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Figure 3-65. Regional Map of the Saturated Zone Flow System
Arrows indicate general directions of groundwater flow in the saturated zone on a regional scale. Lighter area (Ash
Meadows, Alkali Flat, Death Valley) indicates major areas of groundwater discharge by a combination of spring
discharge and evapotranspiration by plants.
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ambient flow conditions in the saturated zone, and
the TSPA integration subissue on model
abstraction.

3.7.1 Construction of the Conceptual Model

This section describes the conceptual model of the
flow-and-transport processes in the saturated zone
that are relevant to radionuclide migration from the
repository and shows how the model has been
applied. Model application includes using
judgment provided by panelists of an expert elici-
tation on processes in the saturated zone. Infor-
mation from observations of the saturated zone
system that forms the basis of the conceptual
model is also summarized.

3.7.1.1 Conceptualization of Saturated
Zone Flow and Transport Processes

Groundwater flow in the saturated zone below and
directly downgradient of the repository at Yucca
Mountain occurs in fractured, porous volcanic
rocks at relatively shallow depths beneath the
water table and in fractured carbonate rocks of
Paleozoic age at much greater depths. At distances
greater than about 10-20 km (6-12 miles)
downgradient from the repository where the
volcanic rocks thin and disappear under alluvium,
groundwater flows either through the alluvium or
the deep Paleozoic carbonates. Based on measured
water levels in wells, the groundwater flow is
generally to the southeast near the repository, with
a transition toward the south and southwest farther
south of the repository, as shown in Figure 3-65
(D'Agnese et al. 1997a, pp. 64 and 67). Ground-
water that has flowed beneath Yucca Mountain is
probably captured at pumping wells 20 km
(12 miles) or more to the south in the Amargosa
Valley under present conditions. Under predevel-
opment conditions (before pumping in the
Amargosa Valley) and for the current climatic
state, natural discharge of groundwater from
beneath Yucca Mountain probably occurs further
south at Franklin Lake Playa (Czarnecki 1990,
p. 1-12), although spring discharge in Death
Valley is a possibility (D'Agnese et al. 1997a, pp.
64 and 69). Under past wetter climatic conditions,
groundwater discharge occurred at locations nearer
to Yucca Mountain than Franklin Lake Playa.

Radionuclides migrating from the repository must
be transported approximately 300 m (1,000 ft)
downward by groundwater in the unsaturated zone
to the water table, where they enter the saturated
zone. Radionuclides are then carried downstream
in the groundwater system. At 20 km (12 miles),
the radionuclides reach the hypothetical water well
located near the Amargosa Valley, where they
could become a source of contamination in the
biosphere (see Figure 3-66).

Important processes that must be considered in
describing radionuclide travel time in the saturated
zone include advection, transport by moving water;
matrix diffusion, diffusion of contaminants into the
rock pores; and sorption, capture of particles on
rock surfaces by chemical processes (see Figure 3-
66). The fractured, porous media of the volcanic
units consist of an interconnected network of
fractures and matrix material. The effective
porosity is the porosity for the combination of
fractures and matrix pores through which the radio-
nuclides are carried. Effective porosity affects how
fast the contaminants travel. Effective porosities
are greater in porous media (e.g., alluvium) than in
fractured media (e.g., volcanic tuffs), where
contaminant movement is thought to occur
primarily through the fractures. Because of the
smaller effective porosity, travel times tend to be
shorter in the fractured media than in the porous
media. Matrix diffusion is the movement of
dissolved radionuclides from groundwater flowing
in fractures into the relatively immobile pore water
of the matrix due to differences in concentration.
Diffusion occurs at a small scale, probably not
more than a few centimeters into the rock from
fractures, and slows radionuclide movement by
providing additional solute storage in the matrix
pores. Geochemical retardation, through sorption
of radionuclides on mineral grains, slows radionu-
clide migration in groundwater in both fractured
and porous media. Processes such as sorption and
matrix diffusion increase the residence time for
certain radionuclides and allow reduction of dose
by radioactive decay.

The most important process that influences radio-
nuclide concentration in the saturated zone. is
dilution from hydrodynamic dispersion. Radionu-
clides are expected to move through the unsat-
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Figure 3-66. Conceptual Model of the Saturated Zone Groundwater Flow System and Processes Relevant to
Performance of the Potential Repository at Yucca Mountain
Processes that affect radionuclide travel times in the saturated zone from beneath Yucca Mountain to potential
pumping wells include advection, matrix diffusion and sorption. Processes that affect the concentration of
radionuclides in groundwater include transverse dispersion of the contaminant plume and radioactive decay.

urated zone below the repository and enter the
saturated zone in a well-defined plume, that is, as a
flow system distinguishable from the surrounding
flow because of differences in chemistry, temper-
ature, concentration, or other parameters. Trans-
verse dispersion, or horizontal and vertical
spreading of the plume perpendicular to the travel
path, causes dilution of radionuclide concentration.
Longitudinal dispersion, or horizontal spreading in
the direction of groundwater flow, decreases radio-
nuclide concentrations if the source is varying with
time. Transient changes in the direction of ground-
water flow may contribute to apparent transverse
dispersion and dilution. Transience in the saturated
zone flow system could result from climatic varia-
tions over long time periods or from focused
recharge on shorter time scales. Processes that
cause dilution of radionuclides contribute directly
to the attenuation of radiological dose by reducing
radionuclide concentrations in groundwater.

3.7.1.2 Saturated Zone Flow and Transport
Data

Numerous observations and scientific studies have
provided both regional-scale and near-site
knowledge about the saturated zone groundwater
system at Yucca Mountain. Much of the infor-
mation in the following summary is taken from the
synthesis report of Luckey et al. (1996), from
Czarnecki et al. (1997), and from D'Agnese et al.
(1997a).

The saturated zone flow system at Yucca Mountain
is part of the Alkali Flat-Furnace Creek ground-
water subbasin of the larger Death Valley ground-
water flow system. Groundwater flows regionally
from recharge areas at higher elevations in
mountain ranges, most significantly, the Spring
Mountains and Pahute Mesa, toward natural
discharge areas at springs. Groundwater also
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discharges through evapotranspiration at playas
(see Figure 3-65). Significant quantities of
groundwater are also currently being discharged
from the regional saturated zone system by
pumping in areas such as the Amargosa Valley.

Measurements of water levels in wells near Yucca
Mountain indicate that north of the site is a region
of possible large hydraulic gradient, potentially
150 m/km (790 ft/mile). An alternative interpre-
tation is that the higher apparent heads in wells
north of the site are the result of perched water.
West of the site is a region of moderate hydraulic
gradient, corresponding to a 45-m (150-ft) increase
in water table elevation. Water level data indicate a
small horizontal hydraulic gradient (0.1 to 0.3 m/
km or 0.5 to 1.6 ft/mile) immediately southeast of
the site. Groundwater flow from the repository site
for a distance of 5 to 8 km (3 to 5 miles) is appar-
ently to the southeast toward Fortymile Wash.
From there, the apparent direction of groundwater
flow for about 20 km (12 miles) is to the south-
southwest. Hydraulic head is a measure of the
driving potential for groundwater flow that is
inferred from water level measurements in wells.
Near the Yucca Mountain site, hydraulic head in
the deeper volcanic units and in the Paleozoic
carbonate aquifer, based on one well, are generally
higher than in the shallower saturated zone,
indicating the potential for groundwater to flow
upward. Variations in temperature and heat flow
measured in boreholes in the saturated zone
suggest significant redistribution of heat by vertical
groundwater movement in some areas. These
observations suggest that there is (an imperfect)
confining unit separating the shallow volcanic flow
system from the deeper flow system.

Variations in water table elevations have been
directly monitored for a few decades and inferred
from geological and geochemical data over
hundreds of thousands of years. Water level fluctu-
ations in most wells have been small-on the order
of a few decimeters-primarily in response to
barometric variations and earth tides. Variations
have been greater in the Amargosa Valley area
because of pumping. Highly transient and longer-
term variations in hydraulic head of a few meters to
a few decimeters have been observed following
earthquakes. Significantly higher water table

elevations (80-120 m or 260-390 ft higher than
current elevations) at Yucca Mountain have been
inferred from the locations of nearby paleospring
deposits and from geochemical and mineralogical
evidence from the unsaturated zone at the site.
Higher water table elevations in the geologic past
were apparently associated with wetter climatic
conditions. From the perspective of performance
assessment calculations, fluctuations of this
magnitude in water table elevations suggest poten-
tially significant alteration of radionuclide
transport path lengths in the unsaturated zone on
geologic time scales.

The aquifer in volcanic rocks has been hydrauli-
cally tested at many of the wells near the Yucca
Mountain site, although there are no borehole data
between approximately 10 and 20 km (6 and
12 miles) downgradient of the repository. Most of
the available data are from single borehole tests
using constant discharge, fluid injection, pressure
injection, and radioactive tracer methods. From
these tests, estimates of hydraulic conductivity (a
factor that determines the amount of water that can
flow through a material) in the fractured volcanic
rocks of the saturated zone generally range over
three orders of magnitude, depending on the depth
and the particular hydrogeologic unit. The
apparent hydraulic conductivity values determined
from multiple borehole hydraulic tests at the
C-hole complex tend to be much higher, by about
two orders of magnitude, than the values from
single-borehole tests for the same intervals
(Geldon 1996, p. 59). The C-hole complex is
located approximately 2.5 km (1.6 miles) to the
southeast of the repository. Multiple-borehole
hydraulic tests generally yield results that are more
representative of large-scale hydraulic conductivity
of the aquifer, suggesting that the single-borehole
tests elsewhere at the site may have significantly
underestimated the effective hydraulic conduc-
tivity (and thus the groundwater flow velocity) at
those locations. Thus, results from the multiple-
borehole tests were used in the saturated zone flow
modeling for TSPA-VA. Surveys of flow in the
deeper wells in the saturated zone near Yucca
Mountain indicate that groundwater production in
most of the wells occurred in a few discrete
intervals within the volcanic units. For perfor-
mance assessment calculations, these results
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suggest that most groundwater flow in the
fractured volcanic units is through only a small
fraction of the saturated thickness.

Forced-gradient, cross-hole tracer tests conducted
at the C-hole complex have provided data on in situ
transport of the non-radioactive surrogate solutes
and synthetic colloids in fractured, porous volcanic
tuffs in the saturated zone (CRWMS M&O 1997f;
Geldon et al. 1997, p. Background-2). These tests
have been interpreted to indicate that the tracers
diffused from fractures into the rock matrix and
that sorption occurred. Test results that indicate
relatively high flow porosity suggest that flow may
have occurred in both fractures and the rock matrix
during the tracer tests. There was relatively good
agreement between tracer-test results and
laboratory measurements of sorption coefficients
(Kd) for transport of lithium. Lower recovery of
microspheres, a uniformly sized surrogate colloid
with a neutral surface charge, suggests significant
filtration over the 30-m (100-ft) transport distance.
For the TSPA analyses, these results support
accounting for matrix diffusion in fractured
volcanic units and using laboratory measurements
of the sorption coefficient parameter for sorbing
radionuclides.

Groundwater sampling from fractured volcanic tuff
in the saturated zone near the Benham underground
nuclear test site on Pahute Mesa suggests that
colloid-facilitated transport of plutonium in the
saturated zone may be relatively rapid (Thompson
et al. 1998, p. vii). Although some component of
transport may have been associated with the under-
ground nuclear test, low concentrations of
plutonium, associated with colloidal material in
groundwater samples, indicate transport in the
saturated zone of at least 1,300 m (4,300 ft) in 28
years (Thompson et al. 1998, p. 13). For the TSPA,
this observation was used to develop an alternative
conceptual model for colloid-facilitated transport
of plutonium (Section 3.7.2.2).

3.7.1.3 Saturated Zone Flow and Transport
Modeling

Analyses of groundwater flow and radionuclide
transport in the saturated zone use numerical

modeling results at different scales for site charac-
terization and TSPA calculations. The regional-
scale flow model (D'Agnese et al. 1997a) encom-
passes a large portion of southern Nevada and parts
of eastern California. The regional-scale model
was designed to use natural system boundaries so
that estimates of groundwater flux through the
model are constrained. The estimate of ground-
water flux through the saturated zone flow system
is based on the system's overall water budget. The
regional-scale model has also been used to estimate
the influence of climate change on changes to
groundwater flux and flow direction in the
saturated zone flow system (D'Agnese et al.
1997b).

A smaller-scale TSPA three-dimensional flow
model for groundwater flow was developed to
determine the flowpath from the repository
footprint, or outline, at the water table to a distance
20 km (12 miles) downgradient, the approximate
distance to the nearest domestic extraction of
groundwater. Based on the simulation, the hydro-
geologic units that were present along the contam-
inant travel path were determined as well as the
percentage of the flowpath occupied by each unit.
The travel distance through each hydrogeologic
unit provided by this analysis was used to define
the travel-path characteristics in the saturated zone
for the TSPA one-dimensional transport, base case
analysis (see Section 3.7.2).

The TSPA three-dimensional flow model used for
this analysis incorporated an area of about 20 km x
36 km (12 miles x 22 miles) to a depth of 950 m
(3,100 ft) below the water table. The model grid
was a uniform orthogonal mesh with 500-m x 500-
m x 50-m (1,600-ft x 1,600-ft x 160-ft) elements.
The hydrogeologic framework in the model was
based on a refined version of the regional geologic
framework model used by D'Agnese et al. (1997a,
p. 29-35). Seventeen different hydrogeologic units
were represented in the model. Two linear, vertical
features with low permeabilities to the west and
north of Yucca Mountain were included to simulate
the moderate and large hydraulic-gradient regions,
respectively.

Flow was modeled as steady state through a single-
continuum, porous medium. Focused recharge
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along Fortymile Wash, consistent with USGS
measurements, was included as a specified flux.
Specified-pressure boundary conditions were
applied to the lateral boundaries based on the inter-
polation of measured values of hydraulic head.
Groundwater flow was not allowed to occur across
the bottom boundary of the model. Permeability
was assumed to be uniform within hydrogeologic
units in the model domain, and average isothermal
conditions were applied in the three-dimensional
flow model for the saturated zone.

The TSPA three-dimensional model was calibrated
by an iterative procedure, and the simulated
hydraulic heads were compared with measured
head values in the model domain. There was good
agreement between the simulation results and most
of the well measurements, particularly in the area
downgradient of the repository. The differences
between simulated and measured hydraulic head
values were less than 5 m (16 ft) for shallow wells
downgradient of the repository, within a 10 km (6
miles) distance. The direction of groundwater
movement in this flow model is consistent with the
conceptual model of the system and is evident in
the plot of simulated particle paths shown in
Figure 3-67.

Particle tracking in the simulated flow field of the
TSPA three-dimensional flow model was used to
estimate the flowpath lengths in the saturated zone
through each of the hydrostratigraphic units
downstream from the repository. In the model
simulations, a swarm of particles was released at
the water table and evenly distributed across the
repository footprint. Flowpath lengths within the
units were then tabulated. Flow was significant in
four of the hydrostratigraphic units, and the
resulting information was incorporated into the
one-dimensional transport simulations used in the
TSPA analyses (Section 3.7.2).

3.7.1.4 Saturated Zone Workshop and
Expert Elicitation

To help understand how to best model saturated
zone flow and transport for TSPA-VA, a workshop
was held in Denver, Colorado (Table 3-19). The
goal of the workshop was to bring together a
number of experts in order to define issues related

to the saturated zone that were important to repos-
itory performance, in particular, issues concerning
transport travel times and dilution. The issues
were then evaluated to determine if they were
sufficiently well understood and accounted for in
the modeling. If not, analysis plans were
developed to address the issue. Some analyses
had an indirect effect on TSPA-VA; for example,
the study of how structural controls, such as faults,
influenced flow and transport aided in the devel-
opment of, but did not explicitly produce, a distri-
bution for effective porosity. Other analyses were
specifically directed toward TSPA-VA modeling;
for example, the convolution integral method
(Section 3.7.2) was developed and tested as part of
this effort. The analysis plan concerning climate
directly led to modeling that derived the ground-
water fluxes used in TSPA-VA for future climates.

In addition to the workshop, an expert elicitation
was conducted to provide guidance for the
saturated zone component of TSPA-VA. Five
panelists participated in the expert elicitation to
assess the uncertainty in conceptual models of
processes and specific parameter values relevant to
the saturated zone. The elicitation process
consisted of the following:

* Written and oral presentation of data to the
experts by researchers from the YMP

* Exchange of opinions and assessments
among the panel members

* Formal interviews with the individual
experts to elicit assessments of key issues

The experts expressed their general opinions about
the appropriate conceptual models for flow and
transport in the saturated zone and provided proba-
bilistic distributions for some key parameters
(CRWMS M&O 1998g, pp. 1-1 to 1-7).

