water discharge, S is channel gradient, p is water density (= 1,000 kilograms (1.1 tons) per cubic
meter), g is gravitational acceleration at earth's surface, and Cf is a dimensionless friction factor that depends
weakly on relative roughness (flow depth relative to roughness height); Cf is set here to 0.0076 (equivalent to a
"Darcy-Weisbach f' of 0.06), which is consistent with a relative roughness of -30 based on pipe-friction
experiments (Middleton and Southard 1984).

Parameters Related to Sediment Transport by Soil Creep and Landsliding

For this application, CHILD uses a nonlinear soil creep transport law that was introduced by Howard et al.
(1994) and tested in the field and laboratory by Roering et al. (1999, 2003):

KdVzqI¢ -(VzJ / S,)

where z is land surface height, Kd is a transport coefficient [L2/T], and Sc is a threshold slope gradient. This
formula is nearly identical to that used in SIBERIA, and the parameters Kd and S, are equivalent to SIBERIA's
Dz and Somax. They areset to 0.01 square meters (0.11 square feet) per year and 30 degrees, respectively, as
discussed above.

F.3.2.3.5 Model-Data Comparison Metrics

There are a number of different metrics that could be used in comparing observed and modeled topography.
Studies of stream and hillslope profile evolution using one-dimensional models that typically use metrics based
on the differences between observed and modeled surface height at a series of points along the profile
(Rosenbloom and Anderson 1994; Stock and Montgomery 1999, Whipple et al. 2000, van der Beek and
Bishop 2003, Tomkin et al. 2003). Comparing two-dimensional models of drainage basin evolution with
observed topography is less straightforward. Point-by-point comparison of observed and simulated topography
suffers from the problem that small differences in drainage pathways can lead to large apparent errors, even
though the modeled topography may be statistically very similar to the real landscape. Thus, most tests of
drainage basin evolution models have been based on'statistical measures of terrain. such as the catchment-wide
slope-area relationship, the hypsometric curve, and the drainage-area distribution function
(Hancock et al. 2002). These methods essentially weight allportions of the landscape equally. For purposes of
the present project, however, the primary interest lies in capturing the evolution of the incised plateaus, not
only because this- is where WNYNSC lies, but also because of the much better knowledge of topographic
change in the glacial plateau areas than in the bedrock uplands. Thus, it is appropriate to use a goodness-of-fit
metric that emphasizes the incised plateau landscape. For the CHILD simulations, the longitudinal profile of
Buttermilk Creek within the' main valley was chosen as a preliminary test metric. For the SIBERIA
simulations, which were limited to the Franks Creek watershed, the longitudinal profile from.Erdman Brook
through lower Franks Creek was uged as a test metric. The choice of longitudinal profiles as the basis for
model-data comparison reflects the finding that in cases of transient response, different erosion laws predict
distinctly different longitudinal profile shapes (Tucker and Whipple 2002, Whipple and Tucker 2002). The
main drawback of using longitudinal profiles is that they contain little or no information about properties such
as hillslope form, drainage density, or tributary shapes and positions., Ultimately, there is a need for multi-
objective criteria that describe a range of terrain attributes and have a demonstrated ability to discriminate
between alternative models and rule out poor ones, but development and testing of such criteria were
considered beyond the scope of this study.

For the CHILD calibration runs, observed and modeled profiles were compared along a portion of the main
stem extending from a tributary junction at the head of the main Buttermilk Creek valley to the confluence
with Cattaraugus Creek (coordinates at the head of the profile: UTM Zone 17T, E693320 meters,

F-46



Appendix F
Erosion Studies

N4700742 meters, datum NAD27). For the SIBERIA calibration process, the corresponding long profile ran
from the headwaters of.Erdman Brook to.the confluence of Franks and Quarry Creeks (coordinates at the head
of the profile: UTM Zone 17T, E693022 meters, N4703031, datum NAD27), The observed longitudinal
profiles were extracted from a 10-meter resolution USGS digital elevation model. Because the lengths of the
observed and modeled long profiles tend to differ slightly, linear interpolation was used to dividethe observed
and modeled profiles into 101 equally spaced points. This approach allows for point-by-point comparison.
The misfit between observed and modeled profiles was calculated as:

.N

1 (zim -- zbs

N (Zobs)

where N = 101 is the number of profile points compared, Zim is the modeled height above the outlet at point i,
Ziobs is the observed height above the outlet at point i, and <Zobs> is the observed mean profile height above the
outlet. Parameter combinations with the lowest value ofthe mis-fit index, Elp were identified. The resulting
best-fit run was considered adequate if it met two other (qualitative) criteria: (1) extensive remnants of the
initial plateau were preserved along the flanks of the main channel network, and (2) the modeled longitudinal
profile of Franks Creek provided a reasonable match (comparable to that of the Buttermilk profile) to the
observed profile. With the CHILD model, after the best-fit parameter pair was identified, the model was rerun
with the same parameter set but with the node spacing reduced by a factor of four (from approximately
90 meters to approximately 22.5 meters [295 feet to 73.8 feet]) in the vicinity of WNYNSC, and with the mean
storm and interstorm duration parameters reduced by a factor of 10. The variable-resolution mesh used in
these modelruns is shown in Figure F'-12.

Figure F-12 Perspective Image Showing CHILD Simulation Mesh with Tighter
Vicinity of the Western New York Nuclear Service Center:

ide Spacing in
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F.3.2.4 Calibration Results

F.3.2.4.1 CHILD Calibration

The error estimates from 25 calibration runs are listed in Table F-19. Figure F-13 compares the observed and
modeled longitudinal profile of Buttermilk Creek for the best-fit run. The model captures the weakly concave-
upward shape of the profile. The profile is relatively insensitive to Kb, implying that transport capacity, rather
than detachment capacity, is ihe primary limiting factor on profile development in these runs. The simulated
present-day topography preserves remnants of the till plateau flanking the incised valley, and it predicts about
the right depth of incision along the main trunk stream (Figures F-13 and F-14). It significantly over predicts
the degree of landscape dissection, particularly in the bedrock uplands. Part of this may be due to the
difference in erosion resistance between glacial valley fills and Paleozoic bedrock, which was not accounted
for in the trial calibration runs. A better fit to the drainage density could probably be achieved by incorporating
such a difference (in the form of a second Kb parameter to represent Paleozoic bedrock) and/or by searching a
broader range of parameter space using a multi-parameter optimization method such as a Monte Carlo
approach.

Table F-19 Best-Fit Longitudinal-Profile Scores for 25 CHILD Calibration Runs
" __ 'K __Kf

123.25 246.5 493 1 986 1972

Kb

4

E

R
0

1.125 0.0905 0.0727 0.0769 0.1136 0.2273

2.25 0.0889 0.0716 0.0996 0.1363 0.2333

4.5 0.0904 0.0700 0.0846 0.1518 0.2504

9.0 0.0837 0.0729 0.0805 0.1280 0.2351

18.0 0.0870 0.0694 0.0723 0.1393 0.2477

Note: Best-fit value shown in bold.

Distance Downstream (kilometers)

Figure F-13 Comparison of Observed and Modeled Longitudinal Profile of Buttermilk Creek in
Best-Fit CHILD Calibration
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Figure F-14 Plan-View Images of Buttermilk Creek (left) and
Best-Fit CHILD Calibration Run (right)

The simulated drainage patterns in the Franks Creek area are similar, though not identical, to the observed
patterns (Figure F-15). The disparity reflects the known sensitive dependence of drainage patterns on initial
conditions, and also the nature of the topography itself: alluvial fans form in this area early in the simulation
(presumably for the same reason that fans formed on the actual plateau during the postglacial period), and this
naturally leads to frequent drainage switching. As a result, the model's versions of Quarry Creek and Outwash
Creek (next major tributary northwest of Quarry Creek as shown on Figure F-1) have merged; below their
confluence, the modeled streams roughly follow the path of the real Outwash Creek. The modeled valleys are
generally narrower, which is to be expected because the model runs did not incorporate the lateral channel
migration process (i.e., the lateral shifting in channel position due to natural instabilities in the flow that lead to
bank erosion and gradual horizontal migration in the channel position).

One way to test the calibration is to compare the observed and simulated longitudinal profiles of streams that
were not used to calibration the model. The best-fit calibration run does a reasonable job with the longitudinal
profile of Franks Creek between its entry onto the till plateau and its confluence with Buttermilk Creek
(Figure F-16).

F.3.2.4.2 SIBERIA Calibration

The SIBERIA calibration was completed on the Franks Creek watershed. Although calibration was also
attempted on the Buttermilk Creek scale, there were numerical stability issues at practical time steps and so the
analysis was not completed.

The error estimates from 46 calibration runs are listed in Table F-20. Figure F-17 compares the observed
and modeled longitudinal profile of Upper and Lower Franks Creek for the best-fit run. The model captures
the concave-upward shape of both profiles rather well; however, it over predicts incision in the upper bedrock
portion of the watershed and under predicts incision in the Upper Franks Creek portion. The models over
prediction of incision in the upper portion of the watershed is likely due to the difference in erosion resistance
between glacial valley fills and Paleozoic bedrock that was not accounted for in the trial calibration runs
(i.e., variable material properties were not represented in the models to account for the differences in geologic
units). As in the CHILD simulations, a better fit to the drainage density could probably be achieved by
incorporating such a difference (in the form of a second P3I parameter to represent Paleozoic bedrock) and/or by
searching a broader range of parameter space using a multi-parameter optimization method such as a Monte
Carlo approach.
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Figure F-15 Perspective View of Present-Day Topography and Drainage Patterns in the Franks
Creek Area as simulated by the CHILD Model
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Distance Downstream (kilometers)

Figure F-16 Comparison of Observed and CHILD Simulated Longitudinal Profiles of Franks
Creek and Lower Buttermilk Creek from the Point where Franks Creek Enters the Plateau
Area to the Outlet of Buttermilk Creek (steps in the observed long profile are artifacts in the

digital elevation model)
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Table F-20 Best-Fit Longitudinal-Profile Scores for 46 SIBERIA Calibration Runs
',Qs[Iold " .. . •," ,

0.011, 0.2512 0.631 1.5849 3.9811 10" 20

4.64x 107  " .0.1132' 0.1318

1.00xi '106  0.1422 0.1642 0.2662 0.2887 0.1413 0..1718 0.1624

2.15 x 10-6 .0.1984 0.1862. 0.1869 0.3109 0.2846 0.2600 0.2426

4.64 x 10-6 0.3172 012263 0.2218 0.2151 ,0.2981 0.2809

1.00 x 10,0 0.2789 0.2909 0.2971 0.2850 0.3165 ' 0.3219' ,

2.15 x ,10- 0.4795 0.4525 , 0.4080 0.3336 0.4923. 0.5283

4.64.x 1,05 0.5687 0.6997' -. 0.5908 0.5496 0.7613 .0.7531
1.00 X I07 . 0.8360 0.7102. 0.8089 0.6766' 0.8938 0.5548 _

Beta]

Best-fit value-shown in bold.

E
0

.2

300 400 500

Downstream Distance (meters)

Figure F-17 Comparison of Observed and Modeled Longitudinal Profile of Franks Creek in
Best-Fit SIBERIA Calibration Run
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The simulated drainage patterns in the Franks Creek watershed are similar, though not identical, to the
observed patterns (Figures F-18 and F-19). Lower Franks Creek, Upper Franks Creek, and Erdman Brook all
follow the paths of the real stream channels. One discrepancy is the formation of a new channel near the
confluence of Franks Creek with Quarry Creek that is progressing along a path parallel to Lower Franks Creek.
The length of the NDA Gully is also a bit longer and branched, although it is in the right location. The
modeled valleys are narrower, which is to be expected because the model runs did not incorporate valley-
widening processes such as lateral channel migration. Despite these differences in drainage pattern and width,
the best-fit calibration run does a reasonable job of replicating the existing stream pattern.

Figure F-18 Shaded Relief Images of Franks Creek (left) and Best-Fit
SIBERIA Calibration Model (right)

114110

14"0No

Figure F-19 Perspective Images of Franks Creek Basin as Observed (left) and Simulated (right)
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F.3.2.5 Calibration: Discussion and Interpretation

Although there are obviously important differences between the observed and modeled landscapes, the degree
to which the CHILD and SIBERIA models are able to reproduce key features of the topography is somewhat
remarkable given the limited calibration strategy, the sensitive dependence of drainage pathways on initial
conditions, and the intentional neglect of any spatial variation in material properties (chiefly, the contrast
between glacial valley fill and Paleozoic bedrock). It is likely that the degree of fit could be improved with a
more thorough calibration strategy. Such a strategy would involve multiple terrain metrics, rather than reliance
on the main-stream longitudinal profile as the sole test criterion. It would also need to explore a broader range
of parameter space, using some form of Monte Carlo approach in which parameter ranges were bounded by
physical and/or empirical constraints. Nonetheless, some aspects of the observed terrain are unlikely to be
matched in a deterministic sense. The details of the drainage pattern are sensitive to small perturbations, and
are therefore unlikely to be matched by any model in a deterministic sense. This is particularly true in areas of
sediment accumulation, such as the alluvial fans that flank the main valley, as such areas are naturally prone to
rapid drainage switching.

One element that would likely be improved by a more through calibration approach is the degree of landscape
dissection. The current best-fit CHILD run over predicts the degree of dissection (Figure F-14). The
unrealistic extent of dissection in the bedrock uplands partly reflects the assumed uniformity of material
properties: in essence, the bedrock uplands were modeled as if they were made of glacial till and, appropriately
enough, the model predicts rather intense gullying in these areas. This issue-could be addressed by allowing Kb
to vary with lithology, although at the cost of introducing an additional parameter to be constrained. The
degree of dissection within the plateau and canyon areas is also somewhat over predicted. In general, the
degree of landscape dissection is controlled by (1) the intensity of diffusive (creep) processes relative to water
erosion processes, and (2) the magnitude of erosion thresholds (Kirkby 1995, Tucker and Bras 1998). It is also
likely that gully extension in this environment is limited by vegetation growth, which can effectively impose a
large erosion threshold on the landscape in hollows and ephemeral channels. To test this premise, it would be
necessary to determine whether a better overall fit to the modem topography is obtained when a dynamic
vegetation layer is used (Collins et al. 2004).

With the SIBERIA calibration, a combination of )6 1 and QsHold was identified that produces a reasonable

match to the observed longitudinal profile along Erdman Brook and lower Franks Creek (Figures F-17). This
parameter combination lies toward the edge of the zone of parameter space that was explored, so it is possible
that with additional computation and analysis time, a better fit could be identified. However, the match is
sufficiently close that it was considered adequate for the present study. Comparison between the observed and
modeled longitudinal profile of the whole of Franks Creek shows modeled elevations on the plateau that are
significantly higher than those observed (Figure F-18). This is thought to reflect, at least in part, the
assumption of uniform materials in the landscape. Because the' higher erosion resistance of the paleozoic
bedrock areas in the headwaters is not accounted for, the upland areas undergo significant erosion in the
calibration runs. This provides a large sediment source to the plateau surface, which inhibits channel incision.
It is likely that this mis-match could be reduced or eliminated if it were possible to account for spatial
variations in erodibility.

F.3.2.6 Forward Modeling of Erosion Patterns

F.3.2.6.1 General Approach

Using the calibrated parameters, both models were run forward in time for a period of 10,000 years. With
CHILD, the runs included all of Buttermilk Creek, with the region around WNYNSC represented at a higher
resolution than the rest of the basin (Figure F-12). With SIBERIA, the runs were computed for the
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Franks Creek watershed only. The initial condition for these runs was the moderii topography, both with and
without the engineered structures proposed in the Sitewide Close-In-Place Alternative.

One potential disadvantage to starting from modern topography is the potential for "model shock" as the model
adjusts to irregularities and errors in the data; as well as to certain topographic featuresthat the model does not
simulate (e.g., incised valleys wider than one cell). To test the degree to which this might obscure the overall
erosion and sedimentation patterns, an additional run was performed with CHILD using the calibration
topography as the starting condition. Note that the forward runs reported here are essentially deterministic in
nature, and they involve uncertainties that are not easily quantified. Potential sources of error and uncertainty
are discussed in Section F.3.2.6.5 below. Probabilistic erosion estimates with uncertainty bounds, based on
ensembles of model runs, are feasible in principle but would require additional computation and analysis time;
this was considered beyond the scope of the present study.