The experts generally agreed that groundwater in
the saturated zone flows from beneath the repos-
itory to the southeast and south primarily through
fractured volcanic tuffs of the middle volcanic
aquifer and the valley fill alluvium. Some panel
members suggested that sorptive characteristics of
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Figure 3-67. Simulated Particle Paths from the Total System Performance Assessment for the Viability
Assessment Three-Dimensional Flow Model for the Saturated Zone
The simulated pathlines are superimposed on a shaded relief map of the surface topography. The transport model
results shown are for a hypothetical release of a nonsorbing radionuclide at 10,000 years following the introduction
of a source evenly distributed over the footprint of the repository.
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Table 3-19. Saturated Zone Flow and Transport
Abstraction/Testing Workshop

SATURATED ZONE FLOW AND TRANSPORT
ABSTRACTION/TESTING WORKSHOP

April 1-3,1997, Denver, CO
(CRWMS M&O 1997s)

PRIORITIZATION CRITERIA
Does the process/issue affect the
- Peak radionuclide concentration at 5 km from the

repository?
- Peak radionuclide concentration at 30 km from the

repository?
- Time to first arrival (1% of peak)?
- Spatial distribution of the plume (both horizontal and

vertical)?
- Spatial distribution of groundwater flux (e.g., dilution at

the unsaturated zone-unsaturated zone interface)?

HIGHEST PRIORITY ISSUES
* Conceptual models of saturated zone flow:

- Regional discharge
- Regional recharge
- Vertical flow
- Altemative conceptual models

* Conceptual models of saturated zone geology:
- Channelization in vertical features
- Properties of faults
- Channelization in stratigraphic features
- Distribution of zeolites
- Fracture network connectivity

* Transport processes and parameters
- Dispersivity
- Matrix diffusion (effective porosity)
- Matrix sorption
- Fracture sorption

* Coupling to other components of TSPA
- Climate change
- Unsaturated zone and saturated zone coupling
- Thermal and chemical plume
- Well withdrawal scenarios

ANALYSIS PLANS
* Sensitivity study on uncertainties in site-scale saturated

zone transport parameters and models
* Coupling unsaturated and saturated zone models
* The effects of large-scale channelization on effective

transport parameters
* Determination of effective field-scale transport parame-

ters using G-Wells testing results
* Past, present, and future saturated zone fluxes
* Geologic structure and processes affecting flow channel-

ization

panel members did agree that any major transient
change in the large hydraulic gradient is unlikely.
The panel members generally concurred with inter-
pretations of geochemical and paleospring data
indicating water table rises of 80-120. m (260-
390 ft) beneath the repository in response to past
climatic variations.

For transport of contaminants in the saturated zone,
the experts emphasized the limitations of processes
that would cause dilution of contaminant concen-
trations. The experts believe that transport is by
movement in vertically thin plumes through flow
tubes beneath the repository. Dilution of contami-
nants occurs by vertical transverse dispersion and
transient fluctuations in the direction of the
hydraulic gradient. The experts generally rejected
a mixed tank model in which contaminated flow
from the unsaturated zone mixes on a large scale
with uncontaminated groundwater in the saturated
zone.

The dilution-factor distribution suggested by the
experts was used to reduce the maximum concen-
tration in the saturated zone at the source beneath
the repository to the concentration in the ground-
water approximately 20 km (12 miles) downgra-
dient from the repository. The aggregate uncer-
tainty in this parameter ranges from I to 100, with
a median value of about 10. This range of values
for dilution in the saturated zone represents a
significant departure from previous TSPA analyses
for Yucca Mountain (for example, CRWMS M&O
1995, pp. 7- 23 and 7-25; Wilson et al. 1994, p. 11-
35) in which effective values of dilution were
typically orders of magnitude higher. The expert
elicitation provided a median value for specific
discharge in the saturated zone (0.6 m/year or 2 ft/
year) that was used in the one-dimensional
transport simulations for the TSPA-VA. Finally,
the experts discussed what the effective porosity
should be, that is, the fraction of the bulk volume
of the aquifer that carries flow and solute transport.
Some of the panel members believed that effective
porosity for radionuclide transport in fractured
volcanic rocks in the saturated zone could be as
low as conservative estimates of fracture porosity,
implying little diffusive interaction with the rock
matrix. Consequently, the uncertainty distribution
for effective porosity in fractured volcanic units

the alluvium could significantly contribute to retar-
dation of some radionuclides. They expected
faults and fracture zones to have important impacts
on flow in the volcanic units. The panel members
offered alternative hypotheses for the large
hydraulic gradient north of Yucca Mountain, and
there was disagreement regarding the importance
of this feature to repository performance. The
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used in the TSPA-VA analyses has a maximum
value equivalent to the average matrix porosity and
a value of 1 x 10-5 at its lower end.

3.7.2 Implementation of the Performance
Assessment Model

For the TSPA, a hierarchy of models was used to
simulate the transport of radionuclides in the
saturated zone. Explicit, three-dimensional
modeling was not used to simulate radionuclide
concentrations because it can generate numerical
dispersion, which artificially lowers concen-
tration. Three-dimensional modeling was used
only to determine flow paths. One-dimensional
transport modeling was used, based on the flow
paths from the three-dimensional modeling, to
determine concentration breakthrough curves at a
distance of 20 km (12 miles) for unit releases of
radionuclides. Then, within the TSPA calculations,
the convolution integral technique described in
Section 3.7.2.3 was used to combine the break-

through curves with the time-varying radionuclide
sources from the unsaturated zone. Finally, the
radionuclide concentrations were divided at 20 km
(12 miles) by the dilution factor, which was
sampled from the distribution suggested by the
expert elicitation process described above. These
final radionuclide concentrations, corresponding to
groundwater contamination in a hypothetical well,
were used to calculate dose in the biosphere model.
No additional dilution in the pumping well was
considered in the analysis (Section 5.8.2 addresses
issues related to dilution from well pumping).

3.7.2.1 One-Dimensional Flow and
Transport Modeling

A diagrammatic representation of the conceptual
model for saturated zone transport is shown in
Figure 3-68. Simulations of radionuclide transport
in the saturated zone for the TSPA calculations
were performed with six one-dimensional flow
tubes using FEHMN (Zyvoloski et al. 1995), a
computer code for simulating heat and mass

water table

ASZ (5)

FV3037-5

Figure 3-68. Schematic Diagram of the Conceptual Basis of the Total System Performance Assessment for the
Viability Assessment One-Dimensional Transport Model for the Saturated Zone from Below the Repository to 20
km (12 miles) South
The six source subregions at the water table beneath the repository correspond to the six streamtubes in the
saturated zone. The cross-sectional area of each streamtube (for example, A,,(5)) is proportional to the volumetric
groundwater flux through that streamtube. The specific discharge for groundwater in the saturated zone is qsz.
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transfer with finite elements. Streamtubes are
taken from a concept in classical fluid dynamics
that is used to visualize and estimate the behavior
of the elements of a flow system. Each of the six
streamtubes is a continuation of a groundwater
flow path from the repository in the unsaturated
zone. Note that the six source subregions at the
water table shown in Figure 3-68 were used to
divide radionuclide mass and groundwater flow
among the streamtubes. The shapes of these subre-
gions were defined to capture potential variability
in radionuclide releases (e.g., edge versus center of
the repository) and to capture geologic variability
(e.g., presence of welded Bullfrog tuff at the water
table in source subregion 1). The volumetric flux
of groundwater through each streamtube (Quz) was
determined at the water table from flow simula-
tions using the site-scale flow model developed by
Bodvarsson et al. (1997) for the unsaturated zone
(see Section 3.1). Transport simulations with the
one-dimensional streamtube approach implicitly
assume complete mixing of the radionuclide mass
in the volumetric groundwater flux specified for
each streamtube. The specific discharge within the
streamtubes in the saturated zone (qsz) was 0.6 m/
year (2 ft/year) for current climatic conditions.
The streamtubes are 20 km (12 miles) long, with a

regular grid spacing in the tubes of 5 m (16 ft).
The four hydrostratigraphic units in the stream-
tubes are the middle volcanic aquifer, the upper
volcanic aquifer, the middle volcanic confining
unit, and the alluvium/valley fill. The lengths of
these units within the streamtubes were defined by
modeling particle transport using the TSPA three-
dimensional flow model for the saturated zone
described in Section 3.7.1.3.

3.7.2.2 Model Parameter Uncertainty

Uncertainty in radionuclide transport through the
saturated zone was incorporated into the analysis
by varying key transport parameters. The
stochastic parameters used in the one-dimensional
transport simulations were effective porosity in the
volcanic units and the alluvium unit; distribution
coefficients (Kds) for sorbing radionuclides in the
volcanic and alluvial units; the ratio of the radionu-
clide mass in aqueous and colloidal forms (Kc) for
colloid-facilitated transport of plutonium; longitu-
dinal dispersivity; the fraction of flowpath through
the alluvium; and the dilution factor (Table 3-20).

A broad range of uncertainty in effective porosity
for fractured volcanic units was employed in the

Table 3-20. Stochastic Parameters for Saturated Zone Flow and Transport

Parameter Distribution Type Distribution Statistics [Bounds]
Dilution Factor CDF Median=10, (1.. 100.] (Section 3.7.1.4)
Effective Porosity (Alluvium) Truncated Normal Mean=0.25, SD=0.075 [0., 1.0]
Effective Porosity (Upper Volcanic Aquifer) Log Triangular [1 e-5, 0.02, 0.16]
Effective Porosity (Middle Volcanic Aquifer) Log Triangular [1 e-5, 0.02, 0.23]
Effective Porosity (Middle Volcanic Confining Unit) Log Triangular [1 e-5, 0.02, 0.30]
Effective Porosity [Pu] (Volcanic Units) Log Uniform [1 e-5, 1e-3]
Kd[Np] (Alluvium) (mUg) Uniform [5.,15.]
Kd[Np] (Volcanic Units) (mUg) Beta (Approx. Exp.) Mean=1.5, SD=1.3, [0., 15.]

Kd [Pa] (Alluvium) (mUg) Uniform [0., 550.]
Kd [Pa] (Volcanic Units) (mUg) Uniform [0.. 100.]

Kd [Se] (Alluvium) (mUg) Uniform [0., 150.]

Kd[Se] Volcanic Units) (mUg) Beta (Approx. Exp.) Mean=2.0, SD=1.7, [0., 15.]
Kd[U] (Alluvium) (mUg) Uniform [5., 15.]
Kd [U] (Volcanic Units) (mUg) Uniform [0., 4.]
Kc [Pu] (All Units) Log uniform [1e-5, 10.]

Longitudinal Dispersivity (All Units) (m) Log normal Logmean=2.0, LogSD=0.753
Fraction Of Flowpath in Alluvium CDF [0., 0.3] (See Text)

CDF-cumulative distribution function
SD-standard deviation
Approx. Exp.-Approximate Exponential
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TSPA-VA analyses to reflect uncertainty in the
underlying processes affecting contaminant travel
times in the saturated zone. The effective porosity
is the fraction of the bulk rock volume that is
available for storage of dissolved radionuclides
during transport in the saturated zone. The
effective porosity approach is a simplified repre-
sentation of the system that includes the influences
of molecular diffusion from fractures into matrix
pore water and the spacing between fractures with
flowing groundwater. The effective porosity
approach also implies potential limited access of
contaminants to the sorptive capacity of the rock
matrix, an effect accounted for in the TSPA-VA
simulations.

Colloid-facilitated transport of plutonium in the
saturated zone was simulated using a conceptual
model based on both equilibrium, reversible
sorption of plutonium onto colloids and the
potential for irreversible sorption of plutonium
onto some colloidal particles (see Section 3.5).
These two components of plutonium transport
were included in the analysis. A large fraction of
the plutonium mass was simulated to move through
the saturated zone assuming chemical equilibrium
among dissolved plutonium, plutonium sorbed
onto colloids, and plutonium sorbed onto the
aquifer material. This conceptual model uses the
partition coefficient (Kc) to define the distribution
of plutonium sorbed on colloids relative to the
aqueous concentration of plutonium. The values of
KC were correlated in the saturated zone and unsat-
urated zone components of the TSPA-VA probabi-
listic calculations. A small fraction of the
plutonium mass was simulated to be irreversibly
attached onto colloids and transported relatively
rapidly in the saturated zone, without significant
retardation. This small fraction was defined to be
consistent with the reduction in plutonium concen-
tration inferred at the Benham site (Sections
3.5.2.4 and 3.6.1.4). The fraction of irreversibly
sorbed plutonium used in the calculations
implicitly considers partitioning of plutonium at
the source and filtration during transport. Because
attenuation of irreversible colloid-facilitated
transport was implicitly included in character-
ization of the source term, filtration of colloids was
not explicitly included in the saturated zone

transport model. Colloid transport occurred only
within the fracture porosity of the volcanic units,
so the uncertainty distribution of effective porosity
for colloids varied only over the estimated range of
fracture porosity.

The stochastic parameters in the probabilistic
analyses for saturated zone-flow and transport are
summarized in Table 3-20. The dilution factor was
applied to radionuclide concentrations to implicitly
account for transverse dispersion out of the one-
dimensional streamtubes. The uncertainty distri-
bution for the dilution factor was a product of the
expert elicitation described in Section 3.7.1. The
travel distance through the alluvium/valley fill unit
was varied from 0 to 6.0 km (0 to 3.7 miles), with a
10 percent probability that no alluvium is present
along the 20 km (12 miles) of travel path for radio-
nuclides in the saturated zone. The uncertainty in
the fraction of the flowpath in alluvium was
included to account for uncertainty in the flow
system, which was not explicitly evaluated with
the TSPA three-dimensional flow model.

3.7.2.3 Integration of Transport Modeling
with Total System Performance
Assessment Calculations

The convolution integral method was used in the
TSPA calculations to determine the radionuclide
concentration in the outlets of the six streamtubes,
20 km (12 miles) downgradient of the repository as
a function of the transient radionuclide mass flux at
the water table beneath the repository. This
computationally efficient method combines infor-
mation about the unit response of the system, as
simulated by the TSPA one-dimensional transport
modeling, with the radionuclide source history to
calculate transient system behavior, as shown in
Figure 3-69. The most important assumptions of
the convolution method are linear system behavior
(i.e., doubling mass input results in doubling of
concentration) and steady-state flow conditions in
the saturated zone.

The effects of climate change on radionuclide
transport in the saturated zone were incorporated
into the analysis by assuming instantaneous change
from one steady-state flow condition to another
steady-state condition in the saturated zone.
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Figure 3-69. Flow Chart for Utilization of the Convolution Integral Method in Saturated Zone Flow and Transport
Calculations in Total System Performance Assessment for the Viability Assessment
As illustrated in this flowchart, information on radionuclide travel times and concentrations in the saturated zone
(contained in the unit breakthrough curve) is combined with information on radionuclide mass flux at the water table
beneath the repository by the convolution integral method to calculate the radionuclide concentration history at 20
km (12 miles) downstream from the repository. The nature of the unit breakthrough curve varies significantly
among Monte Carlo realizations (see Figure 3-71) to reflect uncertainty in the transport characteristics of the
saturated zone.
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Changes in climate state were assumed to affect the
magnitude of groundwater flux through the
saturated zone system but have a negligible impact
on flowpaths. These effects were incorporated into
the convolution method by scaling the velocity of
radionuclide breakthrough curves proportionally to
the change in saturated zone specific discharge.
Also, the concentrations of the radionuclide break-
through curves were scaled proportionally to the
change in volumetric flux from the unsaturated
zone into the streamtubes. The regional-scale flow
model for the saturated zone provided estimates of
the relative change in specific discharge in the
saturated zone for future climate states (as summa-
rized in e-mail message from Pat Tucci, 12/11/97;
D'Agnese et al. 1997b). The site-scale flow model
for the unsaturated zone (Bodvarsson et al. 1997)
provided estimates of changes in volumetric flux
through the repository horizon. These estimates
are summarized in Table 3-21. Radioactive decay
was also applied to radionuclide concentrations
calculated with the convolution integral computer
program. Ingrowth of radionuclide daughter
products was not included in the saturated-zone
transport calculations, but the inventory at the
repository was adjusted to account for progeny
ingrowth (Section 3.5.1.5).

Table 3-21. Climatic Alterations to Saturated Zone Flow

:Saturated Volumetric Flux
Zone Specific Through

Discharge Repository Horizon
Climate State (qsz) (mryear) (Ouz) (m3lyear)

Dry (Present) 0.6 26,900
Long-Term Average 2.3 146,300
Superpluvial 3.7 395,000

the maximum undiluted concentration in any
individual streamtube at the source (Section 5.7.3
contains an evaluation of methods for combining
flow tubes).

3.7.3 Results and Interpretation

For the TSPA-VA, the results of the flow and
transport analysis for the saturated zone are the
radionuclide concentration histories at the
geosphere/biosphere interface, which is a well
head located 20 km (12 miles) downgradient in the
Amargosa Valley region. These concentrations are
directly proportional to the radiation dose rate
calculated for possible future inhabitants.

A steady boundary condition for unit radionuclide
mass flux was applied at the inlet of each
streamtube for the TSPA one-dimensional transport
simulations. The resulting unit breakthrough
curves of concentration formed the basis for calcu-
lating radionuclide concentrations using the convo-
lution integral method. The breakthrough curves
for unit concentration for the nine radionuclides at
20 km (12 miles) from the repository are shown in
Figure 3-70. These curves were generated using
the expected parameter values. Differences in the
arrival times of different radionuclides are because
of variations in sorption among the radionuclides.
Differences in the maximum concentration among
radionuclides are because of radioactive decay
during transport through the saturated zone system.
To include parameter uncertainty in the TSPA, 100
breakthrough curves were simulated for each
radionuclide by sampling parameter values from
their respective probability distributions (see
Section 3.7.2, Table 3-20). The impact of uncer-
tainty in the one-dimensional transport simulations
for the saturated zone is illustrated in Figure 3-71.
This figure shows the unit breakthrough curves for
technetium-99 concentrations for all 100 realiza-
tions used in the base case analyses. Travel times
for the nonsorbing technetium-99 vary from a few
hundred years to about 4,000 years; maximum
concentrations, primarily influenced by the
dilution factor, vary over two orders of magnitude
among these simulations. The uncertainty in longi-
tudinal dispersion is shown by variations in the
slopes of the breakthrough curves in Figure 3-71.

The radionuclide concentrations in the six stream-
tubes were decreased by the dilution factor and
then summed to obtain an estimate of the
maximum concentration in the saturated zone at 20
km (12 miles) from the repository. For this
approximation it is assumed that, in a conceptual
sense, implicit spreading of radionuclide mass
from individual streamtubes via dilution causes six
plumes that essentially overlap. At each time step,
the maximum estimated concentration was
compared to the maximum undiluted concentration
at the source in the saturated zone. The maximum
estimated concentration was not allowed to exceed
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Figure 3-70. Unit Radionuclide Concentration
Breakthrough Curves from the Total System
Performance Assessment One-Dimensional Transport
Modeling for the Saturated Zone at a Distance of 20
km (12 miles) for all Modeled Radionuclides
The radionuclide concentration breakthrough curves
are shown for the expected parameter value case from
source subregion 1 at the water table under dry
climatic conditions, assuming a source mass flux of 1
g/year for each radionuclide spread over source
subregion 1.

Radionuclide migration through the saturated zone
affects total system performance in two ways.
First, the saturated zone may function as a
mechanism for significant delay in releasing radio-
nuclides to the biosphere. Second, there may be
significant dilution of radionuclide concentrations
that occurs during transport in the saturated zone.
Both impacts are functions of the distance between
the repository and the point of release to the
biosphere, which is assumed for the TSPA-VA to
be 20 km (12 miles) from the repository.

Delays in radionuclide migration caused by
processes in the saturated zone are potentially
important to repository performance if the travel
time for a radionuclide through the saturated zone
system is long in comparison to its half life. For

FV3037-7

Figure 3-71. Unit Radionuclide Concentration
Breakthrough Curves from the Total System
Performance Assessment One-Dimensional Transport
Modeling for the Saturated Zone at a Distance of 20
km (12 miles) for Technetium-99
The radionuclide concentration breakthrough curves
are shown from source subregion 1 at the water table
under dry climatic conditions, assuming a source
mass flux of 1 g/year spread over source subregion 1.
The uncertainty bars indicate the range of variability in
the important characteristics of the saturated zone
system in the TSPA-VA analyses.

example, in the expected-value case shown in
Figure 3-70, the maximum concentrations of
plutonium-239 (equilibrium colloid sorption) and
selenium-79 are significantly attenuated relative to
the other radionuclides because of radioactive
decay. Delay in radionuclide migration in the
saturated zone may also be significant if the travel
time through the system is long relative to the time
period of concern. For example, the travel time of
unretarded radionuclides such as technetium-99
(see Figure 3-71) may be relevant to repository
performance in a 10,000-year time frame.
However, the delay in radionuclide release from
the saturated zone for a period of 100,000 years for
unretarded radionuclides would be insignificant.
Retardation in the saturated zone for most of the
radionuclides that experience sorption is highly
uncertain, particularly with regard to sorption
characteristics of the alluvium/valley fill material.

The dilution of radionuclide concentrations in the
saturated zone is handled in a straightforward
manner in the TSPA-VA calculations through the
dilution-factor parameter. Although there is signif-
icant uncertainty in this parameter and complexity
in the underlying processes that lead to dilution,
the relationship between the dilution factor and
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radiation dose rate is a simple linear function for a
steady radionuclide source from the unsaturated
zone. Transient peaks in the radionuclide concen-
tration at the source in the saturated zone are also
attenuated by longitudinal dispersion during
transport in the saturated zone.

3.8 BIOSPHERE

The biosphere is that part of the earth where all
living organisms reside, including all components
of the environment, such as soil, water, and air. Of
interest is how a potential high-level radioactive
waste repository at Yucca Mountain could affect
the biosphere. In particular, it is important to know
how radionuclides move through the biosphere and
how they might eventually impact the human
inhabitants of the region. The primary measure of
the repository performance is the annual dose of
radiation that would be received by an individual
living in the region.

The biosphere scenario adopted for the base case
assumes a reference person who is living 20 km
(12 miles) from a potential repository at Yucca
Mountain, in the Amargosa Valley region. The
20-km (12-mile) distance is not a regulatory
boundary, as no performance regulation presently
exists for a repository at Yucca Mountain; it was
selected for TSPA-VA because it marks the closest
present-day habitation to Yucca Mountain. People
living in the community of Amargosa Valley are
considered to be the group of people most likely to
be affected by radioactive releases (the critical
group), because of their proximity to Yucca
Mountain, and because the Amargosa valley region
is hydraulically down-gradient from the potential
repository site (Luckey et al. 1996, p. 14). The
reference person is intended to be representative of
this group: an adult who lives year-round at this
location, uses a well as the primary water source,
and otherwise has habits, such as the consumption
of local foods, that are similar to those of inhab-
itants of the region. Because changes in human
activities over millennia are beyond current
capabilities to predict, the present-day reference
person is also assumed to be typical of future
inhabitants.

A survey was conducted of inhabitants residing
within an 80-km (50-mile) grid centered on Yucca
Mountain to collect information for several
programs, with a primary emphasis on biosphere
modeling. Over one thousand interviews were
completed for the survey, including 43 percent of
the households in the Amargosa Valley. The
survey collected dietary and lifestyle information
on adults and was used to define the food
consumption of the reference person.

Incorporation of the biosphere into the TSPA-VA
calculations involved two steps. The first step was
creating a model of the reference person and the
biosphere pathways that might direct radionuclides
to that person. The model was implemented in an
accepted computer program for predicting
radiation dose, GENII-S (Leigh et al. 1993).
Model parameters were quantified using the
regional survey, other site-specific data, and data
from accepted national and international sources.
The model uses a unit concentration of a radionu-
clide in water as the input, and produces a
biosphere dose conversion factor for that radionu-
clide as the output. The biosphere dose conversion
factor includes the effects of various pathways
through the environment (e.g., irrigation and
uptake of a contaminant by vegetables, then
ingestion by the reference person), as well as
various pathways through the reference person
(e.g., the fraction of the contaminant that is taken
up by the reference person, where it is accumulated
in the body, and its retention time).

The second step required calculating radionuclide
concentrations in the groundwater and multiplying
them by the appropriate biosphere dose conversion
factors. The end product of these calculations is
prediction of the annual radiation dose to the
reference person, the primary performance
measure for TSPA-VA.

An overview of how the biosphere component fits
in TSPA-VA is depicted in Figure 3-72.

In addition to the biosphere scenario considered for
the base case, comparative analyses were
performed to examine the impact of several
assumptions. In addition to a typical Amargosa
Valley adult resident, two other types of inhabitants
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Figure 3-72. Overview of the Modeling Process Employed in the Biosphere Component of Total System
Performance Assessment for the Viability Assessment

were considered. One was a subsistence farmer
who takes all drinking water from a local well and
only consumes locally produced foodstuffs. The
other was a resident farmer whose food
consumption is 50 percent locally grown but who
still gets all drinking water from the well. Also,
scenarios involving climate change and a volcanic
eruption (Section 4.4.2) at Yucca Mountain were
considered.

The biosphere pathway/dose modeling studies and
analyses presented in this section were prepared
with the view of addressing selected aspects of the
NRC Key Technical Issues on Total System Perfor-
mance Assessment and Integration (NRC 1998a)
and Unsaturated and Saturated Flow under
Isothermal Conditions (NRC 1997e; 19970.
Specifically, the information presented is pertinent
to the TSPA integration subissue on model
abstraction and on the unsaturated and saturated
zone flow and transport subissue of ambient flow
conditions in the saturated zone as those conditions
affect evaluations of dilution caused by pumping.

3.8.1 Construction of the Conceptual Model

Yucca Mountain lies in a semi-arid, sparsely
populated region between the Great Basin and the
Mojave Deserts in southern Nevada. The local
vegetation is primarily desert scrub and grasses.
The mean annual precipitation in the area is about
170 mm/year (6.7 in./year) and the mean annual
temperature is about 16'C (61 0F). The nearest
community in the direction of flow of groundwater
is Amargosa Valley (Figure 3-73), an area of
approximately 500 miles2 defined as a tax district
by the Nye County commissioners in the early
1980s. Within this district the closest inhabitants
to Yucca Mountain are approximately 20 km (12
miles) south at the intersection of US 95 and
Nevada State Route 373, in the location known as
Lathrop Wells. There are about eight inhabitants at
this location. The closest agricultural area and
where the majority of the people live is the
Amargosa Farms area located approximately 30
km (20 miles) to the south of Yucca Mountain.
The Amargosa Farms area is a triangle of land
bounded by the Amargosa Farm Road to the north,
Nevada State Route 373 to the east, and the
California border running from the northwest to the
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Figure 3-73. Present-Day Biosphere in the Amargosa Valley
The upper photograph shows a view of the Amargosa Valley looking eastward from the edge of the Funeral
Mountains. The lower picture is the general store in the community.
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southeast. The next community in the direction of
groundwater flow is across the California state line
in Inyo County. The community known as Death
Valley Junction is about 60 km (40 miles) south of
Yucca Mountain and has a permanent population of
less than 10. Evaluation of water flow and wind
patterns suggests that any contamination from a
repository at Yucca Mountain could spread south
and east into this region.

The Amargosa Valley region is primarily rural
agrarian in nature (Figure 3-74). Agriculture is
mainly directed toward growing livestock feed, for
example, alfalfa; however, gardening and animal
husbandry are common. Water for household uses,
agriculture, horticulture, and animal husbandry is
primarily acquired from local wells. Although
sparsely populated, the Amargosa Valley region
does support a population of 1,270 in approxi-
mately 450 households (CRWMS M&O 1997k,
Section 2.4; CRWMS M&O 1997i). Commercial
agriculture in the Amargosa Valley farming
triangle area includes a relatively large dairy that
operates with approximately 4,500 milk cows and
employs approximately 50 people, a garlic farm
that produces about 2,000 lbs. of garlic per year,
and a catfish farm that sustains approximately
15,000 catfish. The area contains approximately
1,800 acres planted in alfalfa, 30 acres in oats, 80
acres in pistachios, and 10 acres in grapes. There is
a general store, community center, senior center,
library, medical clinic, elementary school,
restaurant, hotel-casino, and a motel.

To help understand how to best model the
biosphere for TSPA-VA, a workshop was held in
Las Vegas, Nevada (Table 3-22). The workshop
primarily reinforced the modeling strategy that was
initially developed for the YMP-to investigate the
radiological effects on a "reference person" (the
person likely to be exposed to radionuclides
released from a repository at Yucca Mountain)
living near Amargosa Valley. Analyses were
defined that would direct the modeling more
toward the goals of TSPA-VA, especially in
defining the habits of the reference person that
would be modeled and the climates that would be
modeled. No expert elicitation was conducted for
the biosphere component of TSPA-VA.

Table 3-22. Biosphere Abstraction/Testing Workshop

BIOSPHERE ABSTRACTIONITESTING WORKSHOP
June 2-3, 1997, Las Vegas, NV

(CRWMS M&O 1997a)

PRIORITIZATION CRITERIA
* To what extent does the issue/process affect the follow-

ing:
- Individual dose?
- Population dose?
- The range or uncertainty in the resultant biosphere

dose conversion factor?

HIGHEST PRIORITY ISSUES
* Critical group:

- Extrapolation of present habits to the future
- Location of critical group
- Habits of critical group

* Biosphere pathways:
- Which radionuclides
- Soil build up
- Climate change effects as it impacts pathways only

* Geo-biosphere interface-present and future:
- Location and definition of bio/geosphere interface
- Climate change effects as it impacts interface only
- Important radionuclides transferred by disruptive

events

ANALYSIS PLANS
* Critical group definition

- Biosphere pathways variability
- Climate

3.8.1.1 Model Basis

The strategy used to conceptualize the Amargosa
Valley environment for the TSPA-VA biosphere
component was to be consistent with similar activ-
ities being pursued by the international scientific
community. In this regard, guidance was taken
from the National Research Council (National
Research Council 1995) and the Biosphere Model
Validation Study II Steering Committee
(BIOMOVS II 1994). The steering committee
established a reference biosphere working group to
develop consensus on an approach to evaluating
long-term effects of radioactive-waste disposal
systems (BIOMOVS II 1996). In developing the
model basis for the biosphere component of TSPA-
VA, the recommended methodology. for biosphere
analysis and the list of features, events, and
processes developed by the international partici-
pants of the steering committee and the working
group were used. The TSPA-VA biosphere
component focuses on an individual-the
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Figure 3-74. Satellite Image Showing the Yucca Mountain Area Including the Amargosa Valley Area
Amargosa Valley is the nearest populated area to Yucca Mountain that would be affected by radionuclide release
and subsequent transport by groundwater from the repository.
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reference person-living in an Amargosa Valley
environment that might change over time.
Consistent with guidance from the National
Research Council (National Research Council
1995, p. 52), this reference person is defined as the
average member of the "critical group," where the
critical group is composed of those individuals
expected to receive the highest doses as a result of
the discharges of radionuclides from a repository.
Because predicting future human technologies,
lifestyles, and activities are beyond this TSPA
effort, it is assumed that the present-day inhabitants
of the region are similar to future inhabitants. This
assumption has been accepted in similar interna-
tional efforts at biosphere modeling, and is
preferable to developing a model for a future
society.

Climate conditions could become wetter in the
future, so two other climates were considered: a
long-term average climate, which is colder and
wetter than the present climate; and a superpluvial
climate, which is much colder and wetter than the
present (Section 3.1). The mean annual precipi-
tation rate for the long-term average climate is
estimated to be about twice the present-day rate;
the mean annual precipitation rate for the super-
pluvial is estimated to be about three times the
present-day rate. The major impact of these
different climates on the reference person is to
reduce the amount of well water required for
irrigation. Other climate effects, for example, a
rise in the water table and the appearance of
springs, seeps, or other surface water, are not
directly considered (although by assuming no
dilution in the well withdrawal, the end result
would be the same as if the water came from a
spring).

The reference person is an adult; children are not
considered in TSPA-VA. The closest distance
people presently live to Yucca Mountain is just
over 20 km (12 miles). In this area, groundwater
depth is approximately 100 m (328 ft). Closer to
Yucca Mountain, groundwater is at a depth of
greater than 200 m (656 ft), which imposes
economic constraints on agricultural uses of land.
The reference person lives year-round on a farm or
in a similar domicile. The person has a garden and
livestock and access to locally grown food. The

person consumes locally grown food in types and
amounts typical of present-day inhabitants. The
person takes all water for agriculture and domestic
uses from wells.

Except for releases associated with volcanism
(Section 3.8.3.3), the assumption is that contami-
nated well water is the only way that radionuclides
from the repository can reach the reference person.
It is also assumed that the reference person takes
all water from a well at the point of the highest
concentration of radionuclides at the distance
under consideration. A further assumption is that
no dilution of the contaminated water occurs
during pumping of the well. (Section 5.8.1
contains an investigation of the effects of some of
these assumptions.)