F.3.2.6.2 Forward Modeling: Mathematical Representation of Tumuli

The burial structures (tumuli) proposed for the Sitewide Close-In-Place Alternative (Appendix C) are designed
to withstand direct water erosion, and to be geomechanically stable' However, few engineered structures
without deep pilings can withstand being undermined by erosion of the ground that supports them. Thus, the
greatest erosional threat to these structures is considered to be undermining by mass movementas valley rims
widen in response to stream incision. It was assumed that, with regard to hillslope mass movement, the
materials composing the tumuli would not differ substantially from the natural soils and sediments on which
they are built. On the other hand, the coarse armor layer capping the tumuli has the potential to resist water
erosion more effectively than the glacial sediments underlying the plateau area. With the CHILD model,
simulations were conducted with two alternative representations of the tumulus materials: one (the "soft cap"
model) assumes that the cap material is just as susceptible to water erosion asthe natural soils; the other (the
"hard cap" model) assumes that the cap material cannot be entrained by running water. Comparing these cases
can shed light on the potential importance of a resistant cap. The version of SIBERIA used in these analyses
lacks the capability to vary erosion properties in space, and so only the soft-cap scenario was run' with
SIBERIA. In allof these cases, the topography associated with the proposed'tumuli was added to the initial
conditions.

F.3.2.6.3 Forward-Modeling: Results from CHILD

In the No Action Alternative no cap scenario, erosion is concentrated along existing gullies (as shown in
Figure F-5), which generally extend headward into the plateau (Figure F-20 [b]). The NP-lgully extends
southward into the North Plateau, with maximum modeled erosion depthson the order of 10 to 12 meters (32.8
to 39.4 feet). Significant deepening and extension also occurs along the NP-2 and NP-3 gullies (up to 12- to
15-meter (39.4- to 49.2-feet) deep) and the EQ-1 gully (on the order of a:6- to 7-meter (19.7-to 23.0 foot)
maximum lowering). In addition, gully erosion impacts the eastern rim of the North Plateau.between NP-3 and
EQ-1, as well as the western rim along the edge of Quarry Creek. In the area of the North Plateau Waste
Management Areas 1 and 3, erosion depths are on the order of 0.1 to 0.3 meters (0.33 to 0.98 feet). The
greatest threat to this area appears to come from expansion of the southeast valley wall on Quarry Creek, where
the advancing valley rim advanced to within 150-meters (492-feet) of the process building and tanks. On the
South Plateau, the model produces incision depths on the order of I to 4 meters (3.28 to 13.12 feet) along the
"NDA Gully" that runs between the SDA and NDA. Similar erosion depths occur in the west-central portion
of the NDA, where the headwaters of Erdman Brook are diverted around a low embankment. The southeast
comer of the SDA shows locally high creep erosion, with a maximum erosion depth a little over a meter
(3.28 feet).
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Figure F-20 Maps Showing (a) Current Topography at the Western New York Nuclear Service
Center Site, and (b) Topography and Erosion Pattern Predictions at 10,000 Years as Computed

by CHILD ([b] No Action Alternative No-Cap Scenario)
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As noted in Figure F-20, a version of the No Action Alternative no cap scenario was run using the calibration
topography, rather than the observed topography, as a starting point. The erosion patterns computed in this run
(not shown) differ in detail but involve similar erosion depths and similar patterns of gully propagation. This
suggests that the issue of "model shock" discussed previously has only a minor impact on the results.

In the Sitewide Close-In-Place Alternative soft-cap scenario (Figure F-21 [c]), the erosion patterns are broadly
similar to those of the no-cap scenario with the exception of the northern andwestern parts of the SDA-NDA
area. In the presence of a soft-capped tumulus on the South Plateau, drainage that presently feeds the NDA
Gully is diverted to the south, and the small gully running between the SDA and NDA becomes a zone of
sediment accumulation. The infilling results from down-slope creep of the mound material, which accumulates
along the bases of the burial mounds and within this channel. Modeled erosion depth on the South Plateau
mounds is on the order of 0.1 to 1.7 meters (0.33 to 5.58 feet). Erosion depths greater than a meter are found
in two locations. One is at the north end of the SDA. The other is at the western corner of the NDA mound,
which is undermined by erosion along Erdman Brook at this location. On the north-plateau mound, erosion
depths range from 0.01 to 0.7 meters (0.03 to 2.30 feet), with the greatest depths along the convex rim of the
mound.

Erosion patterns in the Sitewide Close-In-Place Alternative hard-cap scenario (Figure F-21 [d]) are very
similar to those for the soft-cap scenario, indicating that hillslope mass-movement processes drive the vast
majority of mound erosion in both scenarios. The biggest difference between the cap and no-cap scenarios is
the presence or absence of gully erosion in the gap between the NDA and SDA and at the western end of the
NDA. In the no-cap scenario, drainage accumulated on the South Plateau flows around the south end of the
NDA, then turns northward to run between the SDA and NDA toward Erdman Brook. This drainage path
erodes a gully-like feature along the boundary between the SDA and NDA (the NDA Gully). In the Sitewide
Close-In-Place Alternative cap scenarios, this drainage, together with the headwaters of Erdman Brook, is
diverted around the south side of the SDA where it generates about a meter of erosion.

In summary, the CHILD model scenarios predict that the areas most prone to erosion are the existing gullies,
the east and west rims of the North Plateau, and the three Creek valleys (Franks, Erdman, and Quarry). In the
No Action Alternative no-cap scenario, the model predicts gully erosion along the NDA-SDA boundary. In the
Sitewide Close-In-Place Alternative cap scenarios, this is prevented by the diversion of upper Erdman Brook
around the south end of the SDA. The chief mode of cap erosion is soil creep, which generates up to about a
meter of erosion on the cap rims and corners over the evaluated 10,000-year timeframe.

F.3.2.6.4 Forward Modeling: Results from SIBERIA

In both the No Action Alternative (no-cap) and Sitewide Close-In-Place Alternative soft-cap scenarios,
SIBERIA predicts the greatest depth erosion in the NP-3 gully, on the western flank of lower Franks Creek
(Figure F-22). Both cases also show concentrated erosion around the EQ-1 gully. In the No Action
Alternative no-cap scenario, significant erosion also occurs in the NDA Gully along the boundary between the
SDA and NDA. In the Sitewide Close-In-Place Alternative soft-cap scenario, the drainage feeding this gully is
diverted around the NDA cap and, as in the CHILD cap scenarios, the NDA Gully area undergoes aggradation
rather than erosion. One difference between the two models is that SIBERIA predicts drainage diversion into
Erdman Brook, while in CHILD much of this drainage is diverted around the south end of the SDA. The
difference may simply reflect the fact that the SIBERIA runs were limited to the present-day Franks Creek
catchment, and therefore all drainage is constrained to remain within the boundaries of this catchment.
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Figure F-21 Maps Showing (c-d) Topography and Erosion Pattern Predictions at 10,000 Years as
Computed by CHILD for the Sitewide Close-In-Place Alternative ([c] Soft-Cap Scenario,

[d] Hard-Cap Scenario)
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Figure F-22 Erosion Patterns Computed by SIBERIA for the
Sitewide Close-In-Place Alternative No-Cap (top) and Soft-Cap (bottom) Scenarios
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F.3.2.6.5 Forward Modeling: Discussion and Interpretation

The calibrated CHILD and SIBERIA models predict broadly similar patterns and rates of erosion over the
evaluated 10,000-year timeframe. The model calculations support theview that gully propagation represents
the greatest erosional threat to the north and south plateaus. Existing gullies, such as NP-3, are predicted to
deepen significantly and advance headward. Bothmodels show significant erosion along the NDA Gully in
the No Action Alternative no-cap scenario, but drainage diversion away from this gully in the Sitewide Close-
In-Place Alternative cap scenarios. Maximum erosion depths locally exceed 15 meters (49.2 feet) within the
most active gullies with advances of up to 220 meters (722 feet) over the 10,000 period, which is equivalent to
a long-term advance rate of 0.02 meters (0.066 feet) per year. Of the two plateaus, the North Plateau site is
generally stable, with computed erosion.depths generally no greater than about a meter (3.28 feet), which is
equivalent to a rate of 100 millimeters (0.328 feet) per 1,000 years. The South Plateau appears to be more
vulnerable in all model runs, with up to three or four meters (9.8 to 13.1 feet) of erosion in the no-cap scenarios
and lesser amounts in the cap scenarios, which is equivalent to a rate of 980 to 1,310 millimeters per 1,000
years. These rates are compared to the erosion frame measurements and the short-term modeling predictions in
Table F-21.

Table F-21 Comparison of SIBERIA/CHILD Erosion Rates on the Plateaus to Short-Term
Modeling Estimates and Erosion Frame Measurements

Average Elevation Change' Average Elevation Change
Model Name (meters per 10,000 years) (millimeters per 1,000 years)

SIBERIA/CHILD North Plateau 0 - 1 0 - 100

SIBERIA/CHILD South Plateau 3 - 4. 300-400

Erosion Frames 0- 14a 0 - 1,400 a

USLE 0.128 12.8

SEDIMOT II 0.11 11

CREAMS 6.9 690

WEPP 4.08 408

a Range is representative of sheet and rill erosion on overland flow areas as well as mass wasting on hillslopes.

There are a number of sources of uncertainty that should be taken into consideration when interpreting these
findings. Perhaps the most significant concerns the assumption that climate will not significantly change over
the forecast period. There are two potential weaknesses to this assumption. The first and most obvious is the
possibility that the future climate may differ substantially from the present one. Climate has a direct or indirect
control on all of the landscape-forming processes at the West Valley Site. Rainfall frequency and magnitude
directly impact erosion and sediment transport by running water, and indirectly influence the nature of the
vegetation. Biota are linked with a number of transport processes, and can influence rates of soil mixing,
surface resistance to overland flow, and land-surface hydrology, among other effects. In addition, the
temperature regime can impact rates of hillslope soil motion by, for example, influencing the frequency and
magnitude of frost heave within the soils. The complexity of biologic-hydrologic-geomorphic feedbacks
makes it difficult to generalize about how future changes in climate might impact erosion rates- or patterns;
much depends on the particular suite of processes and materials present, and on the particular nature of
changes in precipitation and/or temperature. Assessment of the potential impact of future climate change on
erosion patterns would require the construction and analysis of scenarios with varying climate states.

The second assumption regarding climate lies in the calibration method. In calibrating modelsbased on post-
glacial landscape development, the implicit assumption was made that the climate during that time period is
comparable to the present climate, at least to the extent that it reflects rainfall, runoff, and soil creep processes.
This assumption introduces some degree of error in the analysis, because climate in this portion of North
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America is known to have varied to some extent over the post-glacial period. Thus, even if future climate
remained unchanged relative to the present day, some uncertainty in model forecasts would result from the
imperfect knowledge of environmental conditions during the calibration period. Assessing the degree of error
introduced by these uncertainties would require some form of probabilistic or scenario-based calibration and
forward propagation analysis.

Without a formal uncertainty analysis, it is difficult to place quantitative bounds on the projected erosion rates
and patterns. However, some confidence may be gained from the fact that two rather different models point
toward generally similar erosion patterns. In particular, the agreement between the models in terms of
locations of focused erosion suggests that these spatial patterns are likely to be robust. To further improve
confidence in the performance of these models, it would be necessary to conduct a comprehensive study of the
sensitivity of their predictions to errors and uncertainties in the input parameters and boundary conditions.

F.3.2.6.6 Forward Modeling: Use of the Results in the Long-Term Performance Assessment

As discussed above, landscape evolution modeling predicts that extension and deepening of gullies has the
greatest potential for disturbance of waste located at the West Valley Site. The range of potential impacts can
be investigated using the simplified, single gully model described in Appendix G, Section G.5. In this model
concept, the rate of soil loss from a gully with a triangular cross-section in both horizontal and vertical planes
may be characterized using the stable angle between the ground surface and sides of the gully and the rates of
advance and downcutting of the gully. Site-specific data supporting an estimate of stable angle of 21 degrees is
presented in Appendix F, Section F.2.3.1. The rates of development of gullies are reported to have high initial
values that decrease with time with possible ultimate re-filling of the gully (Nachtergaele et al. 2002). Site-
specific estimates of the initial rate of gully advance of 0.4 to 0.7 meters (1.31 to 2.30 feet) per year are
discussed in Section F.2.3.3. Site-specific estimates of initial rate of downcutting range from 0.05 meters (0.16
feet) per year from longitudinal profile measurements along Franks Creek (Section F.2.2) to 0.01 meters (0.03
feet) per year from OSL measurements along Buttermilk Creek (Section F.2.2). Gully downcutting rates based
on the landscape evolution modeling are on the order of 0.0015 meters (0.0049 feet) per year consistent with
the estimated -long-term downcutting rate of 0.001 meters (0.003 feet) per year along Buttermilk Creek
(Section F.2.2). Estimates of human health impact developed using the single gully model and the higher of
these estimates of rates of gully advance and downcutting are presented in Appendix H.
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Fax: 716-942-9961
E-mail: pjb@nyserda.org

For general information on the DOE National
Environmental Policy Act (NEPA) process, contact:

Carol M. Borgstrom, Director
Office of NEPA Policy and Compliance
U.S. Department of Energy
1000 Independence Avenue, SW
Washington, DC 20585-0103

Telephone: 202-586-4600, or leave a message
at 1-800-472-2756

For general information on the State Environmental
Quality Review Act (SEQR) process, contact:

David A. Munro, Deputy Counsel
New York State Energy Research and Development

Authority
17 Columbia Circle
Albany, NY 12203

Telephone: 1-866-697-3732
Fax: 518-862-1091
E-mail: dam@nyserda.org

Abstract: The Western New York Nuclear Service Center (WNYNSC) is a 1,352-hectare (3,340-acre) site
located 48 kilometers (30 miles) south of Buffalo, New York and owned by NYSERDA. In 1982, DOE
assumed control but not ownership of the 66.4-hectare (164-acre) Project Premises portion of the site in order
to conduct the West Valley Demonstration Project (WVDP), as required under the 1980 West Valley
Demonstration Project Act. In 1990, DOE and NYSERDA entered into a supplemental agreement to prepare a
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joint EIS to address both the completion of WVDP and closure or long-term management of WNYNSC.
A Draft EIS was issued for public comment in 1996: the Draft Environmental Impact Statement for
Completion of the West Valley Demonstration Project and Closure or Long-Term Management of Facilities at
the Western New York Nuclear Service Center, also referred to as the 1996 Cleanup and Closure Draft EIS,
DOE/EIS-0226D, January 1996. The 1996 Draft EIS did not identify a Preferred Alternative.

Based on decommissioning criteria for the WVDP issued by NRC since the publication of the 1996 Draft EIS
and public comments on the Draft EIS, DOE and NYSERDA prepared this Revised Draft Environmental
Impact Statement for Decommissioning and/or Long-Term Stewardship at the West Valley Demonstration
Project and Western New York Nuclear Service Center (also referred to as the Decommissioning and/or Long-
Term Stewardship EIS), revising the 1996 Draft EIS. This EIS has been prepared in accordance with NEPA
and SEQR to examine the potential environmental impacts of the range of reasonable alternatives to
decommission and/or maintain long-term stewardship at WNYNSC. The alternatives analyzed in this Draft
EIS include the Sitewide Removal Alternative, the Sitewide Close-In-Place Alternative, the Phased
Decisionmaking Alternative (Preferred Alternative), and the No Action Alternative. The analysis and
information contained in this EIS is intended to assist DOE and NYSERDA with the consideration of
environmental impacts prior to making decommissioning or long-term management decisions.

Phased Decisionmaking Alternative (Preferred Alternative): Under the Preferred Alternative,
decommissioning would be accomplished in two phases: Phase 1 decisions would include removal of all
Waste Management Area (WMA) 1 facilities, the source area of the North Plateau Groundwater Plume, and
the lagoons in WMA 2. Phase 1 activities would also include additional characterization of site contamination
and studies to provide additional technical information in support of the technical approach to be used to
complete site decommissioning. Phase 2 would support the completion of decommissioning actions or long-
term management. In general, the Phased Decisionmaking Alternative involves near-term decommissioning
and removal actions where there is agency consensus and undertakes characterization work and studies that
could facilitate future decisionmaking for the remaining facilities or areas.

Public Comments: On March 13, 2003, DOE issued a Notice of Intent (NOI) in the Federal Register
soliciting public input on development of this Draft EIS. Public comments received during the scoping period
(March 13 through April 28, 2003) and comments received on the 1996 Draft EIS have been considered in the
preparation of this Draft EIS. Comments on this Draft EIS will be accepted for a period of 6 months following
publication of EPA's Notice of Availability (NOA) in the Federal Register, and will be considered in the
preparation of the Final EIS. Any comments received after the comment period closes will be considered to
the extent practicable. The locations and times of public hearings on the Draft EIS will be identified in the
Federal Register and through other media such as local press notices. In addition to the public hearings,
multiple mechanisms for submitting comments on the Draft EIS are available:

Website: westvalleyeis.com

U.S. mail: Catherine Bohan, EIS Document Manager
West Valley Demonstration Project
U.S. Department of Energy
P.O. Box 2368
Germantown, MD 20874

Toll-free fax." 866-306-9094
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Acronyms, Abbreviations, and Conversion Charts

CONVERSIONS
METRIC TO ENGLISH ENGLISH TO METRIC

Multiply

Area
Square meters
Square kilometers
Square kilometers
Hectares

Concentration
Kilograms/square meter
Milligrams/liter
Micrograms/liter
Micrograms/cubic meter

Density
Grams/cubic centimeter
Grams/cubic meter

Length
Centimeters
Meters
Kilometers

Temperature
Absolute

Degrees C + 17.78
Relative

Degrees C

Velocity/Rate
Cubic meters/second
Grams/second
Meters/second

Volume
Liters
Liters
Liters
Cubic meters
Cubic meters
Cubic meters
Cubic meters

Weight/Mass
Grams
Kilograms
Kilograms
Metric tons

by

10.764
247.1
0.3861
2.471

0.16667

1a

1a

62.428
0.0000624

0.3937
3.2808
0.62137

1.8

1.8

2118.9
7.9366
2.237

0.26418
0.035316
0.001308
264.17
35.314
1.3079
0.0008107

To get

Square feet
Acres
Square miles
Acres

Tons/acre
Parts/million
Parts/billion
Parts/trillion

Multiply

Square feet
Acres
Square miles
Acres

Tons/acre
Parts/million
Parts/billion
Parts/trillion

by

0.092903
0.0040469
2.59
0.40469

0.5999

1a

a.

To get

Square meters
Square kilometers
Square kilometers
Hectares

Kilograms/square meter
Milligrams/liter
Micrograms/liter
Micrograms/cubic meter

Pounds/cubic feet Pounds/cubic feet
Pounds/cubic feet 11 Pounds/cubic feet

0.016018 Grams/cubic centimeter
16,025.6 Grams/cubic meter

Inches
Feet
Miles

Degrees F

Degrees F

Cubic feet/minute
Pounds/hour
Miles/hour

Gallons
Cubic feet
Cubic yards
Gallons
Cubic feet
Cubic yards
Acre-feet

Inches
Feet
Miles

2.54
0.3048
1.6093

Centimeters
Meters
Kilometers

Degrees F - 32

Degrees F

Cubic feet/minute
Pounds/hour
Miles/hour

Gallons
Cubic feet
Cubic yards.
Gallons
Cubic feet
Cubic yards
Acre-feet

Ounces
Pounds
Tons (short)
Tons (short)

6.55556 Degrees C

0.55556 Degrees C

0.00047195
0.126
0.44704

3.78533
28.316
764.54
0.0037854
0.028317
0.76456
1233.49

28.35
0.45359
907.18
0.90718

Cubic meters/second
Grams/second
Meters/second

Liters
Liters
Liters
Cubic meters
Cubic meters
Cubic meters
Cubic meters

Grams
Kilograms
Kilograms
Metric tons

0.035274 Ounces
2.2046 Pounds
0.0011023 Tons (short)
1.1023 Tons (short)

ENGLISH TO ENGLISH

Acre-feet 325,850.7 Gallons . Gallons 0.000003046. Acre-feet
Acres 43,560 Square feet Square feet 0.000022957 Acres
Square miles 640 Acres Acres 0.0015625 Square miles

a. This conversion is only valid for concentrations of contaminants (or other materials) in water.

METRIC PREFIXES
Prefix Symbol Multiplication factor

exa- E 1,000,000,000,000,000,000 = lols
peta- .P .1,000,000,000,000,000 = 1015

tera- T 1,000,000,000,000 = 1012
giga- G 1,000,000,000 = 109
mega- 'M 1,000,000 = 106

kilo- k 1,000 = 103
deca- D 10 = lO1
deci- d 0.1 = 10-1
centi- c 0.01 = 10.2
milli- m 0.001 = 10-1
micro- P 0.000 001 = 10-6

nano- n 0.000 000 001 = 10-9
pico- p 0.000 000 000 001 = 10.12
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Appendix D presented the conceptual approach to long-term performance assessment, discussed the need for
site-specific models, and identified site-specific receptors and exposure scenarios. This appendix presents
descriptions of the mathematical models used to estimate human health impacts due to releases of
radionuclides and hazardous chemicals from facilities located on the West Valley Site over a long term.
Facilities include the Main Plant Process Building, the Vitrification Facility, the Low-Level Waste Treatment
Facility, the Waste Tank Farm, the New York State-licensed disposal area (SDA), and the U.S. Nuclear
Regulatory Commission (NRC)-licensed disposal area (NDA). Section G. 1 summarizes the technical approach
to long-term performance assessment discussed in detail in Appendix D and the approach to development of
mathematical models. Sections G.2, G.3, G.4, and G.5 describe models used for assessment of scenarios
involving residual contamination of surface soil, release to groundwater, direct intrusion into residual
contamination, and release to surface water due to erosion, respectively. Locations and activities of receptors
and a summary of values of parameters used in the analysis are presented in Section H. 1.2 of Appendix H.
Results of analysis of base and sensitivity cases are also presented in Appendix H.

G.1 Approach for Development of Mathematical Models

Estimation of long-term impacts is based on analysis of scenarios defined as combinations of site
environmental conditions, inventories of hazardous constituents, facility designs, environmental transport
pathways, and receptor location and behavior patterns that result in exposure of an individual to hazardous
material. Analysis of these scenarios involves use of deterministic models and deterministic sensitivity
analysis. The mathematical models are used within the iterative design and analysis procedure represented in
Figure G-1. Review criteria that may be used at some point in the iterative procedure include dose limits
specified by the U.S. Department of Energy (DOE), NRC and New York State, correspondence to the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) risk range and
Resource Conservation and Recovery Act (RCRA) facility closure requirements. A more detailed discussion
of the potential requirements is presented in Chapter 5. The result of application of this procedure, described
in detail in Appendix D, is a set of site-specific scenarios comprising four general types. The first type of
scenario involves contact of an individual with surface soil having residual contamination. The second type of
scenario involves release from a disposal facility to groundwater, transport through an aquifer to a well or
surface water and exposure of an agricultural resident to contamination in soil, groundwater, surface water or
fish. The third type of scenario involves contact of an intruder with contamination in soil or buried residual
contamination. The fourth type of scenario involves erosion collapse of a facility into surface water resulting in
exposure of a downstream agricultural resident to contamination in soil, surface water or fish.

For scenarios involving contact with residual contamination in surface soil, impacts were estimated using the
RESRAD computer code (Yu et al. 1993) for radionuclides and using algebraic equations recommended by
federal guidance (EPA 1996, 1999, 2000) for chemical constituents. For groundwater release, intrusion, and
erosion scenarios the approach developed for this analysis was use of site-specific models comprising release,
groundwater transport, and human health impact modules. For groundwater release scenarios, the direction
and rate of movement of water around and through the residual contamination was estimated using the near-
field flow models described in Appendix E. Results from the near-field flow analysis serve as input data for
the release modules of the groundwater release scenario impact models. The balance of this section
summarizes the approach followed for development of mathematical models.
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Figure G-1 Schematic of the Design, Analysis, and Evaluation Process

The procedure for development of site-specific models, involving formulation of conceptual and mathematical
representations of physical processes, computerized solving of descriptive equations, and use of the computer
models, is summarized in the eight steps listed in Table G-1... ... ,, .

Table G-1; Steps in Development of Mathematical Models
Step Number Content

I Characterize physical processes.

2 Develop conceptual model of the physical processes.

3 Develop physical mechanism-based mathematical description of the conceptual model.

4 Develop algorithm for solution of equations.

5 Develop computer code implementing solution algorithm.

6 Verify computer code.

7 Document model concepts, mathematical representations,' computer code verification and utilization
procedures.

8 Apply model for system analysis.

In the initial two steps of the procedure, descriptions of site physical processes (geologic, hydrologic,
meteorological, etc.) are reviewed, important elements are identified and a simplified representation amenable
to mathematical description is developed. For example, the results of site geophysical, and hydrologic
monitoring programs were reviewed and the complex spatial distribution of soil types and geohydrologic
structures were condensed into a simplified geometrical representation comprising a limited number of distinct
layers and deposits each having relatively uniform properties. Details of this element of the analysis are

G-2



Appendix G
Models for Long-term Performance Assessment

presented in Appendix E. In the third step of the procedure, material and momentum balances were used to
describe the magnitudes and rates of movement of water and hazardous constituents through the engineered
barriers and the environment. This step involved description of the role of physical processes contributing to
movement of water and contaminants through the barriers and. environment, identification of simplifying
assumptions, and formulation of the balances for appropriate elementary volumes. For example, in the case of
groundwater transport through the environment advection, dispersion, retardation, and decay were selected as
important physical processes; one-dimensional flow and spatially uniform physical properties were assumed
and the mass balance for a constituent was formulated as an ordinary differential equation with concentration
as the dependent variable and time and position as the independent variables. The fourth step in the procedure
involved identification of the sequence of steps followed in solving the descriptive equations. Generally, this
involved use of analytic solutions to the equations, repetitively applied to differing hazardous constituents,
times, and positions. The fifth. step in the procedure involved development of computer codes to implement
the solution algorithms developed in the preceding step' Code development and maintenance procedures were
consistent with standard practice (NRC 1993). The final three steps of the procedure involved verification,
documentation, and application. A summary of model development is presented in this appendix and
documentation of results of application of the models are presented in Appendix H.

Verification of computer codes, involved the five steps summarized in Table G-2. Review of the model
concept involved checking the system schematic, identification of the nature and role of physical processes,
and formal listing of assumptions. Review of development of mathematical relations involved identification of
model functions; checking of the basic mass, momentum, and energy balances, supporting correlations, and
algorithms; and construction of lists of model parameters and dependent and independent variables. Review of
computer implementation of equations and algorithms involved cross-checking of consistency of the
programmed equations and algorithms, checking of computer code syntax, and checking for consistency with
the rules and procedures of the computer code compiler. The fourth step in the verification procedure involved
development and execution of test cases and* comparison of results of model calculations with results
developed using alternate models and hand calculations. Results of prior steps of the verification process
:supported selection, ofthe test cases: In the fifth step, results of.the first five steps were documented in a
verification package. The final step of the verification package was review of the verification package by an
independent, qualified analyst.

Table G-2 Verification Procedure for, Computer.Models
StepNum'ber~ " Co~ntent

I Review model concept.

2 Review development of mathematical relations and algorithms.

3 Review computer code implementation of equations and algorithms.

4 Develop acceptance criteria and test cases and compare predictions of the subject model, alternate models
and hand calculations.

5 Document the verification.

6 Provide independent review of the verification.

The verification procedure described above was applied to the integrated codes developed for the groundwater
release, intruder, and erosion collapse scenarios. Because the release and groundwater transport elements of
the intruder and erosion collapse integrated codes are not complex, verification of these codes was performed
in a single step a s Irepresented in Table G-2. Because the groundwater release scenario integrated codes
involve more complex release and groundwater transport modules, these codes were 'verified in 'a process
involving repeated application of the process represented in Table G-2. First, stand-alone versions of the
release,' groundwater transport, and exposure modules were developed and individually verified.' Second, the
individual modules Were combined into integrated codes that were then verified'.
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G.2 Residual Contamination of Surface Soil

Following removal of waste or decontamination of site facilities low levels of residual contamination could
remain in onsite soil. The residual contamination could comprise radioactive or chemical constituents.
Because of the differing nature of health endpoints, slightly different approaches are used for estimation of
impacts of exposure to radionuclides and chemicals. For radionuclides, impacts are estimated as dose and risk.
Cumulative impacts of a mixture of radionuclides are estimated as the sum of dose or risk of the individual
radionuclides. For chemicals, health impacts are represented as hazard quotient for noncarcinogens and-as risk
for carcinogens. Cumulative impacts of a mixture are represented as the sum of the hazard quotients, teimed
"hazard index," of the individual chemicals, or as the sum of risk of the individual chemicals.

G.2.1 Residual Radioactive Material

Estimation of impacts of residual radioactive contamination of surface soil were estimated using the RESRAD
computer code (Yu et al. 1993) developed for the Formerly Utilized Sites Remedial 'Action Program.
RESRAD estimates annual dose to an individual who establishes a residence on a site having residual
contamination, raises and consumes crops, raises livestock and consumes meat, poultiy arid milk, drinks
contaminated groundwater, and obtains fish from a contaminated pond. Use of the model for site-specific
application requires selection of appropriate operating modes of the model and specification of values for
parameters characterizing site physical conditions and the range of likely activity of the individual. The West
Valley Site comprises two areas, the North Plateau and the South Plateau, having different physical properties.
In particular, geohydrologic analysis has determined that use of a well is feasible on the North Plateau but not
on the South Plateau. The three-dimensional site-wide groundwater model predicts that although horizontal
flow occurs in the Kent recessional sequence, the unit is unsaturated below both the North and South Plateaus.
More detail on the three-dimensional groundwater model is presented in Appendix E. Given the above
considerations, exposure pathways included in this analysis are:

" Direct radiation,

* Inhalation of volatile compounds,

* Inhalation of dust,

* Ingestion of vegetables, grain, fruits, meat, poultry, and milk, and

* Inadvertent ingestion of soil

for both the North and South Plateaus and ingestion of drinking water on the North Plateau. The RESRAD
code was executed for each radionuclide for a unit source concentration. The result of the analysis was a Set of
unit dose andý risk factors that allow calculation of impacts for differing initial concentrations of each
radionuclide in soil. Dose and risk for contact with residual contamination of surface soil by a single
radionuclide through the above pathways are estimated as:

Drsc Drr Cs• (G-i)

Rrsc RfCs (G-2)

where:
Drsc = dose due to contact with residual contamination in soil, rem per year
Drf = unit dose factor for resident farmer pathways, (rem per year) per (picocurie per gram)
Rrsc = risk due to contact with residual contamination in soil, 1 per year
R~f = unit risk factor for resident farmer pathways, (1 per year) per (picocurie per gram)
C, = concentration of radionuclide in soil, picocurie per gram
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For the case of free release of an area, the unit dose factors may be used in conjunction witha dose.c,riterion to
calculate allowable levels of the radionuclide in soil. The allowable levels for a single radionuclide are termed
derived concentration guidelines (DCGL) and are calculated as:

DCGL= Dc/ Drf .(

where DCGL has units of picocuries per gram of soil, Dc is the dose, criterion (rem per year) and Drf is defined
above. For mixtures of radionuclides, the contribution of each radionuclide is incorporated into a DCGL
referenced to a single radionuclide using the, formula:

S"DCGL, I (Y- f, DCGLi) (G-4)

where:

DCGLj is the mixture DCGL referenced to radionuclide j,

DCGLi is the DCGL for individual radionuclide i, and

fi is the ratio of concentration of individual radionuclide I to the reference radionuclide j, and the
summation is taken over all radionuclides in the mixture.

Parameter values selected for the West Valley Site and the results of RESRAD analysis are presented in
Appendix H.