3.8.1.2 Pathways

Radiation dose to the reference person occurs via
exposure pathways. A pathway is the route taken
by a contaminant through the biosphere from its
source until it interacts with a human. For
example, one pathway is from well water to soil
via irrigation, from soil to dust via resuspension,
from dust to human lungs via inhalation. Exposure
pathways fall in three principal categories:
ingestion pathways, inhalation pathways, and
external exposure pathways (Figure 3-75).

Primary ingestion pathways include the
consumption of drinking water, the consumption of
locally produced crops irrigated with contaminated
water, and the consumption of meat and dairy
products from livestock given contaminated water
and fodder. Major uncertain or variable factors
that affect the ingestion pathways include the leaf
interception fraction, uptake of radionuclides by
plants and animals, and the amounts of contami-
nated foodstuffs consumed. In the biosphere
model, livestock and poultry are sustained only by
locally grown feed, for example, pasture and
seasonally harvested alfalfa. These animals are
exposed to the groundwater-derived radionuclides
by watering and by consuming radionuclides
present in the plant tissues. Alfalfa is the predom-
inant crop produced in the Amargosa Valley and
alfalfa and forage grasses comprise a major
proportion of Nye County agricultural land
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Figure 3-75. Illustration of the Biosphere Modeling Components and Pathways Contributing to Three Major Dose
Categories to Humans
The categories are the ingestion of contaminated food and water, the inhalation of contaminants, and the direct
exposure to contaminated soil.

(LaPlante and Poor 1997, p. 2-6). Another
ingestion pathway is the inadvertent ingestion of
contaminated soil, such as while eating vegetables.

The inhalation pathways involves breathing dust
during outdoor activities such as farming and
recreation. Uncertainty in the parameters
describing this pathway results from difficulties
establishing quantities of radionuclides associated
with the suspended, particles as well as the
quantities of material inhaled by residents in the
Amargosa Valley. Some of the factors that affect
dust resuspension are the density and mineralogical
composition of the soil particles and their effects
on radionuclide binding, changes in binding and
retention of the sorbed radionuclides through time,
and the amount of time residents spend outdoors.

The external exposure pathway results from
proximity to a radiation source that is external to
the body. This pathway is also called "ground
shine" when the contaminants are on the ground;
but the pathway includes submersion when the
contaminants are in the atmosphere, or immersion
when in water. Again, there is uncertainty in the
dose from this pathway due to differing habits,
such as time spent outdoors, time working irrigated
crops, or time bathing/showering.

3.8.1.3 Regional Survey

A survey of people living in the area was
completed in 1997. Among other reasons, the
survey was designed to permit an accurate repre-
sentation of dietary patterns and lifestyle character-
istics of residents within the 80-km (50-mile)
radiological monitoring grid surrounding Yucca
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Mountain. The survey was focused on the
Amargosa Valley region, but included Beatty,
Indian Springs, and Pahrump (Figure 3-76). Of
special interest was the proportion of locally grown
foodstuff that was consumed by local residents,
that is, irrigated with the potentially contaminated
groundwater, and details of what food types were
eaten on a regular basis.

An initial small-scale survey was conducted in
January and February 1997 to facilitate the process
of defining the requirements for a more compre-
hensive survey. Using the knowledge gained from
the initial survey, questionnaire design and inter-
viewing procedures were established, and a full-
scale sample survey was conducted in the spring of
1997. The full survey included an inverse gradient
sample design to provide for more comprehensive
survey representation of the inhabitants closer to
Yucca Mountain. It was estimated that 13,000
adults reside in the survey area, with 900 adults (7
percent) residing in the Amargosa Valley. The
fraction of households contacted over the entire
survey area was 16 percent. This fraction ranges
from 43 percent in Amargosa Valley to 11 percent
in Pahrump (Table 3-23).

Table 3-23. Adults Surveyed for the Food and Water
Consumption Model

Households
Number Total Percent,

Community Surveyed Number Surveyed
Amargosa Valley 195 452 43
Beatty 250 751 33
Indian Springs 65 529 12
Pahrump 569 4,993 11
Total 1,079 6,725 16

the survey aimed at minimizing sample error and
non-sampling error (Andersen et al. 1979, pp. 1-
14). The survey included Spanish language inter-
views to accommodate respondents whose primary
language is Spanish. Measures were taken to
compensate for subjects who were difficult to
interview. Additionally, demographic information
was used to compensate for any gender bias that
may have arisen (Dillman 1978, p. 248).

The biosphere modeling required estimates of
annual consumption of selected foods in terms of
weight. Although it was not feasible to collect this
type of information directly through the survey, it
was feasible to collect frequency information on
food consumption. Therefore, data taken from
tables compiled through national surveys on food
intake (U.S. Department of Agriculture 1993, pp.
18-29) were combined with information from the
survey to produce estimates of annual quantities, in
kilograms, of the various food groups consumed
(CRWMS M&O 1998i, Section 9.4.4.2). The
percentage of survey respondents consuming well
water and locally produced food from Amargosa
Valley and the remainder of the survey area are
shown in Figure 3-77. Estimates of the annual
quantities of the various food groups are shown in
Figure 3-78.

In general, a higher percentage of locally produced
food is consumed by residents in the Amargosa
Valley than residents in the remainder of the survey
area. Well water is consumed by nearly 88 percent
of Amargosa Valley residents while 79 percent did
so in the remainder of the survey area. Nearly 80
percent of the survey respondents reported
consuming locally produced food of some type
over the past year in the Amargosa Valley, while
only about 57 percent did so in the remainder of the
survey area. Thus Amargosa Valley residents have
food consumption habits that make them more
susceptible to radionuclide intake through the
ingestion pathway than their immediate neighbors,
supporting their designation as a likely population
that includes the critical group.

The survey data were stratified into six subsets to
evaluate each group for their appropriateness to
represent the three potential reference persons
(Section 3.8.3.2)-a statistically average person, a

The survey was conducted within the context of
federal guidelines on minimizing respondent
burden (Paperwork Reduction Act of 1995, as
amended). As was the case for the pilot survey, the
comprehensive survey questionnaire design
followed the principles developed by the U.S.
Office of Management and Budget (OMB 1983a;
OMB 1983b). Underlying the entire project were
Dillman's (1978) total design method principles
and interviewing standards promulgated by the
Institute for Social Research, University of
Michigan (Guenzel et al. 1983), to maintain high
response rates and accuracy. To ensure accuracy,
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Number shown in
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number of
residents.
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Figure 3-76. Map Showing the Number of Permanent Inhabitants Included in the Biosphere Modeling Work
Group's Regional Food and Water Consumption Survey
A larger percentage of people were surveyed in the Amargosa Valley because of proximity to the potential
repository.
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Figure 3-77. The Biosphere Regional Food and Water Consumption Survey
The survey found that a higher percentage of Amargosa Valley residents consume locally produced foods (with the
exception of grain) and well water than those in the remainder of the survey area which included Pahrump and
Beatty.
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Well water: Amargosa residents consumed 684 liters.
Remainder of surveyed area consumed 646 liters.

Figure 3-78. Quantities of Locally Produced Food and Well Water Consumed by Amargosa Valley Residents
Survey data show that Amargosa Valley residents annually consume substantially greater quantities (kg) of locally
produced food and well water than the residents in the remainder of the survey area.
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Table 3-24. Receptor Types Considered in the Total System Performance Assessment Biosphere Modeling Effort
(CRWMS M&O 1998i, Ch. 9)

*; , * a, F; 7 P 7 7- ~ Regional Survey, I-
Blosphere'Modeling Receptor 'Data Subset Correlate e t. D Comments-

Subsistence Farmer: Consumes only locally Total survey subsistence Survey data set for Amargosa Valley subsistence
produced food and tap water. Adult spends large resident adult resident adult was deemed too small of a population
amount of time (about 17 hours/day) outdoors to yield statistically meaningful interpretations for
engaged in activities required to maintain subsis- parameter development.
tence. [Represents upper limit of contamination
exposure]
Residential Farmer: Relative to the subsistence None This receptor is intended to represent the 'median"
farmer, this receptor consumes half the quantity level of exposure risk relative to the subsistence
of locally produced food, (but the same quantity farmer and the average Amargosa Valley resident.
of water) and spends less than half as much time
engaged in outdoor activities and about 10 hours/
day on weekdays and 5 hours/day on weekends
outside Amargosa Valley.
Average Amargosa Valley Resident: Adult living Amargosa Valley total Survey data set for Amargosa Valley total
the average lifestyle of an Amargosa Valley population resident adult population resident adult was sufficiently large to
resident. Consumes some locally produced food, yield statistically meaningful interpretations for
almost as much tap water as the other two parameter development. Because of its proximity to
receptors (about 1.8 Uday versus 2.4 Uday), and Yucca Mountain, this data subset was deemed more
spends about 10 hours/day outdoors on appropriate than the total survey area total
weekdays. population resident adult data set.

resident farmer, and a subsistence farmer (Table 3-
24). No person interviewed in Amargosa Valley
completely fit the description of a subsistence
farmer; consequently, the data from the total survey
area for subsistence residents were used to
represent a subsistence farmer for the sensitivity
studies. Also, none of the survey data subsets were
considered to be representative of the resident
farmer. The residential farmer was thought to be
more representative of a member of the critical
group currently residing in Amargosa Valley. For
the TSPA-VA base case, the average person was
selected as the reference person, again to be
consistent with guidance from the National
Research Council (National Research Council
1995, p. 52).

3.8.2 Implementation of the Performance
Assessment Model

The complexity of the biosphere conceptual model
requires a computer program to analyze all the
factors. For performance assessment, the
biosphere is only one of many component models,
and a complex biosphere model is inappropriate for
direct inclusion into the TSPA-VA calculations.
Therefore, a two-phased approach was used. First,
a complex computer model of the biosphere was
used to generate biosphere dose conversion factors

for each radionuclide of interest. Second, the
annual dose from each radionuclide was calculated
by forming the product of the biosphere dose
conversion factor and the radionuclide concen-
tration in groundwater as predicted by the TSPA
computer program. The total annual dose to the
reference person was then compiled as the sum of
the individual annual doses from all radionuclides.

A biosphere dose conversion factor is a multiplier
that converts radionuclide concentration in the
groundwater at the well into an annual dose
received by a human. To accurately predict the
annual dose, the model used for generating the
biosphere dose conversion factor must take into
account all significant features, events, and
processes involved. The model takes into account
the pathways taken by radionuclides from a source
(in the base case, well water) to and within a
human (pathways and radiation dose within a
human are approximated using a dose conversion
factor). While the TSPA base case considers only
nine radionuclides (Section 3.5.1.5), biosphere
dose conversion factors were calculated for a unit
concentration of 1 pCi/L for 39 radionuclides,
including the nine in the base case. The biosphere
dose conversion factors were generated by
performing multiple evaluations of the biosphere
model using input parameters sampled from
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defined distributions and are, therefore, statistical
distributions.

The approach followed in generating the biosphere
dose conversion factors comprised a rigorous
process (CRWMS M&O 1996d, pp. 13-14). The
initial step was to determine an appropriate
computer program. Computer programs that have
been used in the United States regulatory
environment for dose assessment purposes were
evaluated. Each program was compared with
capability criteria established by the Yucca
Mountain Site Characterization Project (CRWMS
M&O 1998i, Section 9.2.2.1). GENII-S (Leigh et
al., 1993) was the most comprehensive program
and included a stochastic modeling capability, and
therefore, was selected as the modeling tool for this
effort (CRWMS M&O 1996d).

An interaction matrix was developed to identify the
features of the biosphere and the events and
processes by which radionuclides move from one
feature to another (CRWMS M&O 1998i,
Table 9-1). Using the interaction matrix, important

elements of the biosphere and pathways between
these elements were defined. These elements are
presented in Figure 3-75. Most of the parameters
used by the model define the characteristics of
these elements and the pathways.

Although many of the input parameters were
derived from local site-specific data obtained
through the Yucca Mountain regional survey and
weather data, many input parameters were also
taken from other published sources (LaPlante and
Poor 1997; International Atomic Energy Agency
1994). The input parameters employed in the
biosphere modeling realizations are detailed in the
Total System Performance Assessment-Viability
Assessment (TSPA-VA) Analyses Technical Basis
Document (CRWMS M&O 1998i, Table 9-3).
Some of the important uncertain parameters (that
is, parameters defined with probability distribu-
tions) that were used in the model are outlined in
Table 3-25.

The ingestion pathway involves plant and animal
uptake factors, irrigation rates, the amounts and

Table 3-25. Selected Uncertain Parameters Used in the Biosphere Modeling
(Source data are found in DTNMO9806MW DGENII.000 and are non-Q)

Uncertain Parameter -; - ; . Distribution,
Soil-to-Plant Transfer Scale Factor Log normal (0.117, 8.51)*
Animal Uptake Scale Factor Log normal (0.117, 8.51)'
Inhalation Exposure (hr/year)-Amargosa Valley Triangular (3248, 3869, 4217)
Inhalation Exposure-Mass Load (gIm3) Log normal (2.40E-6,1.54E-4)
Home Irrigation Rate (inWyear)-Current Precipitation Regime Uniform (46, 96)
Crop Re-suspension Factor (/m) Log normal (5.89E-7,1.70E-4)*
Crop Interception Fraction (-) Triangular (0.06, 0.4, 1.0)
Drinking Water Consumption (Llyear)-Amargosa Valley Triangular (0, 683.8,1487.5)
Leafy Vegetable Grow Time (days) Triangular (45, 67, 75)
Leafy Vegetables Irrigation Rate (in.Iyear)-Current Precipitation Triangular (25, 36, 66)
Leafy Vegetables Irrigation Time (month/year) Triangular (2, 3, 4.9)
Leafy Vegetables Yield (kg/m2) Uniform (1.8,2.6)
Leafy Vegetables Consumption Rate (kg/year)-Amargosa Valley Log uniform (0.035, 59.68)
Other Vegetables Consumption Rate (kg/year)-Amargosa Valley Log uniform (0.0045, 38.01)
Fruit Consumption Rate (kg/year)-Amargosa Valley Log uniform (0.001,97.69)
Grain Consumption Rate (kg/year)-Amargosa Valley Log uniform (1.OE-31, 12.33)
Beef Consumption Rate (kg/year)-Amargosa Valley Log uniform (2.OE-7, 53.11)
Poultry Consumption Rate (kg/year)-Amargosa Valley Log uniform (5.0E-9,10.50)
Milk Consumption Rate (L/year)-Amargosa Valley Log uniform (5.OE-12,136.03)
Eggs Consumption Rate (kg/year)-Amargosa Valley Log uniform (0.009, 33.34)

* Truncated Log normal Distribution -- Values Represent: Min. (0.1 percentile), Max. (99.9 percentile)

Note: The log normal distributions are actually truncated distributions, parameterized by the 0.1 and 99.9 percentile values, and
not the typical mean and standard deviation.
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types of foodstuffs that are consumed by the
reference person, etc. The consumption rates for
drinking water, vegetables, fruit, grain, beef,
poultry, milk, and eggs were estimated from the
results of the survey. The soil-to-plant transfer
factor represents the activity concentration (Cilkg,
dry weight) ratios between the soil and the edible
parts of plants. This factor determines the amount
of radioactive material accumulated in plants from
soil. Similarly, the animal food transfer coefficient
is the ratio of activity concentration in animal
product (Ci/kg) to the daily activity intake rate (Ci/
day). The coefficient determines the amount of
radioactive material in edible animal products
resulting from the ingestion of contaminated feed.
Data on the transfer factors for local food types are
limited; therefore, generic food transfer factors
were taken from the International Atomic Energy
Agency (International Atomic Energy Agency
1994, Chapter 6).

Inhalation exposure is influenced by two factors:
the mass concentration of particles of such size that
they can enter and be retained by the lungs and the
duration of the exposure. Inhalation exposure, as
well as direct external exposure, is dependent on
the amount of time the reference person spends
outdoors. The external/inhalation exposure mass
load is the amount of material, dust for example, in
a given volume of outside air. The home irrigation
rate is the water application rate to lawns.
Although not shown in Table 3-25, irrigation rates
change with the different climates modeled and
decrease with increasing precipitation.