G.2.2 Residual Chemical Constituents

For hazardous chemicals, hazard and risk for residential farmer exposures are estimated using algebraic
equations for inadvertent ingestion of soil, inhalation of fugitive dust, and ingestion of drinking water, crops,
meat and milk consistent with agency guidance (EPA 1996, 1999, 2000).

G.2.2.1 Inadvertent Ingestion of Soil

For inadvertent ingestion of soil, intake of a chemical constituent is estimated as:

Isi [IR EF5iED )/( BW AT)] C, (G-5)

where:
Isi intake rate for chemical constituent by inadvertent ingestion of soil, milligrams per

.(kilogram-day)
IR, - rate of inadvertent ingestion of soil, milligrams per day
EFi = exposure frequency for inadvertent ingestion of soil, days per year
EDi = exposure duration for inadvertent ingestion of soil, years
C, = concentration of chemical constituent in soil, grams per gram
BW = body weight, kilograms and
AT = averaging time, days.
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Hazard quotient (HQ) for the chemical constituent is calculated as:

HQsi = Isi / RfD (G-6)

where:
HQsi = hazard quotient for ingestion of chemical constituent by inadvertent ingestion in soil,

unitless and
RfD = Integrated Risk Information System (IRIS) reference dose for chronic ingestion of the

chemical constituent, milligrams per (kilogram-day).

Isi is defined above.

Risk for the chemical by inadvertent ingestion in soil is calculated as:

Rsi = Isi SFing (G-7)

where:
Rsi = lifetime risk (unitless), and
SFing = IRIS slope factor for ingestion of the chemical constituent, 1 per milligram per (kilogram

day) and

ISi is defined above.

G.2.2.2 Inhalation of Fugitive Dust

For inhalation of a contaminant in fugitive dust, intake concentration is calculated as:

Ifd = { (fm/PEF) EFfd EDfd [ ET. + ( ETi DFi)] C, I I AT (G-8)

where:

Ifd = intake concentration of chemical constituent in fugitive dust, milligrams per cubic meter,
PEF = particulate emission factor, cubic meters per kilogram
EFfd = exposure frequency for inhalation of fugitive dust, days per year
EDfd = exposure duration for inhalation of fugitive dust, years
ETo = exposure time fraction, outdoors, unitless
ET, = exposure time fraction, indoors, unitless
DFi = dilution factor for indoor inhalation of fugitive dust, unitless

fm = conversion constant, I x 106 milligrams per kilogram, and

C, and AT is as defined above.

The hazard quotient is calculated as:

HQfd = Ifd / RfC (G-9)

where:
HQfd = hazard quotient for inhalation of the chemical constituent in fugitive dust, unitless
RfC = IRIS reference concentration for inhalation of the chemical constituent, milligrams per

cubic meter, and

Ifd is as defined above.
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Lifetime risk due to inhalation of the constituent in fugitive dust is:

Rfd = Ifd SFi, (G-10)

where:
Rfd = lifetime risk for inhalation of the chemical constituent in fugitive dust, unitless
SFinh = IRIS slope factor for inhalation of the constituent, I per milligram per cubic meter, and

Ifd is as defined above.

G.2.2.3 Ingestion of Drinking Water

For ingestion of a chemical in drinking water, intake is defined as:

'dw = (fm / ft) { (IRdw EFdw EDdw ) I ( BW AT) }Cc (G-11)

where:
ldw = chronic intake rate of chemical contaminant in drinking water, milligrams per (kilogram-

day)
Cc = concentration of chemical contaminant in water, grams per cubic meter
EFdw = exposure frequency for drinking water ingestion, days per year
EDdw = exposure duration for drinking water ingestion, years
BW = body weight, kilograms
AT = averaging time, days
fm, = conversion constant, 1,000 milligram per gram
f, -= conversion constant, 365 d/yr, and

other variables are as defined above.

For constituents with noncarcinogenic health effects, hazard quotient is calculated as:

HQdw = Idw / RfD (G-12)

where:
HQd,, = hazard quotient for ingestion of the chemical contaminant in drinking water, unitless
RfD = IRIS reference dose for chronic ingestion of the chemical contaminant, milligrams per

(kilogram-day), and

Idw is as defined above.

For carcinogenic constituents, lifetime risk is estimated as:

Rdw = ldw SFing (G-13)

where:
SFing = IRIS slope factor for ingestion of the chemical contaminant, 1 per milligram per

(kilogram-day), and

ldw is as defined above.
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G.2.2.4 Ingestion of Crops

For ingestion of a chemical constituent in crops, intake is calculated as:

Ic { (IRvf+IRIv)(fmEDc)TFp/(BWAT) } Cs (G-14)

where:
1, = intake of chemical constituent in crops, milligrams per kilograms per day
IRvf = consumption rate of vegetables and fruit, kilograms per year
IR~v = consumption rate for leafy vegetables, kilograms per year
fm = conversion factor, 1 x 106 milligrams per kilogram
EDc = exposure duration for crop ingestion, years
TFp = soil to plant transfer factor for chemical constituent, milligrams per kilogram per

milligram per kilogram, and

BW, AT and Cs are as defined above.

Hazard quotient for ingestion of the chemical constituent in crops is calculated as:

HQc = Ic /RfD (G-15)

where:
HQc = hazard quotient for ingestion of chemical constituent in crops, unitless, and

Ic and RfD are as defined above.

Lifetime risk due to ingestion of a chemical constituent in crops is calculated as:

Rc = I'SFing (G-16)

where:
Rc = lifetime risk due to ingestion of chemical constituent in crops,.unitless, and

L and SFing are as defined above.

G.2.2.5 Ingestion of Meat

For ingestion of a chemical in meat, intake is defined as:

Im = (f.n B, BmIRfm IRm EDm)/(BWAT) I Cs (G-17)

where:
Im = chronic intake rate of chemical contaminant in meat, milligrams per (kilogram-day)
Cs = concentration of chemical contaminant in soil, grams per gram
B, = soil to plant transfer factor, unitless
Bm, = bioaccumulation factor for meat, (grams per kilogram) per (gram per day)
IRfa = ingestion rate of fodder for meat, kilograms/day
IRm = ingestion rate of meat, kilograms per year
EDm = exposure duration for meat ingestion, year
BW = body weight, kilograms
AT = averaging time, days
fm = conversion constant, 1,000,000 milligram per kilogram

other variables are as defined above.
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For constituents with noncarcinogenic health effects, hazard quotient is calculated as:

HQm = Im,/RfD• (G-18)

where:
HQm = hazard quotient for ingestion of the chemical contaminant in meat, unitless
RfD = IRIS reference dose for chronic ingestion of the chemical contaminant, milligrams: per

(kilogram-day), and

I, is as defined above.

G.2.2.6 Ingestion of Milk

For carcinogenic constituents, lifetime risk is estimated as:

Rm =Im SFing (G-19).

where:
SFing = IRIS slope factor for ingestion of the chemical contaminant, 1 per milligram per

(kilogram-day), and

I, is as defined above.

For ingestion of a chemical in milk, intake is defined as:

ImIk = (f. Bv Bc IRfmJk IRmik EDmlk ) / ( BW AT) I Cs (G-20)

where:
ImIk = chronic intake rate of chemical contaminant in milk, milligrams per (kilogram-day)
C, = concentration of chemical contaminant in soil, grams per gram
Bv = soil to plant transfer factor, unitless
Bc = bioaccumulation factor for milk, (grams per liter) per (gram per day)
IRfmlk "' ingestion rate of'fodder for milk, kilograms per day
IRmlk = ingestion rate of milk, liters per year
EDmik = exposure duration for milk ingestion, year
BW = body weight, kilograms
AT = averaging time, days
fm = conversion constant, 1,000,000 milligram per kilogram, and

other variables are as defined above.

For constituents with noncarcinogenic health effects, hazard quotient is calculated as:

HQmlk = Imk ]RfD (G-21)

where:
HQmlk = hazard'quotient for ingestion of the chemical contaminant in milk, unitless
RfD = IRIS reference dose for chronic ingestion of the chemical contaminant, milligrams per

(kilogram-day), and

Imik is as defined above.
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For carcinogenic constituents, lifetime risk is estimated as:

Rmlk = Imik SFing (G-22)

where:
SFing = IRIS slope factor for ingestion of the chemical contaminant, 1 per milligram per

(kilogram-day), and

Ink is as defined above.

Parameter values selected for estimation of impacts for residential farmer exposure to chemical constituents for
the West Valley Site and the results of impact analysis are presented in Appendix H.

G.3 Groundwater Release Scenarios

Models developed for analysis of groundwater release scenarios simulate release of hazardous constituents
from above- or below-grade facilities, transport of the constituents in -groundwater to an access point, and
exposure of receptors to hazardous constituents in groundwater, surface water, or soil. The physical relations
of the release, transport, and exposure point elements of the integrated models are represented in Figure G-2
for the case of access at a drinking water or irrigation well. The three horizontal arrows to the left of this figure
represent movement of groundwater through and around the wasteform. The two horizontal arrows to the right
of the figure represent movement of contaminated and un-contaminated groundwater to the well. Similar flow
configurations apply for the cases of access to near-surface soil and surface water. Important features of the
integrated model concept represented in the figure are the nature of flow through the wasteform and the
aquifer, the degree of dilution in the aquifer and at the access point and the type of receptor contact with
hazardous constituents.

Receptor

Wasteform Aquifer Well

Figure G-2 Concept for Groundwater Scenario Analysis

In the integrated models used to estimate health impacts, flow through the aquifer is represented occurring in
one-dimensional flow tubes. The direction of flow and the rate of movement of groundwater in the flow tube
were estimated using the three-dimensional near-field flow models described in Appendix E. Similarly, the
direction and rate of groundwater flow through wasteforms or disposal areas was estimated using the three-
dimensional near-field flow models. Groundwater containing hazardous constituents arriving at the access
point is diluted either by mixing in a well or by discharge to surface water. The degree of mixing at the well is
specified by considering the minimum daily requirement for a family living at the site and engaged in
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agriculture. The required quantity of water includes contributions for domestic use and irrigation use. For
domestic use, the quantity was estimated using the average of fanily size for Cattaraugus County and
New York State (Census Bureau 2001) and the average per capita water use rate for New York State (Beyeler
et al. 1999). For irrigation use, the quantity was calculated using estimates of garden size meeting family needs
and the average irrigation rate for New York State (Beyeler et al. 1999). If the volumetric flow rate through the
flow tube representing the aquifer flow is below the minimum required well production rate, the entire plume is
captured by the well and constituent concentrations are diluted by mixing into a volume equal to the
productivity of the well. If the flow rate within the flow tube exceeds the minimum well productivity,
additional dilution does not occur and the concentration in the well is the concentration in the groundwater
within the flow tube. If the groundwater discharges to surface water at the access point, concentrations in the
surface water are determined by the magnitudes of the flow of groundwater containing hazardous constituents
and the flow of surface water. The groundwater is assumed to completely mix in the surface water.

Four types of access points are defined to cover the range of conditions expected at the West Valley Site. At
the first type of access ,point, a receptor uses groundwater obtained from a well for drinking water. At the
second type of access point, a receptor uses groundwater obtained from a well for drinking water and garden
irrigation purposes. At the third type of access point, a receptor uses groundwater for drinking water and
grows a garden in soil in direct contact with groundwater containing hazardous constituents. At the fourth type
of access point, groundwater discharges to surface water and the surface water is used for drinking water and
fish consumption and for irrigation of a garden. The mixing model assumes complete dilution in the average
annual flow rate of the stream. Sensitivity of estimates of impact to change in annual conditions, is considered
in Appendix H. Also at the point of discharge of groundwater to surface water, groundwater contaminates
creek bank soil. Recreational hiking along this section of creek and consumption of vegetation along the creek
bank bydeer introduces recreational and deer consumption pathways for this type of access point. Impacts of
use of surface water from this type of point are mitigated by dilution in surface water. Combinations of these
four types of access points comprise the resident farmer scenario for groundwater release scenarios.

Two sets of four computerized integrated impact models, incorporating three different release models and two
different groundwater transport models were developed for analysis of releases from West Valley facilities
using the integrated model concept described in the preceding paragraphs. One set of codes was used to
estimate impacts for radioactive constituents while the other set of codes was used to estimate impacts for
chemical constituents. Corresponding codes within the two sets are identical in upper level approach and
structure of the disposal facility release model. The corresponding codes differ in values of physical properties
for the two classes of constituents and in the models translating concentration in environmental media into
impacts. These differences are reflected in the discussion of human health effects impact models presented in
Section G.3.4. The discussions of modeling of disposal facility release and groundwater transport are
presented for a generic constituent with the understanding that this constituent could be either a radioactive or
chemical constituent.

Each of the eight integrated codes comprise executive routines and three maj or modules simulating hazardous
constituent release, groundwater transport, and impacts on human health. For each code; the structures of the
executive routines are similar, the exposure modules are identical and the release modules reflect differences in
type of release model and facility geometry and design. The balance of this section discusses the structure of
the integrated .codes and the details of the release, groundwater transport and exposure modules.

G.3.1, Structure of Integrated Codes

Calculation of estimates of impact for the integrated model concept involves data management, logical control,
and computational tasks. Data input and output operations, internal transfer of data, control of, mqdule
calculations, and some calculation tasks are performed in the executive routine.
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Two types of release model were developed, one for localized sources such as stabilized rubble or tanks and
one for a distributed source such as groundwater combination of the North Plateau Plume. For localized
sources, estimation of rate of release of hazardous constituents to groundwater and the concentration of the
constituents in groundwater at the release point to the aquifer are performed in the release module. The
primary results returned to the executive routine are rate of release to the aquifer for each constituent and the
magnitudes and durations of a sequence of concentration pulses of each hazardous constituent at the release
point in the aquifer. Data defining each pulse are magnitude of concentration and a start and end time. The
duration of a pulse is referred to as a release period. In the groundwater transport model used in conjunction
with localized sources, the concentration of a constituent in groundwater &t a specified point in the aquifer due
to a step function in concentration of the constituent at the release point to the aquifer is calculated. The
concentration is calculated as the quotient of the release rate predicted by the release model and the flow rate
predicted by the near-field groundwater flow model. The principle of superposition is used in conjunction with
the step function response of the groundwater transport module to construct the response to the series of
concentration pulses provided by the release module. Logical control of the superposition process is performed
in the groundwater transport module. The algorithm used to control the superposition calculation is discussed
in Section G.3.3.1 in conjunction with the groundwater transport module. For distributed sources, the release
model is an input data specification of initial concentration of the constituent as a function of location within
the aquifer. The groundwater transport model, used for distributed sources is a finite difference solution of the
transport equation that supplies estimates of concentration of the constituent in groundwater and soil and flux
of the constituent at specified locations. The approach forspecification of initial concentration in the North
Plateau Plume is described in Appendices E and H. For both types of groundwater transport model, calculated
groundwater and soil concentrations are transferred to the health impacts module where dose and risk
(radionuclides) or hazard quotient and risk (hazardous chemicals) due to exposure in groundwater, soil or
surface water are estimated.

The order of calculations performed in the integrated model is depicted in the two-part flowchart of
Figure G-3. Input data includes information specifying the total time for the simulation, the receptor type and
intake rates, the numbers of periods of three types of time intervals used to facilitate the calculations,
wasteform and aquifer parameters, and physical properties of r~idiological and chemical constituents used in the
calculations. The three types of time intervals are identified as impact, release and data periods. An impact
period is the length of time between successive calculations of human health impacts. Generally, the length of
an-impact period is specified as one year but intervals of ten or one hundred years may be used if the total
length of time simulated is large. Human health impact are estimated for the single year at the beginning of the
impact period and all years of the impact period are represented as having this magnitude of impact. As
described above, release periods are defined to group release quantities for impact periods (years) into a
computationally manageable number of concentration pulses. In order to preserve health impact for the impact
period of maximum release, this impact period is saved as an individual release period for each radionuclide.
The duration of release periods is greater than the duration of impact periods except for the impact period
release in which case the duration of the two types of period are the same. The balance of the total release is
distributed over the remaining number of release periods. The algorithm used to consolidate releases is
discussed in Section G.3.2.1 in conjunction with the rectangular geometry, analytic solution release model.
Data periods are defined to provide for time dependence of physical properties of the engineered barriers, that
is, to allow simulation of degradation of properties 'with time. Rate of movement of groundwater in the
wasteform and aquifer and tortuosity of the wasteform grout are parameters whose values may change with
time.
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Figure G-3 Organization of Integrated Codes
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As indicated in Figure G-3, a simulation begins with reading of input data and estimation of release rates. The
calculation proceeds into three loops that provide for calculation of dose for all impact periods, accumulation
of contributions of all hazardous constituents, and consideration of all locations defining receptor exposure
modes. On completion of the calculation loops, output data for each constituent and location for the impact
period of largest annual dose and the time sequence of total dose for all impact periods are transferred to output
data files.

Three release modules have been developed for simulation of West Valley facilities. The models incorporate
flexible representation of closure concepts allowing simulation of the range of conditions and designs expected
in environmental impact statement (EIS) alternatives. The release models differentiating these combinations
are a one-dimensional, rectangular geometry analytic model; a one-dimensional rectangular geometry, finite
difference model; and a two-dimensional, cylindrical geometry finite-difference model. The nature of these
release models is described in the following paragraphs in order of increasing complexity.

G.3.2 Release Modules

G.3.2.1 Rectangular Geometry, Analytic Release Model

Closure designs developed for the West Valley Site incorporate external barriers with waste forms that may be
represented as rectangular prisms oriented perpendicular to groundwater flow. A site specific wasteform
design with this geometry and using a tumulus (multi-layer, engineered cap) and external barriers upstream and
downstream of the wasteform is depicted in Figure G-4. In the integrated facility, the tumulus is placed at or
aboveground level and the layered waste form is oriented horizontally or vertically below the tumulus. The
external barriers and the wasteform have low hydraulic conductivity to limit movement of groundwater through
the residual contamination. In addition, the wasteform may contain sorbents that decrease liquid phase
concentrations of hazardous constituents and retard their movement. A generic model which contains a french
drain located up-gradient of the slurry wall would divert groundwater away from the residual contamination
reducing the water table within the facility to a level near the bottom of the french drain. The drainage layer of
the tumulus has high hydraulic conductivity to divert infiltration away from the wasteform. In Figure G-4
applied to the North Plateau, the primary flow path is horizontal flow through the Surficial Sand and Gravel
Unit. In Figure G-4 applied to the South Plateau, the potential flow paths are horizontal flow through the
weathered Lavery till or vertical flow through the weathered Lavery till and unweathered Lavery till followed
by horizontal flow through the Kent recessional sequence. On both the North and South Plateaus, a slurry wall
would be placed in the flow system for the Sitewide Close-In-Place Alternative.

The following paragraphs discuss models for calculation of release rates from the wasteform. The models are
able to estimate impacts for horizontal or vertical flow through a wasteform but not for both directions
simultaneously. For a facility having releases in both directions, as may occur on the South Plateau, the model
is executed for each direction separately and the impacts are accumulated as appropriate. For the North
Plateau, the model is used to simulate releases from the Main Plant Process Building, the Vitrification Facility,
the Low-Level Waste Treatment Facility and the Waste Tank Farm for the No Action Alternative and from the
Low-Level Waste Treatment Facility for the Sitewide Close-In-Place Alternative. This type of model is
selected for this alternative because rates of flow are high and the spatial distribution of contaminant within the
waste form is secondary to the magnitude of the inventory in determining rate of release. For the South
Plateau, the model is used to simulate releases from the NDA and SDA for the No Action and Sitewide Close-
In-Place Alternatives. This type of model is selected for those cases because rates of flow through the waste
form are relatively high and the spatial distribution of contamination may be considered uniform. A schematic
of a layered wasteform with central residual contamination layer and external groutand clay layers is presented
in Figure G-5.
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Figure G-4 Disposal System Schematic with Tumulus, French Drain, and Slurry Wall

Figure G-5 Schematic for a Layered, Rectangular Geometry Wasteform

Release Model

When release rates due to diffusive or dispersion mechanisms are small relative to release rate due to advective
flow, release rate from the wasteform may be calculated in an analytic form. The approach for this model is to
use an analytic relation to calculate release rate from the wasteform for a sequence of time periods, thereby
representing the continuous release as a sequence of discrete pulses. The pulses then move through the external
barriers and enter the surrounding aquifer. Flow rate of water in the aquifer approaching the wasteform may be
equal to or greater than the flow rate through the wasteform. Two cases covering the range of mixing within
the wasteform are considered. In the first case, constituents are continuously mixed through the wasteform and
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constituent concentration in the wasteform decreases over time due to release from the wasteform and due to
decay (radionuclides) or chemical reaction (chemicals). In thiscase, some quantity of constituent is present in
the wasteform for all time and the release continues indefinitely. In the second case,constituents move through
the wasteform in plug flow manner and the average'concentration' in the wasteform is reduced by release and
decay or decomposition until the entire inventory of the constituent has been released to the aquifer. In this
case, the release lasts for a definite period of time that for certain combinations of parameter values may be
relatively short. The following paragraphs describe calculation of release from the wasteform for the two
modes of mixing. Following this discussion, transport through the external barriers and grouping of releases
into concentration pulses for both modes of mixing is described. As described in Section G.3. 1, impact periods
are used for specification of time periods for calculation of human health impact and release periods are used to
accumulate release quantities and facilitate calculation of concentrations of constituents in groundwater. In this
rectangular geometry, analytic solution release model; values of all variables do not change with time and the
data period approach is not used.

Well-Mixed Release Model

If constituent concentration in the wasteform is uniform at a given time, mass balances for a constituent may be
formulated over both the solid and liquid phases of the wasteform and combined to provide a single differential
equation describing constituent concentration within the wasteform. This equation is:

dC1/dt = - { Qw/(rVR) + k } CI (G-23)

where:
C1, = constituent liquid phase concentration, grams per cubic meter
t = time since initiation of release, year
Q, =. volumetric flow rate through the wasteform, cubic meters per year

ctw. = total porosity of the wasteform, unitless
Rw = constituent retardation constant, unitless
Vw = volume of wasteform, cubic meters
* = constituent decay or decomposition constant, 1 per year, and

Rw = 1 + [(1-Fw)/Ftw~p.Kw (G-24)

where:
pw = wasteform particle density, grams per cubic centimeter, and
Kw = constituent distribution coefficient, milliliters per gram.

The term on the left hand side of Equation G-23 represents depletion in the waste form while the first and
second terms on the .right hand side of the equation represent loss by convective flow and decay, respectively.

The above equations apply to each constituent although subscripts representing the individual constituents have
been eliminated for this presentation. The initial condition required for solution of this equation is
specification of the initial inventory of the constituent in the wasteform. Concentration in the wasteform at any
time is:

C= Iw/(FtwVwRJ) exp(-awt) (G-25)

with:

aw = Qw/(etwVwRw) + X (G-26)

G-16



Appendix G
Models for Long-term Performance Assessment

where 1, is. the initial inventory of the constituent (grams) in the wasteform and all other variables are as
defined above. The instantaneous release rate from the wasteform is given by the product of volumetric flow
rate through the wasteform and the constituent concentration in the wasteform. Integration of the instantaneous
release rate over a period of time yields the. total release for that period of time. This relation is:

Rwip = (QwIw)/(aw twVwRw) t exp(-awtb) - exp(-awte) } (G-27)

where:
= total constituent release from the wasteform during the impact period, grams

tb = time at the beginning of the impact period, year
t, =. time at the end of the impact period, year, and

all other variables are as defined above. Repeated application of Equation G-27 is used to calculate release'
quantities for the set of impact periods specified for analysis.

Plug Flow Release Model

In the'case of plug flow release from the wasteform, the analytic approach may be extended to simulate a non-
uniform initial distribution of constituent concentration. This condition is represented schematically in
Figure G-6 where the non-uniform spatial distribution is represented as a sequence of pulses. The variation in
concentration is along the wasteform, parallel to the direction of flow through the wasteform. Specification of
this initial condition involves identification of the total constituent inventory of the wasteform, the relative
concentration of the pulses, and the length of the wasteform occupied by each pulse. In the plug flow concept,
each pulse moves through the wasteform with the release from that pulse beginning when the lead edge of the
pulse reaches the boundary of the wasteform and ending when the trailing edge of the pulse reaches the
boundary of the wasteform. The concentration of constituent in each pulse decreases by decay or
decomposition as the pulse moves through and is released from the wasteform. During movement through the
wasteform the length of a pulse remains constant at its initial value but the quantity of material within the
wasteform decreases as the pulse is released from the wasteform.

Relative
Concentration

LL2 L, WWasteform
'Length

Figure G-6 Schematic of Spatial Distribution of Constituent Concentration for the Plug Flow
Analytic Solution Model
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As in the case of the well-mixed release model, mass balances for a constituent during its period of release may
be formed for the liquid and solid phases and combined into a single differential equation. The mass balance
may be expressed as:

d (LpC) /dt r Qw (twAwRw) ] CQ - (Lpk) C, (G-28)

where:
Lp = length of a pulse during its release, meters
Av =cross-sectional flow area of the wasteform, square meters, and

all other variables are as defined above for the well-mixed release case. The condition for change in
constituent concentration due to decay or decomposition is:

d CQ/dt = -kC, (G-29)

This relation may be integrated to yield the concentration of a pulse during its release:

C, = { I/ / (EwAwLpR) I exp(-?,t) (G-30)

where Ip is the constituent inventory of a pulse at the initiation of its release and all other variables are as
defined above. A relation for the change in inventory of a pulse during its period of release may be derived
using Equations G-28 and G-29. The mass balance and decay/decomposition relations may be combined to
derive a relation for the rate of change of length of the pulse remainingwithin the wasteform during its period
of release:

d Lp / dt -Q / (ctwAwRw) (G-3 1)

This equation may be integrated and re-arranged to derive an expression for the length of time for release (TO)
of a pulse of initial length LpO:

To = { (etwAwRw) / Qw I Lp0 (G-32)

The time for decay or decomposition of any pulse prior to its release (td) is then the sum of the time periods of
release of all prior pulses.

The instantaneous rate of release from the wasteform is the product of the volumetric flow rate through the
wasteform and the constituent concentration in the wasteform at the time of release (Equation G-30).
Integration of the instantaneous release rate for a pulse over time yields the release of that pulse for that period
of time:

Rw = { Qw / (wVpRw) } { exp (:td) v0 I { exp(-ktb) - exp(-?,te)} (G-33)

where:
R,,ip = release from a pulse from the wasteform during an impact period, grams
Vp0 = volume of the wasteform occupied by a pulse prior to release of any pulse, cubic meters

O ,p0 = constituent inventory in a pulse before release of any pulse, grams, and

all other variables are as defined above. Repeated application of Equation G-33 is used to calculate release
quantities for the set of impact periods specified for analysis.
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Movement Through External Barriers

For both the well-mixed and plug flow analytic models, release quantities are determined for a sequence of
pulses leaving the wasteform. The external barrier model translates these pulses, through the external layers
with no.change in sequence but with change in length due to adsorption and decrease in magnitude due to
decay or decomposition.

In the general case, the analytic release model simulates the presence of two layers surrounding the wasteform.
These layers may represent grout curtains or slurry walls with constituent retention capability determined by
length and constituent distribution coefficient specified for the particular design under consideration. For
example, for' a given constituent and volumetric flow rate through the engineered system the travel time for
movement of the constituent through a grout layer is given by:

Tg L 9g / [Qg/(CegAgRg)] (G-34)

where:
Tg = constituent travel time through the grout layer, years
Lg = length of grout layer, meters
Qg = volumetric flow rate through the grout layer,, cubic meters per year
Eeg = effective porosity of the grout, unitless
Ag = flow area of the grout layer, square meters, and
Rg = constituent retardation coefficient for grout, unitless.

Similar relations apply for slurry wall or clay layers. Within this model concept, the flow area and volumetric
flow rates for the external layers (grout, slurry wall orclay) are equal to the flow area and volumetric flow rate
for the wasteform.

Given the above considerations, the release quantity for the engineered system is derived from the release
quantity for the wasteform by the relations:

Rip= 0.0 for t < t,

Rip= Rw,ipw exp(-kti) for t > t, (G-35)
ip =ip + ( t' / Atip)

where:
Rip = release from the engineered system during impact period ip,,grams
Rw,ipw = release from the wasteform during impact period ipw, grams
t' = constituent travel time through all external layers, years, and
Atip = length of time of an impact period, years.

Grouping of Release Pulses

Estimates of human health impacts are calculated on annual basis for long periods of time. In contrast, releases
of constituents may occur over shorter periods of time and the intervals of release of differing constituents may
or may not overlap. Thus, reporting of release quantity for all constituents for each year of the total time
specified for calculation of impact produces inefficient utilization of calculation resources. In order to provide
efficient use of analysis resources, release quantities are calculated for each constituent for each impact period
specified for calculation of impact but these releases are then grouped into a number of pulses defined for
release periods that, in general, are longer in duration than an impact period. Release quantities for release
periods are then used in calculation of impacts. Because of the use of maximum impact for comparison with
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performance criteria, the approach used for grouping of releases preseryes the release for the impact period of.
maximum release as an individual release period and accumulates the remaining releases into the remaining
release periods. Using this grouping approach, periods of high release are represented at greater level of detail.
than periods of low release allowing more precise estimation of peak impacts. The algorithm used for grouping
of releases is presented in Figure G-7. Constituent concentration in groundwater at the release point to the
aquiferis calculated for each release period by dividing the total release for the release period by the aquifer
flow passing around the wasteform during the release period. , .I, ..

Is the First Impact Period
the Impact Period

of Maximum Release?

No

Set Current Impact
Period as a Release

Period

Accumulate Releases
into Release Periods

Until Reaching the
Impact Period of

Maximum Release

Accumulate Releases
into Release Periods Un-
Total Release is Reache

Figure G-7 Algorithm for Grouping Impact Period Releases into

Release Period Releases

G.3.2.2 Rectangular Geometry, Finite Difference Release Model

Closure designs under consideration for the Main Plant Process Building, Vitrification Facility and Waste Tank
Farm includeza tumulus covering an above-grade rubble pile and below grade rectangular wasteforms that may
or may not be grouted. The portion of the Surficial Sand and Gravel Unit below the tumulus would be
enclosed by a slurry wall for the Sitewide Close-In-Place Alternative. The wasteform may be comprised of
three layers, for example, upper and lower clay layers bounding a grout layer. The primary features of the
tumulus are soil, drainage, and clay layers designed to minimize flow rate of water reaching the wasteform.
The drainage layer has high hydraulic conductivity and serves as a preferential flow path routing vertical
infiltration away from the wasteform. The clay and grout layers have low hydraulic conductivity presenting a
high-resistance path for flow through the wasteform. The slurry wall has low hydraulic conductivity and serves
to divert horizontal flow around the soil volume below or surrounding the wasteform, In addition, the grout,
clay, and slurry wall layers have sorptive properties that retard radionuclide movement through the system. A
schematic diagram of the system is that presented in Figure G-4. Analysis of groundwater flow through the
tumulus is presented in Appendix E.
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Given the. above-described configuration of the natural and engineered systems, constituents may be released to
groundwater by diffusive or convective downward movement to the soil zone below the rubble pile or below-
grade wasteforms or by horizontal movement throughthe below- grade wasteforms. The model developed to
simulate this system involved calculation of rate of release from the wasteform in downward vertical or
horizontal transport to the, aquifer surrounding the wasteform. For estimation of release rate from the
wasteform, a model of the finite-difference type is needed to simulate the non-uniform spatial distribution of
physical properties and radionuclide inventories and the time-dependence of physical properties. The
following sections describe elements of the release model.