Not all uncertainty in parameters is reflected in the
values and distributions assigned. For example,
the soil-to-plant uptake parameter, although
defined by a distribution, does not reflect the soil
properties of the area surrounding Yucca
Mountain, but rather a more generalized temperate
soil (International Atomic Energy Agency 1994).
A recently completed study of the soils in the
Amargosa Valley and the area north extending to
Yucca Mountain reported exclusively alkaline soils
(CRWMS M&O 1997i, Table 2, p. 8). Soils with
naturally high pH, including many of the
calcareous soils of the western United States, are
associated with deficiencies of high-valance metal

cations-iron, manganese, zinc, copper-for
agronomic and agricultural production (Brady
1984, Section 11.4, p. 371). Given that many of
the radionuclides of concern are metallic cations,
the soil-to-plant uptake factors used in TSPA-VA
might overestimate the actual amount of radionu-
clides transferred to plants.

As is usual practice for radiological compliance
evaluations, dose conversion factors (not to be
confused with the biosphere dose conversion
factors) used in the biosphere model were assigned
constant values and, therefore, do not appear in
Table 3-25. A dose conversion factor converts an
amount of a radionuclide into a radiation dose,
taking into account such effects as the uptake of a
radionuclide by the body, the residence time for a
radionuclide in the body, and where a radionuclide
is concentrated in the body. There are separate
dose conversion factors for ingestion, inhalation,
and direct external exposure. The values used in
the biosphere modeling were derived using the
methodology from the International Commission
on Radiological Protection 30 (ICRP 1978) and
are similar to those specified by EPA.

The final result of the complex biosphere modeling
is the biosphere dose conversion factor. To
calculate the radiation dose incurred by the
reference person in the TSPA-VA, a biosphere dose
conversion factor for a given radionuclide is
sampled from its distribution, and the sampled
biosphere dose conversion factor is multiplied by
the concentration of that radionuclide at the
biosphere/geosphere interface. The result is the
annual dose rate that the reference person receives
from that radionuclide at a given time. The
biosphere dose conversion factors are completely
correlated in the TSPA-VA calculations; that is, if a
large biosphere dose conversion factor is sampled
for one radionuclide, then large biosphere dose
conversion factors are sampled for all radionu-
clides. During a TSPA-VA calculation, at appro-
priate sample times, the climate is allowed to
change and biosphere dose conversion factors are
changed to the precipitation regime associated with
this climate. The sum of the dose rates for all
radionuclides is the total annual dose rate at that
time. The maximum total dose rate over all times
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in a TSPA realization is the peak dose rate-the
end product of the TSPA-VA calculation.

3.8.3 Results and Interpretation

For each radionuclide, the GENII-S biosphere
model performed 130 evaluations to generate a
distribution of the biosphere dose conversion
factor. Each of the 130 values was sorted into bins
and used to construct a histogram. A log-normal
distribution was fit to the output and a test for
goodness-of-fit indicated that there is no reason to
reject the hypothesis that these distributions were
log-normal. Log-normal distribution approxima-
tions of the biosphere dose conversion factors were
used in the TSPA-VA calculations to simplify the
parameter sampling. Figure 3-79 presents the
histogram and log-normal distribution for the
biosphere dose conversion factor for neptunium-
237

Analysis of the results of the biosphere modeling
shows that the most important pathway in the
calculation of the biosphere dose conversion
factors is typically the drinking-water-ingestion
pathway. The next most important pathway is the

leafy-vegetable-ingestion pathway. All other
pathways generally affect the biosphere dose
conversion factors at a relatively insignificant
level. The fractional contribution to the biosphere
dose conversion factors from the drinking-water-
ingestion pathway for three radionuclides that have
an important impact on the TSPA-VA base case
results (Sections 4.2 and 4.3) are as follows: 57
percent for technetium-99, 44 percent for iodine-
129, and 64 percent for neptunium-237. The
fractional contribution from the leafy-vegetable-
ingestion pathway are as follows: 37 percent for
technetium-99, 21 percent for iodine-129, and 31
percent for neptunium-237. The only other
important pathway for these radionuclides is the
meat-ingestion pathway for iodine-129, which
contributes 26 percent of the iodine biosphere dose
conversion factor. These numbers were generated
with a deterministic calculation that used the
expected values of all parameters and considered
the average Amargosa Valley resident and the
current climate.

The following two sections present analyses to
examine parameters and assumptions that are
important to the GENII-S biosphere modeling.
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Figure 3-79. Histogram of the Biosphere Dose Conversion Factor for Neptunium-237
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The last section contains a description of the
biosphere modeling and assumptions used in the
assessment of the impact of volcanism on repos-
itory performance (Section 4.4). Sensitivity
analyses that look at the impact of parameters and
assumptions on the complete TSPA-VA base case
calculations are discussed in Section 5.8.

3.8.3.1 Biosphere Probabilistic Results

The stochastic biosphere modeling shows that for a
given radionuclide the biosphere dose conversion
factors can vary by about a factor of three
above and below the mean value, giving a range
of approximately one order of magnitude.
Figure 3-79 shows the distribution predicted by
GENII-S, with a mean of 6.6 mremlyear per pCi/
liter, and the log-normal distribution used to
approximate it. It is useful to understand which
input parameters are most responsible for this
variance in the output. Rank regression is a
technique employed to assess the relationship
between the model input and the output. The
partial correlation coefficient is a measure of how
much the calculated biosphere dose conversion
factor is correlated with a given sampled
parameter. Forty-six variables were evaluated in
the parametric sensitivity study. Depending on
which radionuclides were considered, typically
less than 10 independent variables accounted for
more than 90 percent of the variance of the model
output. Table 3-26 summarizes the results of sensi-

tivity analysis for technetium-99, iodine-129, and
neptunium-237. Only the parameters with partial
correlation coefficients greater than 0.2 are
included in the table, which is approximately the
level of insignificance in the analysis; the results of
the biosphere modeling are even less sensitive to
other parameters, such as the inhalation and
external exposure parameters.

Of the uncertain or variable parameters that most
affect the calculation of the biosphere dose
conversion factors, the leafy-vegetable and
drinking-water consumption rates are the most
important. That is, changes in these two param-
eters typically produce the largest changes in the
biosphere dose conversion factor. That these two
parameters are identified by the analysis is not
unexpected, because the probability distributions
used to define them have relatively large variances,
and because the drinking-water and leafy-
vegetable pathways were identified as the major
contributors to the dose rate (Section 3.8.3).
Iodine-129 differs somewhat from technetium-99
and neptunium-237 in that iodine is more easily
concentrated in animals and, thus, the beef
consumption rate, and to a certain extent the milk
consumption rate, are important to its biosphere
dose conversion factor.

Parameters that are identified as the next in impor-
tance are the crop-interception fraction and the
crop resuspension factor. The crop-interception

Table 3-26. Sensitivity Analysis for the Three Most Important Radionuclides for the Base Case Scenario

: a .i.n:u.li;de M- Parameter I i- : : i - 2- a Partial Correlation
-. :Radionuclide I : - + D : : . - Parameter - id -: - Coefficlent

Leafy vegetable consumption rate 0.87
Tc-99 Drinking water consumption rate 0.77

Crop interception rate 0.29
Root vegetable consumption rate 0.26
Eggs yield 0.20
Leafy vegetable consumption rate 0.62

1-129 Beef consumption rate 0.52
Drinking water consumption rate 0.46
Milk consumption rate 0.26
Crop resumption rate 0.25
Grain Irrigation rate 0.22
Animal uptake scale factor 0.20
Leafy vegetable consumption rate 0.84

Np-237 Drinking water consumption rate 0.77
Crop interception rate 0.31
Root vegetable consumption rate 0.23
Eggs yield 0.22
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fraction is the fraction of contamination from
rainfall, irrigation, or aerosol deposition that is
intercepted by and adheres to the plant surface.
The crop resuspension factor describes the amount
of contaminated dust that settles on the plant
surface and can then be resuspended into the air.
The adsorbed contaminants are then available for
ingestion by foraging livestock and poultry, or
direct ingestion by humans. Processes that
contribute to these parameters are wind, and
overhead irrigation, which is becoming more
common in the region.

The least important parameters shown in
Table 3-26 are the root-vegetable consumption
rate, the eggs yield, the grain irrigation rate, and
the animal-uptake scale factor. Although the
partial correlation coefficients for these parameters
are relatively insignificant, it is important to note
that they still rank highly among the 46 parameters
defined with probability distributions. The results
of this sensitivity analysis can be used to identify
the factors driving uncertainty of the model output

and determine where attention and resources
should be focused in the future (Section 6.5.1.11).

3.8.3.2 Biosphere Comparative Analyses

Several additional calculations were performed to
evaluate some of the more important assumptions
made in the biosphere modeling on the biosphere
dose conversion factor calculations. Of particular
interest is how the assumption of an average
consumption rate of locally produced foodstuffs
influenced the results. Also of interest is the effect
of climate on the results.

To examine the effect of consumption rates, three
different types of reference persons were defined:
the average Amargosa Valley resident (the base
case reference person), a resident farmer, and a
subsistence farmer, each with defined character-
istics (Table 3-24). The significance of the amount
of local food and well water consumed on the
biosphere dose conversion factors is presented in
Figure 3-80. The figure shows that the magnitude
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Figure 3-80. Comparison of Biosphere Dose Conversion Factors for Neptunium-237 as a Function of Receptor
and Precipitation Regime
The biosphere dose conversion factors generated for the subsistence farmer are approximately 5-6 times greater
than those calculated for the average current Amargosa Valley resident. However, the biosphere dose conversion
factors do not vary notably among the three precipitation regimes modeled. (BDCF-Biosphere Dose Conversion
Factors)
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of biosphere dose conversion factor for a given
isotope increases with the increased consumption
of locally grown food (CRWMS M&O 1998i,
Section 9.7.3.1). In general, a subsistence farmer
could receive a radiation dose from neptunium-237
approximately five times greater and a resident
farmer could receive a dose three times greater
than that received by an average inhabitant of the
region, respectively. However, these factors are
dependent on the radionuclide; for iodine-129, a
subsistence farmer would incur a radiation dose
rate approximately 10 times greater than an
average Amargosa Valley resident.

Also shown in Figure 3-80 is the change in climate,
which is modeled only by the change in irrigation
rates and has little effect on the biosphere dose
conversion factors. For each unit of increase in
precipitation, where a unit is the present-day mean
annual precipitation, calculated biosphere dose
conversion factors were reduced by about two
percent. The decrease in dose rate results because
the increase in precipitation allows a reduction in
irrigation, and thus less contamination to soil and
plants. The decrease in dose rate is small because
the major pathway-drinking water-is
unaffected by an increase in precipitation. Also,
most of the precipitation increase is expected to
occur in the winter when crops are not produced.
The two-percent change is inconsequential in
comparison to the approximate order-of-magnitude
spread of the biosphere dose conversion factor
distributions (CRWMS M&O 1998i, Table 9-22).
Data gathered from a survey conducted in late
1997 in Lincoln County, Nevada, are presently
being analyzed in order to determine the eating
habits of residents in a cooler and wetter
environment similar to that anticipated in the future
at Yucca Mountain. The impact of this effect will
be addressed as a sensitivity study when the data
from Lincoln County are analyzed.

3.8.3.3 Biosphere Scenarios Associated with
Volcanic Activity

As part of an assessment of the effects of disruptive
events on a potential repository at Yucca Mountain
(Section 4.4), two biosphere scenarios related to
volcanic activity were modeled. The two

biosphere scenarios for volcanism were as follows:
the reference person is living in the vicinity when
the eruption occurs and inhales air containing
particles of contaminated ash, and the reference
person returns to the region soon after the eruption
and lives on and farms the contaminated volcanic
soil. The biosphere model used to evaluate the
volcanic scenarios involved the same biosphere-
pathways model and reference-person parameters
as developed for the base case, except that for
Scenario 2 contaminated volcanic ash was assumed
to be mixed into the upper 15-cm (6-in) of soil.

In the first scenario, the dose rate is primarily from
inhalation; the dose rate from exposure by
submersion in the ash cloud is very small in
comparison to the dose rate from inhalation. In
this scenario, the biosphere dose conversion factors
were calculated for unit concentrations of the
radionuclides in air and one hour of exposure. To
determine the dose rate from these biosphere dose
conversion factors, the quantity of radionuclides
expelled by the event is calculated, then the radio-
nuclides are distributed in an appropriate volume
of air. Exposure time (in hours) is estimated. The
dose rate is then determined by the product of the
radionuclide concentration, the biosphere dose
conversion factors for inhalation and submersion,
and the assumed time of exposure.

In the second scenario, it is assumed that the ash
from the eruption contributes its activity to the
upper 15 cm (6 in) of the ground surface because
this depth encompasses the root zone of most
agricultural plants. For these calculations, the
groundwater is assumed not to be contaminated
because this factor has already been taken into
account in the base case biosphere-dose-
conversion-factor calculations. As with the base
case, the biosphere dose conversion factors include
the ingestion, inhalation, and external exposure
pathways. Also, as with the base case, the
dominant pathway is the ingestion of contaminated
foods. To determine the dose rate in a TSPA calcu-
lation, it is necessary to determine the amount of
radionuclides expelled by a volcanic event and the
area over which the radionuclides are dispersed.
These two parameters allow the concentration of
radionuclide in the soil to be calculated. The
concentration of radionuclides in the soil is then
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multiplied by the volcanic biosphere dose
conversion factors to give the annual dose.

Within the time frame allowed for completion of
the TSPA-VA, only the dose rate associated with
exposure to contaminated ash after the assumed

volcanic event (Scenario 2) was calculated
(Section 4.4.2). The dose rate associated with
inhalation and external exposure during the
volcanic event itself (Scenario 1) will be addressed
in additional studies if it is deemed that volcanic
activity requires further consideration.
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4. BASE CASE DEFINITION AND RESULTS

The previous sections in this volume have shown
the complexity of the repository system, both the
engineered and natural barriers, and the resulting
need to break the system into various components
in order to analyze repository performance.
Section 2 described the specific components or
subsystems used in the TSPA-VA models
(Figure 2-2), the rationale for choosing these
specific components (how they correlate to specific
physical-chemical processes and to location within
the overall system, and how they are coupled to
one another), and the specific methodology used to
incorporate and analyze these components in the
overall total system performance model
(Figure 2-13). Section 3 gave detailed descriptions
of each of the key component models: the
conceptual basis of these models as determined by
experimental data, how to implement these
conceptual models into the overall TSPA analyses
(including model abstractions or simplifications
that are necessary in some instances), the range of
uncertainty underlying these component models
and their corresponding data, and finally some key
results of the component models, that is, how well
the models fit available data and how the range of
uncertainty in available data leads to a range of
predictions of key model output parameters (e.g.,
groundwater flux).

Having shown in previous sections the necessity of
breaking the total system into components and the
details of modeling each component, it is now
appropriate to describe the results of recombining
all the component models into one integral total
system performance model, specifically the predic-
tions of this overall model with respect to both total
system performance (i.e., dose rate at the acces-
sible environment) and to subsystem performance
of the various components (e.g., performance of
the saturated zone by itself). A key point is that the
assessments will be based on the calculated source
term, that is, the predicted radionuclide releases
from the repository as the waste packages and
waste forms degrade with time. This is a bit
different from some of the results in Section 3 (e.g.,
Sections 3.6 and 3.7), which were based on an
idealized source term.

The phrase "base case" has already been defined in
more general terms in Section 2.3.3 as it relates to
uncertainty. However, in this section "base case" is
defined more specifically as it relates to the various
component models of the TSPA-VA, that is, which
parameter ranges and models are used to define the
TSPA-VA base case. The phrase "base case" might
also be termed the "baseline" case, where baseline
is used in the sense of "likely" rather than as
"initial," implying that the "base case" encom-
passes some of the possible uncertainty regarding
predictions of system performance, but not all. For
example, consider the fourth type of uncertainty
listed in Section 2.3.3.3 regarding features, events,
and processes: uncertainty about future events.
The TSPA-VA base case encompasses some uncer-
tainty related to climate-change events, but no
uncertainty related to volcanism events. Or
consider the second type, conceptual model uncer-
tainty. The TSPA-VA base case does not include
the DKMfWeeps model discussed in Section 3.1,
but does include the DKM model. These are a
couple of examples of how the base case represents
a narrowed range of uncertainty in comparison to
the entire space of possible outcomes. It represents
a judgement. However, because of the still
remaining uncertainty in all of the component
models and future scenarios (features, events,
processes), the base case necessarily encompasses
multiple outcomes (i.e., realizations) for the future
repository behavior. The intent of Section 4 is to
quantify the range of possible outcomes of overall
system behavior for the TSPA-VA base case and to
describe the key parameters of the component
models that are most responsible for the perfor-
mance variation across this range of system
behavior (Section 4.3). Before describing this
entire range of overall base case behavior, that is,
the probability distribution of dose in the biosphere
at 20 km (12 miles) downgradient of the repository,
a single realization of repository behavior is
examined to illustrate in detail how the behavior of
the various components influences both the
behavior of the dose and the behavior of other
components (Section 4.2). This will lead to a more
thorough understanding of why the repository
behaves as it does and what can be done to develop
a more robust (i.e., an inherently safer) system
through either better engineering in the drifts or
better characterization of the natural system. This
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single realization is the realization that chooses the
expected value of all the stochastic input param-
eters.