Wasteform Release Model

The wasteform release model simulates advective, dispersive, and diffusive release of constituents from a
rectangular block comprising three layers. The primary direction of flow through the wasteform may be
parallel or perpendicular to the primary direction of flow of the aquifer. Physical properties are uniform within
each layer but may differ between layers. The interstitial velocity 'and tortuosity in the central layer of the
wasteform may vary with time and the initial spatial distribution of concentration of constituents may vary in
the vertical direction. The initial concentration of constituents is specified as a piecewise continuous function
of vertical or horizontal position. The time dependence, of physical properties is established by definition of a
set of data periods within which the values of physical properties are constant. The values of the physical
properties may change between data periods. The layered spatial dependence of physical properties is
simulated by formation of separate activity balances for each layer and the enforcement of the condition of
continuity of flux across the interface between layers (Carnahan, Luther and Wilkes 1969). The mass balance
for a constituent for any layer is:

R 0C/at - D a 2C/az 2 + v aC/az + XRC = 0 (G-36)

Where:
R = 'constituent retardation coefficient, unitless
C = constituent concentration, grams per cubic meter
t = time, years
D = dispersion coefficient, square meters per year
z = distance in the vertical direction, meters
v = interstitial velocity, meters.per year, and

= constituent decay constant, 1 per year.

The balances are solved using a fully implicit finite difference method defined on a time and one-dimensional
space mesh. In this method, the differential equation is replaced by a set of difference equations established at
each space node of the wasteform at each time step. The difference forms used are central difference
approximation to the first order spatial derivative and Crank-Nicholson approximation to the combination of
the time derivative and the secondorder spatial derivative. At each time step, the differenceequations areof
the form:

AC=B (G-37)

where:
A = matrix of coefficients (aj,k) defined at each space node j, for adjacent nodes, k
C = matrix .of concentrations (Ck) defined at each space node k; and '
B = vector of constants (bj) defined at each space node, j.

This representationi is consistentwith the differential equation, the solution method is stable, and the solution
of the difference equations converges to the solution of the differential equation (Fletcher 1991). The system
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of difference equations is of tridiagonal form and is solved using the Thomas algorithm (Fletcher 1991). At the
upper boundary of the wasteform, the concentration is specified as negligible. At the lower boundary, the
concentration is established by mixing into the horizontal aquifer flow passing below the wasteform. The
solution method is second order accurate in time and space. Mass balances accumulated throughout the
calculations are used to record the accuracy of the solution process. Space and time steps are adjusted in the
code in accordance with values of Peclet and Courant number specified as input data.

The order in which calculations are performed for the wasteform release model is summarized in Figure G-8.
The initial step is the specification of values of parameters whose values do not change with time and
definition of the mesh of space nodes for the specified spatial integration step size. At the next step, data
periods are initialized or updated and values of time dependent parameters are established. Next, the matrix of
coefficients (C) of the set of difference equations is calculated. Values of coefficients within this matrix
depend on retardation coefficient, interstitial velocity in the wasteform, dispersion coefficient, decay constant,
and time and space step size but do not change with time within a data period. The index for time steps within
a data period is then updated and the vector of constants (B) is calculated. Definitions of release, impact and
data period are presented in Section G.3. 1. Coefficients in this vector depend on physical properties as in the
matrix of coefficients but also depend on the values of concentration at the prior time step which are time
dependent values. The simultaneous linear equations are solved, yielding the concentration profile at that time
step and allowing calculation of release quantity and accumulation of the mass balance. The above steps are
repeated for a specified number of time steps within each data period and for all data periods. At this stage,
release quantities from the wasteform have been calculated for all impact periods.

• L

Set Constants, Initialize Time

I _ Set Data Pedod

Calculate Matrix of Coefficients

Set Time Step

Calculate Vector of Constants

Solve Simultaneous
Linear Equations

Calculate Release Rate, Update
Mass Balance

More Time Steps? Yes

No

More Data Periods? Yes

No

F _ Finish

Figure G-8 Solution Algorithm for the Rectangular Geometry, Finite
Difference Solution Release Model
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The final calculation in this module is grouping of the releases for impact periods into concentrations in the
aquifer for release periods. This calculation is performed using the method described in Section G.3.2. 1.

Constituent concentrations at the release point to the aquifer are calculated for each release period by dividing
the total release for the release period by the aquifer flow passing around the wasteform during the release
period.

G.3.2.3 Cylindrical Geometry, Finite Difference Release Model

Closure designs under consideration for the Waste Tank Farm include placement of a tumulus over the tanks,
grouting of the interior of the tanks, grouting of the annular space surrounding the tank, and construction of a
slurry wall surrounding the tank area. In addition, approximately 3 meters (10 feet) of compacted backfill till
surround Tank 8D-1 and Tank 8D-2. The grout, backfill, and slurry wall system have low hydraulic
conductivity and divert groundwater flow around the tanks. In addition, the grout and slurry wall components
have sorptive capabilities that retard movement of constituents through the system. The tanks are located in an
excavation in the thick-bedded unit that extends downward into the unweathered Lavery till and includes a
layer of gravel below the tanks. The three-dimensional near-field flow model described in Appendix E
indicates that groundwater will enter the excavation and a portion will flow around and through the tanks in the
horizontal direction and exit the excavation into the thick Bedded Unit. In addition, a portion of the available
groundwater will move downward through the tank into the underlying gravel layer and exit the excavation
into the thick-bedded unit and the unweathered Lavery till. A schematic of the tank and adjacent layers of the
tank closure system is presented in Figure G-9. A schematic of the over-all closure system is presented in
Figure G-4.

Groundwater
Flow

Backfill Till

- Grout Annulus

Tank Core

Figure G-9 Schematic of the Tank Closure System

Release may occur by advection, dispersion and diffusion; material properties may change with time and the
radionuclide inventory has a non-uniform distribution in the radial direction. For the Close-In-Place
Alternative, rates of flow through the tank are low due to the presence of grout, the radial distribution of
concentration of contamination may be important in determining rate of release and flow in the horizontal
direction may dominate over flow in the vertical direction. In this case, use of the cylindrical geometry, finite
difference release model is appropriate. The elements of the release model are described in the following
paragraphs.
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Release Model

The wasteform release model simulates advective, dispersive and diffusive release of constituents from a
cylinder comprising two layers. Physical properties are uniform within each layer but may differ between
layers. The. interstitial velocity and tortuosity in the central core of the cylinder, representing the grout core and
annulus of the tank, may change with time. The initial spatial distribution of constituent concentration may
vary in the radial direction and is specified as a piecewise continuous function of radial, position.; The time
dependence of physical. properties is specified through use of a set of data periods. Values, of physical
properties are constant within a data period but may change between data periods. The spatial dependence of
physical properties is simulated by forming separateactivity balances in the grout and slurry wall regions and
enforcing. a condition of equality of flux at the. interface between the layers. (Carnahan, Luther, and
Wilkes 1969).. The mass balance for a constituent in any layer is: .

(F1R) aC/lt - (F, D) i 2C/or2 -. [(SeD)/r 2)] D2C/aon2 + (G-38)

Ee 6Vr - (D/r)] aC/0r + [(Fe ve)/r] aciO + Pe R X C = 0

D = Dhvy + (Dw/T)

Vr = - Vy Cos 0

vy = Vy sin 0

where:
C = constituent concentration in the liquid phase, grams per cubic meter,

Et = total porosity, unitless
R = constituent retardation coefficient, unitless
t = time, years
E, = effective porosity, unitless
D = dispersion coefficient, square meters per year
Dh = dispersivity, meters
D, = constituent diffusion coefficient in water, square meters per year

T• = tortuosity, unitless
r = distance in the radial direction, meters
0 = distance in the azimuthal direction, radians

vr = velocity in the r direction, meters per year
ve = velocity in the 0 direction, meters per'year
Vy = velocity in the y direction, meters per year, and

= constituent decay or decomposition constant, 1 per year.

The coordinate system used represents the cylinder as' divided into, four quadrants with azimuthal direction
defined as positive in the counter-clockwise direction from the vertical centerline of Quadrant 1. The
directions of the coordinate axes are chosen so that the groundwater velocity is parallel to the y direction
indicated in Figure G-10. The finite difference method used to solve Equation, G-38,uses a spatial mesh
defined on radial (r) and angular (0) coordinates on which values of constituent concentration are calculated at
a series of time steps. The alternating direction-implicit methodis used to represent the differential equation as
a set of.difference equations. The difference forms are centered for firstorder-spatial derivatives and Crank-
Nicholson. for the combination of the time derivative and the second order spatial derivatives. The difference
equation is consistent with the differential equation, the method is stable and the solution of the difference
equations converges to the solution of the differential equation (Fletcher 1991). Concentrations at the
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boundary are established by mixing the constituent release into the aquifer flow passing around the wasteform.'
Time step size is adjusted within the code in accordance with a value of Courant number specified as input
data.

The order in which calculations are performed is the same as that represented in Figure G-8 for the
rectanguiar, finite difference release model. The methods differ in that the alternating direction method solves
the difference equations twice to proceed through a single time step. On the first pass, concentrations are
calculated at an intermediate time along diameters' extending from Quadrant 3 through Quadrant 1 using
implicit difference forms for derivatives taken with respect to radial position and explicit difference forms for
derivatives taken with respect to angulai position. Concentrations in Quadrants 2 and 4 are caldulated by
reflection of these results based on symmetry considerations. On the second pass, concentrations for
Quadrants 1 and 2 are calculated for the end of the time step using explicit difference forms for derivatives
taken with respect to radial position and implicit difference forms for derivatives taken with respect to angular
position. Concentrations for Quadrants 3 and 4 are obtained by reflection of the values for Quadrants 1 and 2.
Constituent concentration profile and release to the aquifer are calculated at each time step and release quantity
is accumulated over impact periods. The mass balance check is updated at each time step.

Direction.of Groundwater Flow

. • • Figure G-10 Schematic of the Cylindrical Model Coordinate System

Grouping of Release Rates'

The algorithm used for grouping releases for impact periods into releases for release periods is the same-as that
described in Section G.312. 1. Constituent concentration at the release point to the aquifer is calculated for each
release period by dividing the release for that release period by the aquifer flow passing around the wasteform
during that release period.
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G.3.3 Groundwater Transport Module

The concept adopted for analysis of groundwater transport of constituents is that of a flow tube with
rectangular cross-section in which groundwater moves at constant velocity and constituents are subject to
longitudinal diffusion and dispersion, decay and reversible exchange between the liquid and solid phases in the
aquifer. The value of groundwater velocity used in the flow tube model is derived from the three-dimensional
groundwater models described in Appendix E. Mass balances for a constituent are formulated in the liquid and
solid phases and combined to derive a single partial differential equation for constituent concentration in the
aquifer:

R DC/Dt - D a 2C/ax2 + v DC/ax + RXC = 0 (G-39)

where:
C = constituent concentration, grams per cubic meter
t = time, years .
D = dispersion coefficient, square meters per year
x = position in aquifer, meters
v = interstitial velocity of groundwater, meters per year
R = constituent retardation coefficient, unitless, and
k = constituent decay or decomposition constant, 1 per year.

Two solutions are developed for this equation: one for localized sources, such as, stabilized facilities and one
for distributed sources, such as, the North Plateau Plume. The two solutions differ in the initial and boundary
conditions established to complete specification of the model and in the method of solution of the resulting
equations.

G.3.3.1 Localized Sources

For localized soUrces, the initial and boundary conditions used in conjunction with the mass balance are zero
concentration throughout the aquifer at time equal to zero (C = 0 for all X at t =0) and constant concentration at
the release point to the aquifer for all time (C = Co for all t at x = 0). Given these conditions, the solution to the
equation may be expressed as (Van Genuchten and Alves 1982):

C(x,t) = (1/2) exp{ (v-u)x/2D } erfc{X1} + (1/2) exp{ (v+u)x/2D I erfc{X2}

u = .(v2 +4XRD)

X1 = (Rx- ut) / 2'i(DRt) (G-40)

X2 = (Rx + ut) / 2'1(DRt)

where erfc(X) is'the complementary.error function of the argument X and all other variables are as defined
above.

The functions presented as Equation G-40 describe the concentration in'the aquifer caused by' a step function in
concentration at the release point to the aquifer. In contrast, the release module used in conjunction. with this
groundwater transport module specifies pulses in concentration at the" release point to the aquifer. The
response to a pulse function is constructed by adding and subtracting at appropriate time intervals the response
to a step function. Thus, a single pulse at the release point to the aquifer is represented as the sum of a positive
stelp function beginning at the start time of the pulse and a negative step function beginning at the end time of
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the pulse. The response to multiple pulses is represented by repeated application of the above approach. The
algorithm used for this purpose is presented in Figure G-11.

Set Number of Pulses
and Start and End Time

for Each Pulse I
znzr

Initialize Superposed
Concentration I

i 1

! L

I
Select First Pulse I

No I
Has the Leading Edge of

the Current Pulse EnteredI
the Aquifer Prior to the

Current Time?I
Yes I

Has the Trailing Edge of
No the Current Pulse Entered Yes

the Aquifer Prior to the
Current Time?

Calculate the Contribution
of the Positive Step

Function of the
Current Pulse

Calculate the Contribution
of the Positive and

Negative Step Functions
of the Current Pulse

Add this Contribution
to the Contributions

of Prior Pulses
I

-1 More Pulses? I Yes
-1

Nol

Finish

:Figure G-l 1 Algorithm for Accumulation of Concentration Pulses

G.3.3.2 Distributed Sources

The distributed source of primary concern at the West Valley Site is a plume of contamination that developed
in the Surficial Sand and Gravel Unit on the North Plateau following a leak of acidic solution from the Process
Building. The near-field, flow model used in conjunction with the distributed, source groundwater transport
model is the tumulus and slurry wall combination depicted in Figure G-4. The approach for solution of the
groundwater transport equation (Equation G-39) is similar to that described for the rectangular geometry, finite
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difference release model. The flow domain is divided into a one-dimensional mesh and the partial differential
equation is replaced by a set of algebraic equations using finite difference forms producing an equation set of
the form of Equation G-37. Solution of the set of equations provides concentration at nodes defining the mesh
and rate of release to the creek located at the upstream end of the flow domain. An initial condition and two
boundary conditions are required to solve the, set of algebraic equations. The initial condition is specification
of concentration of the constituent (radionuclide or hazardous chemical) at each node of the flow domain at the
start time for the simulation.

The groundwater velocity is constant throughout the flow domain and the boundary condition specified at the
upstream end of the flow domain is zero flux of the contaminant. At the downstream end of the flow domain,
the boundary condition is equality of flux of contaminant in groundwater exiting the flow domain and in a
mixing cell in the creek receiving the groundwater.

G.3.4 Human Health Effects Impact Module

The human health effects impact module estimates annual impact at a specified time to one of four types of
receptors due to exposure to either a radionuclide and its progeny or a hazardous chemical. The three primary
functions performed in developing the estimate of impact are calculation of ingrowth and decay, calculation of
concentration of hazardous constituents in soil and calculation of measures of health impact for differing types
of receptors. Information used to initiate the calculation includes concentration of the parent radionuclide or
hazardous chemical in groundwater at the access point, interstitial velocity of groundwater in the aquifer and
distance between the release point and the access point. Time for ingrowth and decay is calculated by dividing
distance between the release point and the access point by the interstitial velocity of the radionuclide in the
groundwater. The interstitial. velocity of the constituent in groundwater is the interstitial velocity of the
groundwater divided by the constituent retardation coefficient. Physical property information used to support
the calculation includes decay constants for radionuclides and hazardous chemicals, decay chain structure for
radionuclides, distribution coefficients for all constituents and garden irrigation and infiltration rates. The
order in which calculations are performed is represented in 'Figure G-12. The following sections describe
methods used to perform the three primary functions.

G.3.4.1 Calculation of Ingrowth and Decay

During transport in groundwater radioactive or chemical constituents may decay or decompose to alternate
species. Decomposition or reaction of chemical constituents depends in a complicated manner on site
conditions and presence or absence of microbial organisms. Because these conditions are difficult or
impossible to know in advance, concentrations of hazardous chemicals were conservatively assumed
unaffected by chemical or microbial degradation. Concentrations of radionuclides, however, vary due to
ingrowth and decay in predictable, time dependent manner. In order to provide estimates of impact for all
potential constituents, the ingrowth of progeny during groundwater transports of their parent nuclides was
included in the analysis. The balance of this section.describes the method used to estimate rates of ingrowth
and decay of radionuclides.

A suite of 72 radionuclides has been developed for consideration in dose analysis. These 72 radionuclides
have been organized into 22 decay chains having one or more members. Of the 22 decay chains, 15 include a
single radionuclide. The following paragraphs describe the procedure used to calculate ingrowth for decay
chains involving one or more progeny.
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Identify'Decay Chain

Calculate Time for Ingrowth

Calculate Concentrations
of Progeny at time

of Exposure

[Calculate Soil Concentrations

Calculate Dose for:

1) Drinking water well, or
2) Surface Water

Resident Farmer, or
3) Resident Farmer with

Soil in Direct Contact with
Groundwater, or

4) ,Resident Farmer with
Soil Irrigated with
Groundwater

Figure G-12 Order of Calculations for, the
Human Health Effects Impact Module

A decay chain may be represented as:

A - A2 -- A3 --> .A - A, (G-41)

Where Ai represents the i'th radioactive nuclide in. the chain, An represents the final radioactive nuclide in the
chain and As'represent the stable nuclide that terminates the chain. The rates of change of the number of atoms
of each nuclide may be expressed as:

dN,/dt = - X1 N1

dN 2/dt = 1N, - X 2 N2

(G-42)

dN1/dt = k~i- I Nj_ - ki N
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where Ni and ki represent the number of atoms and decay constant of the i'th nuclide in the chain,
respectively. The initial condition adopted for solution of this system of equations is that the number of atoms
of the parent (first) nuclide is known (N 1,0) and all other nuclides are not present initially. The solution to the
equations may be expressed as (Benedict, Pigford and Levy 1981):

NI NI,0 exp (-A, t)

G-43)
N, = N .o 22 22 {Z [exp (- • ) j (2 A- d]

j l k Ik1

where all variables are as defined above. The algorithm used for the ingrowth calculation for a given nuclide,
initial inventory and time is summarized in Figure G-13. Details that support implementation of the algorithm
include definition of a unique index for each nuclide, of an index relating a nuclide to its chain and of an index
identifying the order of a nuclide in a chain.

Figure G-13 Algorithm for Radionuclide Ingrowth Calculations
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G.3.4.2 Calculation of Concentrations of Hazardous Constituents in Soil

Calculation of concentration of hazardous (radioactive and chemical) constituents in soil is required for two
types of exposure scenarios. In the first scenario, groundwater transporting hazardous constituents directly
contacts near-surface soil and an individual establishes a residence and garden in the contaminated soil.
Because the groundwater transport model represents reversible contact with soil, the concentration of
hazardous constituent in soil in contact with contaminated groundwater is given by:

Cs = fv K Cw (G-44)

where:
C, = concentration in soil of hazardous constituent, grams per gram
Cw = constituent concentration in groundwater, grams per cubic meter
f, = volumetric conversion constant, 1 x 10-6 cubic meters per milliliter
K = distribution coefficient, milliliters per gram.

In the second type of scenario, water containing hazardous constituents, either contaminated groundwater
produced from a well or surface water recharged by contaminated groundwater, is used to irrigate surface soil.
An individual establishes a residence and garden in the soil contaminated in this indirect manner. Initially, the
constituent is not present in the soil but the concentration develops with time of irrigation. For this case, the
concentration of the constituent in soil is determined by a mass balance formed over the volume of surface
soil. Variables determining the time-varying soil concentration include the irrigation rate, the infiltration rate
and the distribution coefficient of the constituent. The mass balance is:

dCg/dt = - [inf (EgHgRg) ] Cg + [ Virg / (egHgRg) ] Cgw (G-45)

where:
Cg = constituent concentration in. groundwater in the garden, grams per cubic meter
t = time, years
Winf = infiltration rate, meter per year
P-9 = porosity of soil in the garden, unitless
Hg = thickness of soil layer in the garden, meters
Rg = retardation coefficient for garden soil, unitless
Virg = irrigation rate, meters per year and
Cgw = constituent concentration in irrigation water, grams per cubic meter.

The solution to this equation is:

Cg,e . Cg,b exp [-ag(te - tb)] + (bg/ag) Cgw { 1 - exp [-ag(te - tb) ] } (G-46)

ag = VinfI (gHgRg)

bg = Virg I (egHgRg)

where:
Cg,e = concentration in groundwater in the garden at the end of the time period, grams per cubic

meter
Cg,b = constituent concentration in groundwater in the garden at the beginning of the time

period, grams per cubic meter
tb = time at the beginning of the time interval, years
te = time at the end of the time period, years and
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all other variables are as defined above. Equation G-46 is evaluated in each instance the health impact,
calculation is implemented and the concentration of the hazardous constituent in groundwater in the garden is
continuously updated. The concentration of the hazardous constituent in the soil in the garden is:

Cg,s fv Kg Cg (G-47)

where:
Cg's . - constituent concentration in soil in the garden, grams per gram
Cg = constituent concentration in groundwater in the garden, grams per cubic meter
fv = volumetric conversion constant, 1 x 10-6 cubic meters per milliliter and
Kg - distribution coefficient, milliliters per gram.

G.3.4.3 Calculation of Measures of Human Health Impact

Modules calculating dose and risk for radionuclides and hazard quotient and risk for chemical constituents
have been developed. The structure of the two modules is the same and each calculates impacts for each
constituent of a specified set of constituents at specified times for specified receptor types. For radionuclides,
the calculation includes summing over progeny and accumulates the dose and risk due to progeny in the dose
and risk due to the parent. Four types of receptor are considered:

" drinking water well receptor,

* surface water receptor,

* residential farmer receptor obtaining drinking water from a well and contacting soil in direct contact
with contaminated groundwater, or obtaining drinking water from a well and contacting soil
contaminated with irrigation water from a well

* resident without a farm who may engage in recreational hiking.

The following paragraphs describe calculation methods for estimation of impact for these five types of
receptor. Exposure pathways for resident farmer receptors are presented in Section G.2. 1. Cumulative impacts
of a mixture of radionuclides or chemicals are estimated as the sum of the impacts of the individual
constituents:

Use of Groundwater for Drinking Water

For a receptor using well water for drinking water, dose due to ingestion of a radionuclide is estimated as:

Ddw = Y ( Cgw IRdw DCFing) (G-48)

where:
Ddw = drinking water dose, rem per year
Cgw . radionuclide concentration in groundwater, curies per cubic meter
lRdw = drinking water consumption rate, cubic meters per year
DCFing = dose conversion factor for ingestion, rem per curie and

the summation is taken over radionuclides in the decay chain.
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Lifetime risk for the radionuclide is estimated as:

Rdw = Z (fa IRd& EDdw SFdw Cgw) I (G-49)

where:
Rdw = lifetime risk due to ingestion of the radionuclide in drinking water, unitless
EDdw = exposure duration for the drinking water scenario, years
SFdw = Health Effects Assessment Summary Table (HEAST) radionuclide-specific slope factor

for drinking water ingestion, 1' per picocuirie
fa = cohversion constant,1 x 1012 picocuries per curie

other variables are as defined above and the summation is taken over radionuclides in the decay chain.

For ingestion of a chemical in drinking water, intakeis defined as:

Idw :=.(fm/ft) { (IRdwEFdw. EDdw)/(BW AT). }C ,(G-5o)

where:
'Idw = chronic intake rate of chemical contaminant in drinking water, milligrams per (kilogram

day)
Cc = concentration of chemical contaminant in water, grams per cubic meter
EFdw = exposure frequency for drinking water ingestion, days per year
BW = body weight, kilograms
AT = averaging time, days
fm = conversion constant, 1,000 milligram per gram
S fj - conversion constant, 365*days per year, and

other variables are as defined above.

For noncarcinogenic constituents, hazard quotient is calculated as:

HQdw = Idw./ RfD (G-51) '

where:
HQdw hazard quotient for ingestion of the chemical contaminant in drinking water, unitless
RfD - IRIS reference dose for chronic ingestion of the chemical contaminant, milligrams per

(kilogram day), and

Idw is as defined above.

For carcinogenic constituents, lifetime risk is estimated as:

Rdw = Idw SFing (G-52)

where:
SFing = IRIS slope factor for ingestion of the chemical contamiiinfnt, 1 per milligram per

(kilogram day), and

Idw is as defined above.
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Use of Surface Water

Use of contaminated surface water involves drinking water and fish consumption and residential farmer
exposure. Discharge of contaminated groundwater to a stream may also contaminate soil along the bank of the
stream. The hazard associated with contaminated soil on the bank of the stream is estimated using recreational
hiking and deer consumption pathways. Dose for drinking water is calculated using Equation G-48 with the
substitution of surface water for groundwater as the source media. Dose for fish consumption is calculated as:

Df = X {Csw (Bf/f,)-IRf DCFing } (G753)

where:
Df = dose due to consumption of fish, rem per year
CW.. radionuclide concentration in surface water, curies per cubic meter
Bf radionuclide bioaccumulation factor for fish, picocuries per kilogram per picocurie per

liter
f, =conversion constant, 1,000 liters per cubic meter
IRf = consumption rate for fish, kilograms per year
DCFing = dose conversion factor for ingestion, rem per curie, and

the summation indicates accumulation of dose for parent and progeny.

Lifetime risk due to ingestion of the radionuclide in fish is calculated as:

Rf E [C5w (Bf/fv) IRf. fa EDf SFf]. (G-54)

where:
Rf = lifetime risk for ingestion of contaminant in fish, unitless
SFf = HEAST slope factor for food ingestion, 1 per picocurie
EDf = exposure duration for fish consumption, years
fv = conversion constant, 1,000 liters per cubic meter
fa = conversion constant, 1 x 1012 picocuries per curie

other variables are as defined above and the summation is taken over progeny of the parent radionuclide.

Dose due to residential farmer exposure pathways is estimated as:

Dra = I (CsDf) (G-55)

where:
Dra = dose for residential farmer, rem per year
Cs = radionuclide concentration in soil, picocuries per gram
Drf = RESRAD unit dose factor for residential farmer exposure, rem per year per picocurie per

gram, and

the summation is taken over radionuclides in the decay chain.

Lifetime risk due to residential farmer exposure is estimated as:

Rra = ( Cs EDra Rf) (G-56)
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where:
Rra = lifetime risk for residential farmer, unitless
Cs = radionuclide concentration in soil, picocuries per gram
EDra = exposure duration for residential farmer, years
R~f = RESRAD unit risk factor for residential farmer exposure, 1 per year per picocurie per

gram, and

the summation is taken over parent and progeny. For the surface water access point receptor, the radionuclide
concentration in soil used in Equations G-55 and G-56 is calculated using Equation G-47.

In the recreational hiking and deer consumption scenarios, groundwater contaminates soil over an area equal to
the projection of the area of the contaminated portion of the aquifer on the bank of the stream. In the
recreational hiking scenario, an individual walks along the length of the contaminated area each.day of the
year. Time of exposure per day is determined by dividing the width of the contaminated portion of the aquifer
by the rate of walking. Exposure pathways for radionuclides are direct external exposure, inadvertent ingestion
of soil, and inhalation of fugitive dust. Unit dose and risk factors for the combined pathways were calculated
using the RESRAD computer code (Yu et al. 1993). Dose was estimated as:

Drec = Y (fTrec DUrec CQ) (G-57)

where:
Drec dose due to recreational hiking, rem per year
fTrec = fraction of time spent in recreation, unitless
DUrec = unit dose factor for recreation, (rem per year) per (picocurie per gram)
C, = concentration of radionuclide in soil, picocurie per gram.

The fraction of time spent hiking was estimated as:

fTc= .X 1/ft ) Wa EFrec I / Vh (G-58)

where:
fTrec = fraction of time spent hiking, unitless
ft = conversion factor for time, hours per year
W, = distance (width of the contaminated portion of the aquifer) hiked per day, meters per day
EFrec = exposure frequency for recreation, days per year
Vh = hiking speed, meters per hour

Lifetime risk for each radionuclide for recreational hiking was estimated as:

Rrec = Y (fTrec RUrec EDrec CQ) (G-59)

where:
Rrec = lifetime risk due to recreational hiking, unitless
fTrec = fraction of time spent in recreation, unitless
RUrec = unit risk factor for recreation, (1 per year) per (picocurie per gram)
EDrec = exposure duration for r'ecreation, years
C, = concentration of radionuclide in soil, picocurie per gram.
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For the deer consumption pathway, deer were assumed to consume vegetation growing in the contaminated
area -of thebank of the stream. The fraction of their daily intake obtained from the contaminated drea was
estimated asthe ratio of the contaminated area to the average range area 'of a deer. Dose was estimated as:

Dd = IRd Cd DCFing (G-60)

where:
Dd = dose due to consumption of deer, rem per year
IRd = ingestion rate of deer meat, kilograms per year
DCfing =' dose conversion factor for ingestion, rem per curie
Cd = concentration of radionuclide in deer meat, picocuries per kilogram

Concentration in deer is estimated as;

Cd= Bd Rvd[( sin Osb Aaq )/Ad] [fm fa ] Cv (G-61)

where:
Bd = bioaccumulation factor of radionuclide in deer meat, (curies per gram) per (curies per

day)
IRvd = ingestion rate of Vegetation by deer, kilograms per day

Osb = angle of streambank, degrees
Aaq = cross-sectional flow area of contaminated portion of the aquifer, meters squared
Ad = range area of deer, meters squared
fm = conversion factor for mass, grams per kilogram
fa = conversion factor for activity, grams per kilogram
Cv = concentration of radionuclide in vegetation, picocuries per gram

And Cd is defined above. Concentration of radionuclide in vegetation is estimated as:

C, = Bv C, (G-62)

where:
Bv = soil to plant transfer factor, (picocuries per gram) per (picocuries per gram)
Cs = concentration of radionuclide in soil, picocuries per gram.

Lifetime risk for ingestion of a.radionuclide in deer is estimated as:

Rd = Bd IRvd fm Bv C Rd [(sin Osb Aaq) Ad ] EDd SFf (G-63)

where:
Rd = lifetime risk for consumption of deer, unitless
fm = conversion factor for mass, grams. per kilogram
EDd exposure duration for consumption of deer meat, years
SFf = slope factor for ingestion, 1, per picocurie

and other variables are as defined above.
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For chemical contaminants, intake,,hazard quotient and risk for consumption of surface water are calculated
using Equations G-50, G-5 1, and G-52 -with. the concentration in surface water intake substituted for
concentration in groundwater. Intake of a chemical constituent due to consumption of fish is calculated as:

If = (fro/fv) { (IRf EDf Bf) /(BW AT) ICc (G-64)

where:
if = intake of chemical contaminant in fish, milligrams per (kilogram-day)
Cc = concentration of chemical contaminant in surface water, grams per cubic meter
IRf = consumption rate. of fish, kilogram per year
EDf = exposure duration for fish consumption, year
Bf = bioaccumulation factor for chemical contaminant in fish, milligrams. per kilogram per.

milligram per liter
fm = conversion constant, 1,000 milligrams per gram
fv = conversion constant, 1,000 liters per cubic meter, and

BW, and AT are as defined above.

Hazard quotient for consumption of the chemical contaminant in fish is:

HQf = If/RfD (G-65)

where:
HQf = hazard quotient for ingestion of chemical contaminant in fish, unitless
RfD = IRIS reference dose for ingestion of chemical constituent, milligrams per (kilogram day),

and

If is as defined above.

Lifetime risk due to ingestion of a chemical constituent in fish was estimated as:

Rf= IRf SFing (G-66)

where:
Rf = lifetime risk, unitless, and
SFing = IRIS slope factor for ingestion of the chemical contaminant, 1 per milligram per

(kilogram-day).

For residential farmer exposure to a chemical constituent; intake, hazard quotient, and risk are calculated using
Equations G-5 through G-22 as described in Section G.2.2.

For recreational exposure to hazardous chemicals during hiking, exposure occurs 'through the inadvertent soil
ingestion and fugitive dust inhalation pathways. Impacts are estimated-using Equations G-5 through G-9
adjusted by fraction of exposure time estimated using Equation G-58. For impacts due to consumption of deer,
the conceptual approach described above for radionuclides was applied. Intake is estimated as:

Id= {Bd IRvd f,, Bv Cs IRd [(sin Osb Aaq ) ] Ad ] EDd } It BWAT I (G-67)
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where:
I d = intake of chemical in deer meat, milligrams per (kilogram day)
Bd = bioaccumulation factor of chemical in deer meat, (grams per kilogram) per (gram per

day)
IRvd = ingestion rate of vegetation by deer, kilograms per day
Osb = angle of streambank, degrees
Aaq = cross-sectional flow area of contaminated portion of the aquifer, meters squared
Ad = range area of deer, meters squared
fm = conversion factor for mass, milligrams per kilogram
B, = soil to plant transfer factor, (gram per kilogram) per (gram per kilogram)
IRd = ingestion rate of deer meat, kilograms per year
EDd = exposure duration for ingestion of deer, years
C, = concentration of chemical in soil, gram per gram.