System behavior outside of the range of the base
case is also discussed in this section, and in Section
5, including:

* Effects on the system behavior from unantic-
ipated, or low-likelihood, disruptive events
such as volcanism (Section 4.4)

* Alternative design options for the repository
and waste packages (Section 4.5)

* Less- likely conceptual models for various
components (Volume 5)

4.1 BASE CASE DESCRIPTION

Figures 2-11 through 2-13 illustrated how the base
case component models described in Section 3 are
coupled together and what information is passed
through the couplings. A detailed description of
the base case includes two features: the specific
parameter values used within the component-
model "boxes" in Figure 2-13, and the specific
information and form of that information passed
through the arrows that couple the boxes.
Uncertain ranges of parameters used within and
between the boxes for the TSPA-VA base case have
been described in detail in the component sections
of Section 3. The purpose of Section 4.1 is to
provide a concise summary of these base case
parameter values and models as used in TSPA-

VA.'

The TSPA-VA base case is predicated on the
reference repository and waste package design
described in detail in Volume 2, and summarized in
Section 3.2.2.1 of Volume 3. Variations in this
design and their effect on performance are
described in Section 4.5 but are not considered in
Sections 4.2 through 4.4.

4.1.1 Climate

As explained in Section 3.1.2.1, future climate
changes in the TSPA-VA base case are assumed to
alternate between three states: present-day or dry
climate, long-term average climate (about twice
the dry-climate precipitation), and superpluvial
climate (about three times the dry-climate precipi-
tation). For the expected-value simulation
described in Section 4.2, this sequence of alter-
nating climate states, including the durations of
each climate state, is shown in Figure 4-1. As
summarized in Table 3-4, the length of the first dry
climate, or current climate, is sampled uniformly
between 0 and 10,000 years, with an expected
value of 5,000 years, which was the value used for
the expected-value base case calculation (Section
4.2). The length of subsequent dry climates is
sampled uniformly between 0 and 20,000 years,
with an average of 10,000 years. The duration of
long-term average climates is sampled uniformly
between 80,000 and 100,000 years, with an
average of 90,000 years, which is the value used
for the expected-value base case calculation. The
duration of the superpluvial climates is sampled
similarly to dry climates, from 0 to 20,000 years.
Dry and long-term average climates alternate from
the time of repository closure until the long-term
average climate that spans the 250,000-year mark.
For the expected-value case, the last 10,000 years
of that long-term average period is replaced by
10,000 years of superpluvial climate. Then the
climate model returns to alternating dry and long-
term average climates until the long-term average
climate that spans the time of 400,000 years after
the first superpluvial. The end of that long-term
average climate is again replaced by a super-
pluvial, and then back to dry, followed by
alternating long-term average and dry climates.
For the expected-value base case simulation shown
in Figure 4-1, about 90 percent of the time is spent
in the long-term average climate. -

1 A complete listing of all model parameters is beyond the scope of this document. The complete listing is found in the
various chapters of the Total System Performance Assessment-Viability Assessment (TSPA-VA) Analyses Technical
Basis Document (CRWMS M&O 1998i).
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Figure 4-1. Climate History for the Expected-Value Realization of the Total System Performance Assessment
for the Viability Assessment Base Case at Two Different Time Scales
For other realizations, the duration of the various climate states is different, since these durations are
stochastic parameters.

4.1.2 Unsaturated Zone Flow and
Infiltration

Unsaturated zone flow uses three calibrated hydro-
geologic property sets for present-day conditions,
resulting in three calibrated steady-state flow
fields: the "base infiltration" case with mean
fracture alpha, which represents the best estimate
of current infiltration conditions; the "base infil-
tration x 3" case with maximum fracture alpha,
which represents a pessimistic (very wet) estimate
for current infiltration; and the "base infiltration -
3" case with minimum fracture alpha, which repre-

sents the most optimistic (driest) estimate for

current conditions.2 To derive flow fields for the
other climate states, these three calibrated property
sets were used in the TOUGH2 computer code to
attain steady states at boundary conditions repre-
senting precipitation in the two wetter climates.
For the base case, there were 3 x 3 steady-state
flow fields accessed by the RIP computer program.
All nine resulting flow fields are three-dimen-
sional, with vectors for fracture and matrix flux
and for fracture-matrix interflux at each of the
approximately 40,000 grid points (actually 80,000

since there are two continua-fracture and matrix).3

2 Originally there were five calibrated hydrogeologic property sets for present-day climate conditions: the three

mentioned plus a "base infiltration X 3" case with minimum fracture alpha and a "base infiltration - 3" case with
maximum fracture alpha (see Section 3.1). These latter two were dropped from the TSPA-VA base case because of
similarities to the other "base infiltration X 3" and "base infiltration - 3" cases.

3 The unsaturated zone transport model requires only the vectors from the repository horizon down to the water table.
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The water table level changes with climate, rising
by 80 m (262 ft) from dry to long-term average
climate and another 40 m (131 ft) from long-term
average to superpluvial climate.

Figure 4-2 illustrates how the flow fields are used
throughout the climate history. The figure
indicates that infiltration is heterogeneous over the
model domain and, therefore, the percolation at the
repository horizon is heterogeneous. This hetero-
geneity is taken into account in the unsaturated
zone transport model, which directly uses the
three-dimensional flow fields. The repository area
in this figure is the area in the center where the
grid-block discretization is much greater. The
exploratory studies facility is also shown by areas
of greater discretization. (The actual repository
does not cover the entire area of greater discreti-
zation but only about the northernmost 80 percent
of that area.) Also shown on the figure is the

approximate average infiltration over the repos-
itory area for the three climate states.

4.1.3 Drift Scale Seepage

Liquid seepage into the drifts in the model is based
on numerous simulations of a three-dimensional,
heterogeneous, fracture continuum surrounding the
drifts, as described in the Total System Perfor-
mance Assessment-Viability Assessment (TSPA-VA)
Analyses Technical Basis Document (CRWMS
M&O 1998i). The simulations use many different
infiltration rates and nine different property sets
(Table 3-6) that represent nine combinations of
fracture permeability and fracture alpha. The
results were statistically weighted and represented
as two stochastic response surfaces (Figure 3-13)
of seepage fraction, (i.e., the fraction of packages
in the drifts that have seeps dripping on them), and
seepage flux per package (in m3/ year). These two
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Figure 4-2. Infiltration History for the Expected-Value Realization of the Total System Performance
Assessment for the Viability Assessment Base Case
This figure shows the infiltration map for the unsaturated zone flow model in the three different climate states,
and the average infiltration over the repository horizon during these climate states.
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response surfaces are a function of percolation
flux: when the climate changes, different values
for seepage fraction and seepage flux are used
based on the new percolation flux. For the base
case, the seepage flux and seepage fraction were
given perfect positive correlation, that is, the same
random number was sampled for these two param-
eters. Also, the same random number was used in
all climate states, meaning that although seepage
changes with climate state (because percolation
flux changes), the different seepage values used in
different climate states have the same probability.
The seepage fraction and seepage flux histories
(along with the corresponding response surfaces)
are shown in Figure 4-3. The repository horizon
was divided into six discrete regions based on infil-

Expected-Value Fraction of Packages with Seeps
CC region

tration and thermal-hydrologic response. Each
region used a separate value of seepage flux and
seepage fraction over the entire region. These
values were based on the average percolation flux
over each region as determined from the histogram
over all grid blocks in the region. The average
percolation flux was taken from the steady-state
values of percolation predicted by the unsaturated
zone flow model. This discretization is illustrated
in Figure 4-4.

The seepage flux and fraction used in the
TSPA-VA base case are for ambient percolation
conditions, that is, unperturbed by the thermal
pulse. This is justified because the large changes to
seepage from waste heat occur at times earlier than

Expected-Value Seepage Flux through a Package
CC region
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Figure 4-3. Total System Performance Assessment for the Viability Assessment Base Case Drift-Scale Seepage
Model
This figure shows the 1 million-year expected-value histories of seepage flux into the drift and fraction of packages
in a given region that encounter seeps (seepage fraction). Also shown is the probabilistic distribution used to
predict seepage flux and seepage fraction based on percolation flux at the repository horizon in any of the six
regions (see Figure 3-8 for an illustration of the six regions).
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Figure 4-4. Total System Performance Assessment for the Viability Assessment Base Case Percolation Flux at the Repository Level for the "Base Infil-
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the first package failures, and so have no effect.
This is discussed in the Total System Performance
Assessment-Viability Assessment (TSPA -VA)
Analyses Technical Basis Document (CRWMS
M&O 1998i).

4.1.4 Drift Scale Thermal Hydrology

In the base case, the results of drift-scale, thermal-
hydrologic modeling are as follows:

Waste package surface temperature (Twp) and
relative humidity at the waste package
surface (RHp) for seven different package
types and heat outputs within six discrete
spatial regions of the repository, which is
used by the waste package degradation
model to represent some of the package-to-

package variability within each region4

Average waste form temperature (T,,f) and
liquid saturation in the invert (SI) in each of
the six regions, which is used by the waste

form degradation model5

* Average drift-wall temperature (TdW),
relative humidity at the drift wall (RHd), and
liquid saturation in the invert (SI) in the
central-central region, which is used by the
near-field geochemical models

Each of these results is generated separately for the
three different unsaturated zone flow fields: "base
infiltration x 3, with maximum fracture alpha"
case, "base infiltration, with mean fracture alpha"
case, and "base infiltration . 3, with minimum
fracture alpha" case. Waste package degradation
histories are then generated for each of these unsat-
urated zone flow scenarios and fed into the RIP
computer program. Also, waste form degradation
within the RIP program uses all three flow field
results. However, near-field geochemistry only

uses average drift wall temperature (TdW), relative
humidity, and liquid saturation in the invert (SI) for
the "base infiltration with mean fracture alpha"
flow field. The waste package degradation model
produces different results only for packages that
are dripped on versus those that are not. Other-
wise, the same package degradation history is used
for each inventory type (commercial spent nuclear
fuel, DOE spent nuclear fuel, and high-level radio-
active waste). Figure 4-5 shows the package-to-
package variability in waste package surface
temperature (T.) and relative humidity at the
waste package surface (RH.) in the northeast
region predicted by the drift-scale thermal-hydro-
logic modeling. The details of which waste pack-
ages correspond to the curves in this plot are
described in the Total System Performance Assess-
ment-Viability Assessment (TSPA-VA) Analyses
Technical Basis Document (CRWMS M&O
1998i).

4.1.5 Repository Scale Thermal Hydrology

Thermal-hydrology models at the scale of the
entire repository were only used in two places in
the base case:

* As three-dimensional, conduction-only
models that fed the abstraction methodology
for drift-scale thermal-hydrologic param-
eters (see Section 3.2)

* As two-dimensional, thermal-hydrologic
models (over an east-west cross section
running through about the center of the
repository) that provided air mass fraction
and gas flux to the near-field geochemical
environment models

In both cases, the hydrogeologic property set came
from the "base infiltration" flow field from the
unsaturated zone flow model (see Section 3.1). For
the first set of models (three-dimensional,

4 Actually, after numerous simulations of waste package degradation in the six discrete repository regions (see
Sections 3.2 and 3.4), the failure histories were determined to be similar enough to only warrant further simulations
in one of the six regions. The northeast region was conservatively chosen because it had the most variability
(although only marginally so), implying slightly earlier package failures, and the package-failure history for this
region was used for all the package groups in the RIP program.

5 In this case, the results for all six regions (rather than just the northeast region) are used in the RIP model.
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Figure 4-5. Variability of Total System Performance Assessment for the Viability Assessment Base Case, Drift-
Scale, Thermal-Hydrologic Parameters (Temperature and Relative Humidity) in the Northeast Region at the
Repository Horizon
These plots are for the "base infiltration" flow field using the long-term-average climate. Variability results from
spatial variability in infiltration flux, thermal-hydrologic properties, and heat loading of the packages. (The abbrevi-
ation "WP" means waste package.)
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conduction-only), the climate state was irrelevant,
since hydrology was not modeled. For the second
set of models (two-dimensional, thermal-
hydrology), only the long-term average climate
was used. This was appropriate because it is
assumed that this climate exists approximately
90 percent of the time.

4.1.6 Near-Field Geochemical Environment

For the base case analyses, the near-field
geochemical environment is represented by time-
dependent distributions of the gas and water
compositions that interact with the waste package
and waste form inside the drift. The parameters
supplied to the RIP analyses are the oxygen

fugacity (f0 2),6 the solution pH, the total dissolved
carbonate (ECO3

2 ), and the ionic strength (I) of the
water. Figure 4-6 shows time histories of these
four chemical composition parameters as used by
the RIP program for the TSPA-VA base case,
derived from the various near-field geochemical
models and supplied in tabular form to RIP. The
first three parameters are used for waste form
degradation modeling and the last one for colloidal
transport in the engineered barrier system. These
four parameters are derived from considering a
more comprehensive 13-component chemical
system. The values represent the time-dependent
composition of water entering the drift and reacting
with iron-oxide corrosion products, as opposed to
water that has reacted with concrete. (Concrete-
modified water is the subject of a sensitivity
analysis considered in Section 5.)

It is clear from Figure 4-6 that these four compo-
sition time histories are not smooth functions; they
are a series of steps. This step-change approxi-
mation is based on a simplified representation of
the thermal history derived from various thermal-
hydrologic models. The temperature, gas flux, and
air mass-fraction histories from these thermal-
hydrologic models were approximated as a

sequence of steady states, which allowed the near-
field environment to be modeled as a sequence of
constant-composition states. This is the way all
numerical models work-approximations of
continuous functions with a series of discrete
values. In the case of the near-field environment,
the width of the discrete time periods was rather
large. For each of these discrete time periods,
often referred to as "abstracted" time periods, a
batch calculation is performed with a geochemical
simulator (EQ3/6; Wolery 1992a) to determine the
appropriate chemical composition of the ground-
water during that time period based on the temper-
ature and air mass fraction from the thermal-
hydrology models and on the incoming compo-
sition of the groundwater reacted with iron oxides.
The base case values and abstracted time periods
represent the thermal history of the "central"
portion of the repository, as opposed to the "edge"
portion. The values and time periods were
generated using both the air-mass fractions and gas
fluxes from the two-dimensional, mountain-scale,
thermal-hydrologic results for the center portion of
the two-dimensional cross section and the average
drift-wall temperature history of the central-central
region for the "base case infiltration" history,
derived from three-dimensional drift-scale

thermal-hydrologic modeling.7 The central-central
region was chosen because the excursions from
ambient conditions, in particular the period of

boiling, are largest for this region and will bound8

the effects at the edge portions of the repository
where the excursions occur for shorter time
periods.9

4.1.7 Waste Package Degradation

Because modeling every distinct waste package is
not computationally efficient, waste packages are
grouped according to their inventory (commercial
spent nuclear fuel, DOE spent nuclear fuel, and
high-level radioactive waste) and environment.

6 For an ideal gas, oxygen fugacity is the same as oxygen partial pressure, which is about 0.2 atmospheres at sea level.

7 More details of the rather complicated set of models used to derive the near-field geochemical parameters are given
in Section 3.3 and also in the Total System Performance Assessment-Viability Assessment (TSPA-VA) Analyses
Technical Basis Document (CRWMS M&O 1998i).

8 "Bound" is always used in the sense of "conservative" (i.e., "bounding" models always predict higher doses).
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Figure 4-6. Time Histories of the Near-Field Geochemical Parameters
Histories are for pH, Total dissolved carbonates, oxygen fugacity, and infiltration used at various locations in the
TSPA-VA base case, based on the expected-value climate history shown in Figure 4-1. These near-field
geochemical time histories are based on the central-central (CC) region but are applied to all six waste package
regions.
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Packages are grouped into four environments
based on dripping conditions:

* Packages dripped on during the dry climate
and throughout the simulation time

* Packages that are not dripped on during the
dry climate but will be in all other conditions
(long-term average and superpluvial)

* Packages that are dripped on only during the
superpluvial climate

* Packages that are never dripped onlo

Although seepage behavior through the packages is
different for each of these four groups, only two
waste package failure histories are used: packages
that are always dripped on and packages that are
never dripped on. The Total System Performance
Assessment-Viability Assessment (TSPA-VA)
Analyses Technical Basis Docunent (CRWMS
M&O 1998i) has supporting analyses to show why
degradation of the corrosion allowance material
and the corrosion resistant material is sufficiently
modeled with only these two conditions. As
explained in a footnote in Section 4.2.2, the
packages that are never dripped on and the
packages dripped on only during the superpluvial
climate are modeled with the no-drip failure
history from the WAPDEG computer code, and the
other two groups are modeled with the always-drip
failure history. The packages are also grouped
according to the six regions shown in Figure 4-4,
which yields different seepage fluxes in different
regions, and therefore different rates of radionu-
clide transport out of the waste packages and
through the engineered barrier system. However,
as mentioned in a footnote in Section 4.1.4, the

same waste package failure histories are used
regardless of region, based on the responses in the
northeast region.