Hazard quotient is estimated as:

HQd =Id / RfD (G-68)

where:
HQd = hazard quotient for ingestion of a chemical in deer meat, unitless
RfD = reference dose for chemical, milligrams per (kilogram day)

Lifetime risk due to ingestion of a hazardous chemical in deer is estimated as:

Rd = Id SFing (G-69)

where:
Rd = lifetime risk due to ingestion of a chemical in deer meat, unitless
SFing = IRIS slope factor for ingestion of the chemical, 1 per (milligram per (kilogram-day))

and Id is defined above.

Soil in Contact with Groundwater

Concentrations of constituents in soil in contact with groundwater are calculated using Equation G-44. Impacts
for the residential farmer receptors are calculated using Equations G-55 and G-56 for radionuclides and
Equations G-4 through G-21 for chemical constituents.

Soil in Contact with Irrigation Water

Concentrations of constituents in soil in contact with irrigation water are calculated using Equation G-47.
Impacts for the residential farmer receptors are calculated using Equations G-55 and G-56 for radionuclides
and Equations G-5 through G-22 for chemical constituents.
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Use of a Residence Without a Farm

For erosion release scenarios, it is possible that a residence may be established in the vicinity of but not in
direct contact with residual contamination exposed by erosion processes. In this case, a receptor may be
exposed to external radiation from the residual contamination while living in the residence. In addition, the
receptor may be exposed to radioactive and chemical constituents while hiking in the vicinity of the residence.
The dose due to exposure to external radiation is estimated as:

Dext = Cs Du,ext

(G-70)

where:

Dext = external dose, millirem per year,
C, = concentration of contaminant in soil, picocuries per gram, and
Duext = unit dose factor for external radiation, (millirem per year) per (picocuries per gram)

For this scenario, impacts accrued during recreational hiking are estimated using Equations G-57 through G-59
for radionuclides and Equations G-5 through G-10 for chemical constituents.

GA4 Intruder Scenario Models

Past practice, current regulatory frameworks and site-specific conditions (Case and Otis 1988, DOE 1999,
NRC 1981, 1982) were reviewed to develop a set of three site-specific intrusion scenarios for exposure to
radionuclides. These are characterized as home construction, well driller, and recreational intruders. The home
construction and well drilling scenarios each involve worker and resident farmer exposure pathways. The
condition evaluated for each of the intruders is exposure to near-surface residual contamination having the
composition of soil or to near-surface residual contamination. The intruder is present at the site at a series of
times specified for analysis, including a delay representing a period of institutional control. The first of the
following sections discusses the upper level organization of the model while the second section discusses
details of the dose calculation for each of the receptors. Because impacts are dominated by radiological
exposure, analysis of intruder scenarios is limited to consideration of radioactive and not chemical constituents.

G.4.1 Organization of the Model

The intruder model comprises two major elements: an executive routine and a dose module. Functions
performed in the executive routine include interpretation of input data, control of sequence of calculations, and
writing of results to output files. The overall organization of the code is represented in Figure G-14. The
input data include specification of radionuclides and radionuclide inventories and of time periods for which
dose will be estimated. As indicated in this figure, the code cycles through each radionuclide, intruder and
time step and calculates dose at each step in the process. Following completion of the calculation of dose at
each time step, the code identifies the maximum dose and time of maximum dose for each of the intruders.
The time sequence of total dose for each intruder and the dose for each radionuclide for the time of maximum
dose for each intruder are provided as output data.
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Figure G-14 Organization of Intruder Scenario
Analysis Computer Code

G.4.2 Intruder Dose Models

The 'inagnitude of dose estimated for each intruder depends in part on the range of intruder activities. The
following sections present equations used for calculation of dose for each type of intruder. Intruder activities
and scenario parameter values are consistent with past analyses and current guidance. (DOE 1999,
Oztunali and Roles 1986, NRC 1981, 1982, 1998, 2000) and dose conversion factors used in the analysis are
consistent with current federal guidance (EPA 1988, 1993). Values used for dose 'factors and model
parameters are presented along with simulation results in Appendix H. At each time step during the
calculation of dose, radionuclide concentrations are adjusted to reflect decay and ingrowth. The method used
for this portion of the calculation is the same as that described in Section G.3.4 and represented schematically
in Figure G-14. Cumulative impacts of a mixture of radionuclides are estimated as the sum of the impacts of
the individual radionuclides.

G.4.2.1 The Home Construction Intruders

The home construction intruder excavates a foundation for a home and distributes contaminated soil from the
excavation into surface soil subsequently used, for cultivation 'of a garden. The excavation work generated
airborne dust that was inhaled by the worker. The worker was also simultaneously exposed to direct radiation
emitted from radioactive material in the excavation.
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The dose due to inhalation of a given radionuclide was estimated as:

where:
Dinh

Mload

BR
Wexc

Csoil

fa
fm
DCFinh

Dinh = (1 / fa fin) Mload BR Tex, Csoil DCFinh

inhalation dose, rem
mass loading of dust in the air, milligrams per cubic meter
breathing rate, cubic meters per year
time spent in the excavation, year
radionuclide concentration in the soil, picocuries per gram
conversion factor, 1 x 1012 picocuries per gram
conversion, 1,000 milligrams per gram, and
dose conversion factor for inhalation, rem per curie.

(G-71)

Direct external dose was estimated as:

Dext = N, DENs Cs Texc DCFexv" (G-72)

where:
Dext = external dose, rem
C, = concentration of radionuclide in the soil, picocuries per gram
N, = number of surfaces in excavation, unitless
Texc = time spent in the excavation, year
DENs = density of soil, grams per cubic'centimeters
DCFexv = dose conversion for external radiation from a volume source, (rem per year) per

(picocurie per cubic centimeter).

Five surfaces, four walls and a floor, and dose factors for semi-infinite media not corrected for finite size of the
excavation were used in the calculations.

G.4.2.2 Drilling Intruder

In this scenario, a worker completing a well is assumed to inhale dust mobilized by drilling activity and to be
exposed to radiation emitted by residual contamination brought to the surface in drilling mud.. Dose .due to
inhalation was. estimated using the same approach as described above for the home construction scenario
worker.. The drilling mud is pumped to a pond Where it is covered by 2 feet of water. The worker remains in
the vicinity of the pond and is exposed to direct radiation emitted from the radioactive material in the pond.
The activity brought to the surface is:,

Adm = f, (ir/4) D weil Zwaste DENwaste Cwaste (G-73)

where:
Adm
fv
Dwell

Zwaste

DENwaste

Cwaste

= activity of a radionuclide in the drilling mud deposited in the pond, picocuries
= conversion factor, I x 10 cubic centimeters per cubic meter
= diameter of the well, meter
= thickness of waste horizon, meter
= density of waste, gram per cubic centimeter, and
= radionuclide concentration in the waste, picocuries per gram.

- .4'.,
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The activity was distributed at the upper surface of the mud layer, below the overlying water. The shielding of
the pond water would reduce the dose by a factor of approximately 75. The dose t0 a receptor near the pond
was estimated as:

Ddrill = [(Ad Kfa) /Ap] (1.0/fshld) Tdrjli DCFexs (G-74)

where:
Ddoill = dose during drilling activity, rem
Ap = area of pond, square meters
Tdrill = time of exposure near pond, year

fa = conversion factor, 1 x 1012 picocuries per curie
fshld = factor for reduction of dose due to shielding by water in pond, unitless
DCFexs = dose conversion factor for external radiation from a source of surface contamination,

(rem per year) per (curie per square meter), and

Adm is as defined above. After completion of drilling activity, drilling mud is removed from the pond and
distributed into soil used for cultivation of a garden.

G.4.2.3 Residential Farmer Intruder

In the residential farmer scenario, an individual lives in a home and cultivates a garden on soil containing
residual contamination resulting in exposure to radionuclides through a variety of direct radiation, inhalation
and ingestion pathways. As described in Section G.2, dose for the residentialfarmer scenario was simulated
using unit dose factors developed using the RESRAD computer code (Yu et al., 1993). For intruder scenarinos,
contamination of the soil occurs due to distribution of soil excavated from the foundation during home
construction or to distribution of mud from the drilling pond.

The amount of a radionuclide brought to the surface during home construction is estimated as:

Ahc = Wexc Lexc Hrmvd P• fv Cw (G-75)

where:
Ahc = activity of a radionuclide removed from the excavation during home construction,

picocuries
Wexc = width of the excavation, meters
Lexc = length of the excavation, meters
Hmývd = height of residual contamination removed from the excavation, meters

Pw = density, of residual contamination removed from the excavation, grams per cubic
centimeter

fv = conversion constant, I-x 106 cubic centimeters per cubic meter and
Cw concentration of radionuclide in residual contamination, picocuries per gram.-

The activity in drilling mud brought to the surface is that estimated using-Equation G-73. The concentration of
a radionuclide in soil for residential farmer is estimated as:

Cra = Armvd / (Ar, Hmix fv Ps) (G-76)
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where:
Cra = concentration of radionuclide in soil for residential farmer, picocuries per gram
Armvd = activity removed from the home construction excavation (Ahc) or Well borehole (Adm),

picocuries
Ara = area required for the residence and garden, square meters
Hmix = height for mixing activity into soil, meters
fv = conversion constant, cubic centimeters per cubic meter
Ps = density of soil in the garden, grams per cubic centimeter

Unit impact factors derived using RESRAD allow calculation of dose as:

Dra = Cra DCFra. (G-77)

where:
Dra = dose to a residential farmer, rem per year
Cra = radionuclide concentration in soil, picocuries per gram
DCFra = unit dose factor reflecting dose through RESRAD pathways, (rem per year) per

(picocuries per gram)

G.4.2.4 Recreational Hiking

In the recreational hiker scenario, an individual hikes through an area with residual contamination of surface
soil. Potential exposure pathways are direct external exposure, inadvertent ingestion of soil, and inhalation of
fugitive dust. Unit dose factors for the combined pathways were calculated using the RESRAD computer code
(YU et al. 1993). Dose for the recreational hiker was estimated as:

Drec = Trec Cwaste DCFrec (G-78)

where:
Dtec = dose for recreational intruder, rem
Trec = duration of recreational intrusion, year
Cwaste = concentration of radionuclide in surface soil, picocuries per gram
DCFrec = unit dose factors for recreational intrusion, (rem per year) per (picocurie per gram).

G.5 Erosion Collapse Scenario Models

Erosion processes occurring over long time frames have the potential for disruption of facilities at the West
Valley Site. Mathematical analysis of potential adverse health impacts related to erosion requires prediction of
rates and spatial distribution of erosion and estimation of dosescaused by erosion-mediated releases. Methods
used to predict the nature and extent of erosion and the results of that analysis are presented in Appendix F.
This portion of Appendix G discusses the exposure impact models used to..estimate impacts caused by
specified types and rates of erosion. Two models were developed for estimation of impacts due to erosion, one
for estimation of impacts due to release of radionuclides and one for estimation of impacts due to release of
chemical constituents. The upper level structure of the two codes and the release models for the two codes are
identical, the codes differ only in methods for calculation of impacts of exposure. The following text describes
the common elements of erosion release codes; health impacts are estimated as described in Section G.3.4.
Assessment of uncertainty in estimates of impacts for erosion releases is provided by analysis of three cases
that bound potential conditions. Parameter values and more complete description of these cases are presented
in Appendix H.
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The concept adopted for estimation of erosion impacts represents the residual contamination as a rectangular
prism that may or may not extend to the ground surface. Erosion is represented as comprised of two,
components, vertical doWnward movement of the ground surface and horizontal movement of near-vertical
creek banks; The residual contamination is distributed into a number of rectangular below ground prisms
referred to as trenches, each of which comprises several sections. Horizontal distribution of constituents is
represented by division of the trench into sections located at differing distances from the creek bank.
Constituent inventories of each trench section are specified independently and are corrected for decay and.
ingrowth or degradation as time proceeds. The relation of the residual contamination matrix, ground surface,
and creek banks is represented schematically in Figure G-15. In this figure, the parameter Xi indicates the
distance of the i'th section of the residual contamination matrix .from. the creek bank and Zgs, Ztop and.Zbot
indicate positions of the ground surface and top and bottom of the residual contamination matrix, respectively.
Radiological and chemical constituents eroded from the residual contamination 'matrix are deposited into the
surface water that is subsequently used by an individual who, drinks the contaminated water, consumes fish
living in the water and irrigates a garden with the contaminated water. The model developed to analyze this
scenario comprises an executive routine and a .dose estimation module. The dose estimation module is the
same as that described in Section G.3.4 (Human Health Impacts Module) for the surface water pathway. The
balance of this section describes the executive routine used to control estimation of impacts.

Soil -*

Waste -0 . '

Sections

Figure G-15 Concept for Erosion Scenario Impact Analysis

The executive routine developed for this case manages input data, tracks the relative positions of the residual
contamination matrix, ground surface and creek bank, controls execution of the health impacts module and
reports the results of the analysis. Data defining the scenario include the times at which impact is calculated,
the inventories of constituents in each section of each trench, the initial vertical and horizontal position of the
boundaries of the residual contamination matrix and the -rates of movement of the ground surface and creek
bank. Rates of movement of the ground surface and creek banks are specified as piecewise continuous
functions of time. Values of these positions at any time are obtained by. interpolation between the specified
values. The time dependent rates of movement are provided by either, the landscape evolution or simple gully
models described in Appendix F.

The order of calculations is represented in Figure G-16. Following the reading of input data the model sets
indices identifying the sections of each trench that are nearest the creek. The model then increments time and
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identifies the position of the ground surface and creek bankand, compares these positions with the'current
positions of the top of the residual contamination matrix and of the trench sections nearest the creek. When the
ground surface or creek bank intersects boundaries of the residual contamination matrix, that portion of the
residual contamination is transferred to the creek. All material transferred to the creek is assumed to be
suspended in the flow of the creek and available for bioaccumulation in fish or use by receptors. When all
inventories deposited in the creek during the time interval are accumulated, dose is calculated' and the model
updates positions and inventories of the residual contamination matrix and proceeds to the next time: step.
After estimation of dose for all specified time steps, the model searches the time sequence of impact and
identifies the time of maximum annual impact. The time sequence of impact and the time and magnitude of
maximum impact are reported as model results.

.I Read Data

Set Current Inventory for All Trench Sections

Set Trench Position Index

F "Set Time

Calculate Position of Ground Surface Id

Is Current Ground Surface Below Current
Top of Trenches?,.

yes

No F Depositlnventory into Creek, UpdateIinventory of all Trench Sectidons,

Calculate Creek Bank Position

I Set Trench Index

SHas Creek Bank Reached the Nearest

Section of the Trench

Yes

No,. [ Deposit Trench Section "
No .Inventory into CreekS i n TI

|

I More Trenches?
Yes

1

No 4,I . Calculate Impacts

.J More Time Steps?
No7

1,
Yes

I Finish I
Figure G-16 Algorithm for Erosion Collapse Scenario Impact Estimation
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The rate of movement of the ground surface used in the erosion release model may be estimated using the
SIBERIA or CHILD landscape evolution models described in Appendix F or using a simple model
applicable for an individual gully. In the case of the simple gully erosion model used in this analysis, the
conceptual gully shown in Figure G-17 is represented as having triangular cross-section, a rate of advance that
may be a function of time, a rate of downcutting that may be a function of time and a constant angle between
the ground surface and the walls of the gully. Given these parameters, the volume of the gully is estimated
using a combination of analytic geometry and numerical methods. The volume of soil removed from the
residual contamination volume is calculated in similar fashion given specification of the width of the residual
contamination volume and the elevation of the upper and lower surfaces of the residual contamination volume.

Gully
Advance

Gully I
Downcutting Ground Surface

Figure G-17 Schematic of a Simplified Single Gully
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