The waste package degradation analysis for the
base case includes a set of nine cases to represent a
range of the uncertainty in the median high-nickel
alloy (Alloy 22) corrosion rate and the variability
of the Alloy 22 corrosion rate among waste
packages and patches. Uncertainty and variability
are represented by splitting the total variance of the
general corrosion rate for Alloy 22 into three
different variability and uncertainty combinations:
75 percent variability and 25 percent uncertainty,
50 percent variability and 50 percent uncertainty,
and 25 percent variability and 75 percent uncer-
tainty. For each of the variability-uncertainty
splits, the median general corrosion rate is sampled
from the 5th, 50th and 95th percentiles of the
uncertainty variance, respectively. The expected-
value base case is the 50 percent variability and
50 percent uncertainty split and the median
corrosion rate at the 50th percentile of the uncer-
tainty variance.

In addition to corrosion degradation of waste
packages, the base case includes the effect of early
or "juvenile" waste package failures by noncor-
rosion processes such as materials defects, seismic
activity, and human-induced factors, such as
welding, handling, and transportation. In the base
case, juvenile failure is assumed to cause a single
patch opening in a commercial spent nuclear fuel
package in a dripping environment, in the
southeast region. The expected-value base case
assumes a single juvenile failure at 1,000 years.
The probabilistic base case uses a log-uniform
distribution for juvenile failures from

9 The multi-scale thermal-hydrology models described in Section 3.2 indicate that much of the repository functions as
though it is center-like in thermal-hydrologic behavior, however, there is a gradual transition to edge-like behavior as
the repository edges are approached. The major difference between the center and edge portions is that shorter
abstracted time periods are appropriate for the boiling regime in the edge region as compared to the central portion of
the repository. This difference is also true for the two wetter climate states because of the increased cooling capacity
of the system.

0 It is important to realize that packages never move from one environmental group to another, that is, packages that
are "dripped on" are dripped on for the entire simulation history and packages that are "never dripped on" are never
dripped on for the entire simulation history.
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0.001 percent to 0.1 percent, all occurring at
1,000 years after closure.

Figure 4-7 shows the cumulative package penetra-
tions by corrosion, through either pits, patches, or
breaches (pits plus patches), for the base case (50/
50 split on uncertainty/variability). The figure also
shows the time history of average pit area per
package and average patch area per package.
Because of their much larger area, patches are far

Cumulative Package Penetrations by Pit, Patch, or Breach
(Breaches=plts+patches)

100
coo

Li'

rG

w0

con

0

1 0`

-~ CAM
I' / cRM 1 'breach

7 / -- ~~CRM 11pit
-- CRM 1patch

102 103 104 105 10E

Time (years)

Area Failed by Corrosion

more important than pits in causing releases from
the packages. Also, all patches and pits are
assumed to encounter seeping water at all times.

4.1.8 Cladding Degradation

Several mechanisms for cladding degradation of

commercial spent nuclear fuel"1 are included in the
base case:

* Creep (strain) failure at high temperatures
with simultaneous exposure to oxygen

* Juvenile cladding failures (packages
emplaced in the repository with cladding
already failed)

* Total failure of stainless-steel-clad fuel rods

* Mechanical failure of cladding because of
structural failure of the waste package, due
to rockfall, corrosion, or seismic events after
closure

* Long-term corrosion failure
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Juvenile and creep failures combined with failure
of the stainless steel cladding is defined at a
constant rate of 1.25 percent, beginning at the time
of any waste package failure and continuing indefi-
nitely. Most of this is due to the stainless-steel

105 1 >6 failure. Long-term mechanical failure is initiated
with package failure and is defined as a distribution

FV3041-7 with an expected value of 0.18 percent at 100,000

ce Assessment years after package failure and 2.62 percent at
Case Waste 1 million years after package failure. Long-term

corrosion failure is also initiated with package
rations by pit, failure, with an expected value of 1.51 percent at

waste package. 100,000 years after package failure and
ial [the outer 7.75 percent at 1 million years after package failure
i steel]; CRM- (see Figure 3-54).

Figure 4-7. Total System Performan
for the Viability Assessment Base
Package Degradation Histories
Shows cumulative package penet
patch, or breach. Also shows groi
patch area and average pit area per,
(CAM-corrosion allowance mater
waste package layer made of carbor
corrosion resistant material [the inner
layer made of Alloy 22])

waste package

l In TSPA-VA, cladding on DOE spent nuclear fuel elements is assumed to have failed before emplacement. This is a
conservative assumption intended to provide a bound on the maximum possible impact of DOE spent nuclear fuel on
repository performance. In reality, not all DOE spent nuclear fuels have faulty cladding (e.g., about 50 percent of N-
reactor cladding is intact, as well as 100 percent of naval spent nuclear fuel).
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4.1.9 Waste Form Degradation and
Mobilization

In the base case, waste form degradation is
modeled within the RIP program by defining the
dissolution rate equations for fuel exposed by
package and cladding degradation. The dissolution
rate for commercial spent nuclear fuel is a function
of the temperature (T), total dissolved carbonate,
oxygen fugacity, and pH of the water contacting
the waste form. There is also some uncertainty in
the dissolution rate model associated with the
equation used to fit the experimental data, and this
is a stochastic parameter in the base case.
Figure 4-8 shows the commercial spent nuclear
fuel dissolution rate as a function of temperature,
pH, and total dissolved carbonate. Oxygen
fugacity is assumed at atmospheric conditions for
these plots. Within the RIP program, the input
variables, temperature, total dissolved carbonate,
oxygen fugacity, and pH are passed to an external
routine, and the dissolution rate is calculated at
every time step. The average temperature on the
waste package surface is used for the six different
repository regions, as calculated by the drift-scale,
thermal-hydrology model. This assumption is
appropriate because at the time the waste packages
begin to fail, the difference between the interior
and surface temperatures of the waste package will
be small.

The glass dissolution rate is a function of the waste
package surface temperature and the pH of the
incoming water, and also has a similar stochastic
parameter related to uncertainty in the regression
fit of the experimental data. A metallic dissolution
rate is used for the DOE spent nuclear fuel, which
is modeled using a surrogate radionuclide
inventory composed mostly of N-Reactor fuel.
(The differences in the dissolution rates for the
commercial spent nuclear fuel, DOE spent nuclear
fuel, and high-level radioactive waste fuels are
shown in Figure 4-17.) The specific surface area
for commercial spent nuclear fuel is about 0.004
m2/g, which causes exposed commercial spent
nuclear fuel to dissolve in about 1,000 years if the
entire surface area is 100 percent wet, which is the
assumption for the TSPA-VA. For high-level
radioactive waste, the specific surface area is

5.7 x 10-5 m2/g and for DOE spent nuclear fuel it is
7.0 x 10-5m 2/g.

4.1.10 Transport in the Engineered Barrier
System

Transport in the engineered barrier system is
modeled within the RIP program using a series of
mixing cells coupled by advective and diffusive
"connections" (Figure 4-9). The waste package
and the waste form together are represented as a
single cell pathway. The concrete invert below the

20 -

E 15 -

C)

E 10-
C,
0

.1 5
U)
0

0

pH= 7.0
_pH= 1.0

At [Co 2 ]T =0.002 M

-..................... ....... , X . ........ ....

15

~1o
t 10
ci

C
0U)

0 5
0o
or
rn

so

20 40 60
Temperature (0C)

80 100 20 40 60
Temperature (CC)

80 100

FV3041 -8

Figure 4-8. Commercial Spent Nuclear Fuel Degradation Rate
Rates are for the TSPA-VA base case as a function of temperature, pH, and total dissolved carbonate in the water
contacting the waste form assumes an oxygen fugacity equal to 0.2 atmospheres. (M-molar)

4-13



Viability Assessment of a Repository at Yucca Mountain
DOE/RW-0508/V3

Leaend

' A dvective
connection

4': Difusive' -
-connection

RIP internal mass transfer
connection from package

cladding s* i' fuel

outer CAM i CR*

W ri' 5FV30419

Figure 4-9. Configuration of Cells in the RIP
Program for Engineered Barrier System Transport in
the Total System Performance Assessment for the
Viability Assessment Base Case
(CAM-corrosion allowance material [the outer
waste package layer made of carbon steel]; CRM-
corrosion resistant material [the waste package layer
made of Alloy 22])

package is assumed to be shaped as a semi-circle
around the package and is discretized into three
cell pathways to decrease the numerical dispersion.
The waste-package/waste-form cell pathway is

coupled to the first invert cell pathway through an
advective connection to represent water seepage
through the failed waste package into the invert,
and with two diffusive connections for separately
modeling the diffusive mass transfer through the
pit perforations and patch perforations of a failed
waste package. The volumetric flux through the
waste package was calculated by scaling the
seepage flux into the drift with the available
surface area arising from patch and pit failures (see
Figure 4-7).12 The pit perforations and the patch
openings also define the area for diffusion.

Volumetric flux through the invert cells is not the
same as the reduced flux through the packages but
is equal to seepage into the drift. Diffusion through
the invert is calculated for a concrete material with
10 percent porosity and 99.8 percent water
saturation13 using an equation for diffusion in a
partially saturated medium (Conca 1990; Conca
and Wright 1992). The concrete invert also sorbs
some of the radionuclides, based on the following
sorption coefficients (Kds) (see Chapter 6 of the
Total System Performance Assessment-Viability
Assessment (TSPA-VA) Analyses Technical Basis
Document [CRWMS M&O 1998i]):

* Neptunium Kd is uniform from 0 to
200 mL/g; expected value is 100

* Protactinium Kd is uniform from 0 to
100 mL/g; expected value is 50

* Plutonium Kd is uniform from 0 to
1,200 mL/g; expected value is 600

* Uranium Kd is uniform from 0 to
100 mL/g; expected value is 50

Colloid-facilitated mobilization and transport of
radionuclides in the engineered barrier system is
modeled for plutonium-239 and plutonium-242,
assuming fast reversible attachment. There are
four types of colloids in the engineered barrier

12 The surface area available for seepage was increased by a "seepage collection factor" to account for the focusing of
water dripping on the waste package. This factor was sampled uniformly from I to 10, with a mean of 5.5.

13 The liquid saturation is actually a function of time, as determined by drift-scale, thermal-hydrologic modeling, but it
returns to 99.8 percent (that is, ambient saturation) by the time the packages begin to fail.
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system: two natural types, iron-oxides and clays;
and two types based on fuel degradation, spent
nuclear fuel colloids and glass waste colloids. The
expected-value colloid partition coefficients (Kcs)
for these four types are as follows (see Chapter 6 of
the Total System Performance Assessment-Viability
Assessment (TSPA-VA) Analyses Technical Basis
Document [CRWMS M&O 1998i]):

* 0.24 for iron-oxides
* 0.024 for clays
* 0.087 for spent nuclear fuel particles
* 0.72 for glass particles

A small fraction of the total mobilized plutonium,
that is, the plutonium in both the aqueous and
reversibly sorbed colloid phases, is assumed to
sorb irreversibly to colloids at the edge of the
engineered barrier system to account for the
fraction observed at various nuclear waste sites, for
example, the very small amount observed at the
Nevada Test Site from the Benham nuclear blast.
This fraction is sampled log-uniformly in the range
of 1 x 10-4 to 1 x 10-10, with a value of 1 x 10-7 for

the expected-value case. 14 The basis for this range
is discussed in Chapter 6 of the Total System
Performance Assessment-Viability Assessment
(TSPA-VA) Analyses Technical Basis Document
(CRWMS M&O 1998i).

For radionuclides with a very high solubility in the
pore water seeping through the packages, the
radionuclide mass dissolved at each time step is
swept away in the next time step, that is, the
carrying capacity of the water is very high. Low
solubility radionuclides re-precipitate and are only
removed slowly as a linear function of the seepage
flux through the package. This effect is most
important for neptunium-237, plutonium-239,
plutonium-242, and uranium-234. The solubilities
used in TSPA-VA are about the same as in the 1995
TSPA, except for neptunium-237, (CRWMS M&O
1995) and are listed in Table 3-15. The most

important solubility value is for neptunium-237,
which is 0.34 g/m3 or 1.43 x 10-6 M for the

expected-value realization shown in Section 4.2.15
The volume of water available for mobilization of
waste at any time step (i.e., for computing
solubility) is equal to the volume of water in the
pores of the "rind", which is the in growing shell of
altered fuel being changed into other minerals
through contact with gases and liquids that have
entered the degraded waste package. This water
volume is based on a porosity of 40 percent and a
water saturation of 100 percent in the rind. The
rind volume itself is linearly proportional to the
fuel rod volume times the fuel dissolution rate (a
constant with units of year1) times the time since
first water contact.

4.1.11 Unsaturated Zone Transport

The unsaturated zone transport model for the base
case is based on the unsaturated zone flow model.
The transport model uses the same three flow fields
described above and the same climate states. As
with unsaturated zone flow, a dual-permeability
model is assumed, and transport is modeled with
the FEHM particle tracker in three dimensions.
Therefore, transport is assumed to occur in two
continua, with fracture-matrix interflow based on
the steady-state flow fields generated by the
TOUGH2 computer code. The FEHM particle
tracker transports particles on the same dual-
permeability TOUGH2 spatial grid as used in the
flow model. When the climate shifts, a new
TOUGH2 flow field is provided from the run-time
file directory, and the particles are assumed to be
instantly traveling with the new velocities. When
the water table elevation rises, the particles in the
"lost" vertical distance corresponding to this rise
are instantly released in that timestep to the water
table. When the water table elevation falls, there is
a brief time when there are no particles in this new
vertical distance.

14 Actually, the exponent is sampled uniformly in the range of -10 to -4, which yields a mean of -7.

15 Section 5.5.4 and Figure 5-34 discuss the solubility range for neptunium-237 used in TSPA-VA. The mean and
upper and lower limits of this range have been reduced by about a factor of 100 from the 1995 TSPA based on new
interpretations of experimental data. This is discussed in detail in Chapter 6 of the Total System Performance
Assessment-Viability Assessment (TSPA-VA) Analyses Technical Basis Document (CRWMS M&O 1998i).
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Sorption based on experimental data is assumed for
the radionuclides (see Section 3.6).- As discussed
in Section 4.2, sorption is important for three key
radionuclides in the unsaturated zone; neptunium-
237, plutonium-239, and plutonium-242. The
sorption coefficient (Kd) value for neptunium-237
is 1.0 mUg in the vitric and devitrified tuff units
and 4.0 mUg in the zeolitic units. For the two
plutonium species, the Kd is 100 mL/g in all units.
Matrix diffusion is assumed for all radionuclides
but, as shown in Section 5.6, has little effect on the
dose rates. The assumed matrix-diffusion coeffi-
cient has a mean of 3.2 x 10-11 m2/s for carbon- 14,
technetium-99, iodine-129, and selenium-79 and
1.6 x 10-10 m2/s for neptunium-237, plutonium-
239, plutonium-242, uranium-234, and protac-
tinium-231. The expected value for the disper-
sivity used in the unsaturated zone model is 20 m
in all three directions. Figure 4-10 shows an
overlay of the source-term discretization at the top
of the unsaturated zone model and the discreti-
zation of the output at the water table. Between the
top and bottom, particles are free to move in any
direction. The travel time during the long-term
average climate is illustrated for a pulse release for
three key radionuclides; technetium-99,
neptunium-237, and plutonium-242.

4.1.12 Saturated Zone Flow and Transport

Figure 4-11 is a combination of several figures
from Section 3.7 that illustrate the base case model
for saturated zone flow and transport. A coarsely
discretized (500 m in the x and y directions and 50
m in the z direction), three-dimensional numerical
model is first used to simulate flow in the saturated
zone. The model determines the general plume
direction and flowpath length in the tuff and
alluvium, based on the revised geologic framework
model for lithostratigraphy (see Section 3.7).
Radionuclide transport in the saturated zone is then
modeled with six one-dimensional streamtubes
placed along the general plume direction deter-
mined from the three-dimensional model. The six
regions at the water table in Figure 4-11 are used to
determine total volumetric flux from the unsat-
urated zone into each of six one-dimensional
streamtube- models in the saturated zone. The
average specific discharge in the dry climate is

assumed to be 0.6 m/year in all six of the stream-
tubes, based on the results of the saturated zone
expert elicitation panel (CRWMS M&O 1998g).
The streamtube models are run with the FEHM
computer code, assuming an effective continuum,
that is, the permeability is approximately equal to
the fracture permeability but the porosity is
approximately equal to the matrix porosity. The
six streamtubes are used to develop unit break-
through curves based on a constant concentration
source. The breakthrough curves are scaled by the
area of the streamtubes, which is proportional to
the volumetric unsaturated zone flow into each
streamtube, to get the correct concentration in each
streamtube. The unit breakthrough curves are
convolved at each time step with the actual RIP
source term during run time. A dilution factor to
simulate transverse dispersion is applied to the
concentration curves for each 20-km streamtube,
based on a probability distribution determined
from the saturated zone expert elicitation panel.
The same dilution factor (see Figure 4-11) is
applied to all radionuclides, all streamtubes, at all
time scales. The actual saturated zone concen-
tration used to compute dose rate is essentially a
function of the dilution factor; for high dilution
factors, effective diffusive mixing among stream-
tubes is assumed and the six concentrations are
added. For low dilution factors, no mixing is
assumed and the maximum concentration
streamtube is used. (See Figure 4-19 for a plot of
the effective dilution factor used. See the end of
Section 4.2.1 for a more detailed summary of the
basis for either using the summed concentrations or
the maximum concentration.) For the TSPA-VA
base case, the values used for the various stochastic
saturated zone model parameters are listed in
Table 3-20.

4.1.13 Biosphere Transport

The final dose rate is- calculated within RIP by
multiplying a biosphere dose conversion factor by
the saturated zone concentration discussed above.
Water having a concentration equivalent to the
saturated zone concentration is assumed to be
drawn from a well 20 km (12 miles) downgradient
from the repository. The water is then used as
drinking and irrigation water for an "average" adult
living in Amargosa Valley (see third row of

4-16





Viability Assessment of a Repository at Yucca Mountain
DOE/RW-0508NV3

I

INTENTIONALLY LEFT BLANK

4-18





Viability Assessment of a Repository at Yucca Mountain
DOE/RW-0508/V3

INTENTIONALLY LEFT BLANK

4-20



Total System Performance Assessment
Volume 3

Table 3-24). The dose rate to the individual
(millirems per year) for a given radionuclide is the
product of the biosphere dose conversion factor
and the saturated zone concentration. Section 3.8
discussed the parameters used in the biosphere
modeling. The expected-value biosphere dose
conversion factors for the nine radionuclides
considered in the TSPA-VA base case, under long-

term average climatic conditions, are as follows:16

* Carbon-14 = 1.23 x 107 (mrem/year)/(g/m3 )

* Iodine-129 = 8.24 x 104 (mrem/year)/(g/m 3 )

* Neptunium-237 = 4.60 x 106 (mrem/year)/
(g/m 3)

* Protactinium-231 = 6.56 x 108 (mrem/year)/
(g/m3)

* Plutonium-239 = 2.72 x 108 (mrem/year)/
(g/m3)

* Plutonium-242 = 1.56 x 107 (mremlyear)/
(g/m3)

* Selenium-79 = 9.30 x 105 (mremlyear)/
(g/m3)

* Technetium-99 = 5.29 x 104 (mrem/year)/
(g/m3)

* Uranium-234 = 2.22 x 106 (mrem/year)/
(g/m3)

4.2 DETERMINISTIC RESULTS OF THE
TOTAL SYSTEM PERFORMANCE
ASSESSMENT BASE CASE

The single realization described in this section is
the outcome of sampling all uncertain input param-
eters in the TSPA-VA component models at the
expected value of their ranges (i.e., at their mean or
average value). The intent is to illustrate how total

system behavior (i.e., individual dose rate) is influ-
enced by the various component or subsystem
models and parameters. The method is to compare
time history plots of key subsystem parameters
(e.g., waste package failure history) with the time
history plots of both dose rate and release rate at
various system boundaries (e.g., the bottom
boundary of the unsaturated zone-the water
table).

Figure 4-12 illustrates the dose rate versus time
from all biosphere dose pathways to an average
adult (see Section 3.8) residing 20-km (12-miles)
downgradient of the repository, for the expected-
value simulation. The three graphs in this figure
correspond to three different time frames:

* The first 10,000 years after repository
closure

* The first 100,000 years after repository
closure

* The first I million years after repository
closure, which is the likely maximum
geologically stable time period according to
the National Research Council panel on
Yucca Mountain performance standards
(National Research Council 1995, p. 72)

The shape and timing of various dose histories
these plots is explained in subsequent figures
this section. Key points about the three plots
Figure 4-12 are the following:

in
in
in

1. Within the first 10,000 years, the only radio-
nuclides to reach the biosphere are the
nonsorbing radionuclides with high inven-
tories, technetium-99 and iodine-129, and
the total peak dose rate is about 0.04 mrem/
year.

2. Within the first 100,000 years, the weakly
sorbing radionuclide neptunium-237 begins
to dominate doses in the biosphere at about

16 Justification for the use of only these nine radionuclides is presented in Chapter 6, Appendix C of the Total System
Performance Assessment-Viability Assessment (TSPA-VA) Analyses Technical Basis Document (CRWMS M&O
1998i).
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50,000 years, with the total dose rate
reaching about 5 mremlyear.

3. Within the first 1 million years, neptunium-
237 continues to be the major contributor to
peak dose rate, which reaches a maximum
of about 300 mremlyear at about 300,000
years after closure of the repository, just
following the first climatic superpluvial

period.' 7 The radionuclide plutonium-242
is also important during the 1 million-year
time frame and has two peaks at about
320,000 years and 720,000 years, closely
following the two superpluvial periods.
There are regularly spaced spikes in all the
dose rate curves (more pronounced for
nonsorbing radionuclides such as
technetium-99 and iodine-129) corre-
sponding to the assumed climate model for
the expected-value base case simulation, as
shown in Figure 4-1. As described below,
these spikes are a result of assumed abrupt
changes in water table elevation and
seepage through the packages.

4.2.1 Ten-Thousand-Year Dose Rates

Within the first 10,000 years after closure,
technetium-99 and iodine-129 are the dominant
radionuclides to reach the biosphere. Relatively

large inventories of technetium-99 and iodine-129
are emplaced in the commercial spent nuclear fuel
packages. Following are three important qualities
of these two radionuclides:

* High solubility in the Yucca Mountain pore

water seeping into the waste packages,18
which allows rapid release from the waste
packages and the engineered barrier system
compared to releases of the actinide
elements, that is, uranium, neptunium,
curium, and americium

* Negligible sorption onto the tuff rock matrix
in the natural barriers, which allows
relatively rapid transport through the natural
system compared to other, more chemically

reactive, elements19

* Relatively slow decay compared to the

10,000-year time span20

Because both technetium-99 and iodine-129
behave similarly with respect to these three key
attributes, only the movement of technetium-99
needs to be tracked through the system to explain
the behavior of both ions, and the behavior of the
total dose rate within 10,000 years.

17 This dose rate is comparable to the annual mean background radiation in the United States from natural sources
(NCRP 1987, p. 149; National Research Council 1990, p. 19). The dose rate shown in Figure 4-12 reaches a peak
after the superpluvial period (see Figure 4-1) because of a sorption delay affecting neptunium-237 transport in the
saturated zone. Also, as discussed in Chapter 6, Appendix C of the Total System Performance Assessment-Viability
Assessment (TSPA-VA) Analyses Technical Basis Document (CRWMS M&O 1998i), the predicted total dose rate of
300 mrem/year would perhaps increase by 15 to 20 percent if the daughter products of neptunium-237 (uranium-233
and thorium-229) had been included in the model.

18 The composition of the water seeping into the waste packages may be altered from ambient (i.e., pre-repository)
conditions because of thermal-chemical processes, including evaporation and recirculation during the early high-
temperature period and chemical reaction with the emplaced in-drift, waste package, and waste form materials.
Thus, the use of ambient pore-water solubility in the radionuclide mobilization model in TSPA-VA is an approxi-

mation. See the Total System Performance Assessment-Viability Assessment (TSPA-VA) Analyses Technical Basis
Document (CRWMS M&O 1998i) for clarification of this modeling assumption.

19 Both technetium and iodine are assumed to be dissolved in the pore water in their anionic, oxidized forms as pertech-

netate (TcW4 ) and iodide (I-). Under ambient or chemically unaltered conditions in Yucca Mountain, anions have a
low affinity for sorption onto the volcanic tuff rocks, which implies that they can travel more rapidly through the
unsaturated zone than other radionuclides that are in a cationic, or positively charged, state in the oxidized ground-
water. Furthermore, pertechnetate and iodide have a lower potential for incorporation into minerals via precipitation
than some other elements, such as the actinide elements, particularly under oxidizing conditions.

20 Technetium-99 has a half life of about 213,000 years and iodine-129 about 15,700,000 years.
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Figures 4-13 through 4-15, discussed in detail in
this section, show the primary causes for the shape
and timing of the 10,000-year dose rate graphs for
technetium-99 and iodine-129. Two primary sets
of plots are shown:

* Time histories of activity release and radio-
nuclide concentrations at the downgradient
boundaries of various parts of the natural and
engineered barriers (e.g., engineered barrier
system, unsaturated zone, and saturated
zone)

* Time histories of key subsystem parameters

Figure 4-13 shows the performance of the
engineered barrier system. It is evident from
Figure 4-13 that the initial releases of technetium-
99 (and also iodine-129 and carbon-14) from the
waste packages and the engineered barrier system
are caused by the first package failure at
1,000 years, which is an assumed juvenile, or early,
failure arising from possible manufacturing
defects, rockfall, or seismic activity. This failure is
assumed to occur in the southeast repository
region, the largest in area of the six regions (see
Figure 4-4). The small initial peak and oscillation
in release from the engineered barrier system in the
southeast region at about 1,000 years is caused by
the initial gap fraction release from the single
juvenile-failure package. The gap fraction is the
2 percent of the total technetium-99 inventory
residing in very soluble form in the gap between
the fuel matrix and the cladding.

After the initial juvenile failure at 1,000 years, the
first corrosion failures occur at about 4,100 years
and 4,200 years (the first one in the southeast
region and second one in the central-central
region), indicated by the bar heights equal to 1 in
the histogram plot of package failures. After that,
more packages fail by corrosion in all the various
regions starting at 5,000 years. Besides this waste
package failure history, the other key event influ-
encing performance in the 10,000-year time frame
is the abrupt climatic change from current dry
conditions to the relatively wetter long-term
average climate, occurring at 5,000 years in this
expected-value realization. This climatic change is
evident in both the waste package and engineered
barrier system mass-release graphs and causes the
abrupt peak in releases at 5,100 years. However,
this mass-release peak originates almost solely
from the single juvenile-failure package and not

from the two corrosion-failed packages.21 For
example, the advective/diffusive release plot shows
that the two corrosion-failed packages at 4,100 and
4,200 years have a negligible influence on either

total22 advective or total diffusive mass-release

curves prior to the climate change at 5,000 years.23

This lack of influence is a result of the very small
initial patch area per package, shown graphically in
Figure 4-13. This small area means a low diffusive
flux out of the corrosion-failed packages and a low
seepage flux into the corrosion-failed packages.
The latter causes low advective releases during the

dry climate (Figure 4-13).24 (The seepage flux

21 The juvenile-failure package has the same clad failure fraction initially (about 1.25 percent) as the corrosion-failed
packages.

22 'Total" as used here means the total releases from all waste packages in the entire repository.

23 During the dry climate in the first 5,000 years, the technetium-99 releases from advection and diffusion are about the
same from the juvenile-failure package and add up to the total release curve from the engineered barrier system.
Later, in the 100,000-year and 1 million year time frames (see Figures 4-16 and 4-21), diffusion dominates over
advection by about a factor of 10 for technetium-99 releases during the dry climate periods. This is because
technetium-99 is not released by advection from the package at nearly as high a rate during the dry climate compared
to the long-term average climate. Therefore, a higher concentration of technetium-99 builds up in the waste package
during the dry climate, producing a much higher concentration gradient from the inside to the outside of the package.
This concentration gradient is the force that produces diffusive releases. However, at very early times, from 1,000 to
5,000 years, the patch area on the single juvenile-failure package is too small to allow diffusive releases to dominate
advective releases (compared to the larger patch area available on corrosion-failed packages at later times).

24 On the seepage flux plot, the red line indicates the average seepage flux through the packages, averaged over all six
repository regions. The six gray lines (hard to see individually because they overlap) are the seepages into the six
individual regions. Similarly, for the seepage into the drift, the blue line represents an areal average over the regions.
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into the drift is the same for both the juvenile
package and the corrosion packages, but the
seepage into and through the packages is different
because of the different patch area.) The single
juvenile-failure package was conservatively

assumed to have a larger failed area (0.031 in2 ,
which stays constant with time) than the initial
corroded patch area per package for the corrosion
failed packages. The patch area on corrosion failed
packages eventually equals the failed area of the
juvenile failure package at about 30,000 years.

At 5,000 years, the climate becomes wetter and the
seepage flux through both the juvenile-failure
package and the corrosion-failed packages abruptly
increases, as shown on the plot of seepage flux.
This increase produces a burst of technetium-99
release from the repository at 5,000 years, shown
by the peak in the technetium-99 advection curve.
The diffusive release curve drops off during the
long-term average climate because the removal of
technetium-99 by advection decreases the concen-
tration in the waste package. The burst in
technetium-99 release at 5,000 years is caused
almost solely by the greater flushing of the juvenile
failure package, with only a negligible contribution
from the corrosion-failed packages. The contri-
bution from the corrosion-failed packages is very
small because the patch area and seepage flux are
low enough that the solubility limit for
technetium-99 becomes important for those
packages.

Figure 4-13 has shown the major factors
controlling the 10,000-year repository perfor-
mance. These factors are related to the engineered
barrier system, primarily waste package perfor-
mance and seepage. Some additional contribution
to performance is gained within the natural
geologic setting, that is, the barriers of the unsat-
urated and saturated zones, but primarily only
during the dry climate up to 5,000 years. This
additional performance is caused by delay in
transport because of slow liquid flow through the
300 m of unsaturated zone between the repository
and the water table. It is also caused by the
relatively long (20 km, or 12 miles) travel distance
in the saturated zone-from the repository
footprint at the water table to the water withdrawal

location. On the other hand, in the long-term
average climate, the delay because of travel time in
the unsaturated zone is greatly reduced by the
higher overall infiltration flux, from an average of
about 7 mm/year to an average of 40 mmlyear.
The delay is also influenced by the increase in
proportion of the unsaturated zone travel path
associated with fracture flow and the much greater
proportion of fracture flow (compared to matrix
flow). The delay during the long-term average
climate is only about 300 years, based on the 50
percent point of the breakthrough curve.

Figure 4-14 shows the effect of the unsaturated
zone on technetium-99 activity releases. The fast
transport of nonsorbing radionuclides is apparent.
However, comparing the total activity release from
the engineered barrier system with the total activity
release from the bottom of the unsaturated zone
does not provide a measure of the technetium-99
travel time through the unsaturated zone because
the engineered barrier system releases have only
been occurring over a 4,000-year period prior to
the switch to long-term average climate. Thus, the
full time needed for completely traversing the 300
m of unsaturated zone during a dry climate is not
realized before the switch to long-term average
climate. This fact is shown in the pulse-release,
breakthrough-curve plot shown in Figure 4-14 for
the three climate states. The 50 percent point on
the breakthrough curves requires about 6,000 years
in the dry climate and 300 years in the long-term
average climate. Another point with regard to
these activity release plots is that the sharp peak in
the total unsaturated zone release curve at
5,100 years is not caused by the transport of the
sharp peak in the total engineered barrier system
release curve. Rather, it is caused by a rapid
(modeled as instantaneous) 80-m rise in the water
table when the climate changes from dry to long-
term average. This rise causes an instantaneous
burst of technetium-99 into the saturated zone from
the 80 in of unsaturated zone pore water, which
produces the activity-release peak at the base of the
unsaturated zone.25

Examination of the engineered barrier system
release plot in Figure 4-14 also reveals that during
the period from 5,000 to 10,000 years, packages
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have failed by corrosion in all six repository
regions. The failures can be seen in the curves for
the six individual regions as they begin to appear at
various times corresponding to initial corrosion
failures of packages in the various regions. The
southwest region, being the smallest and driest
region, has the longest delay in initial failures, with
the release curve appearing just before 10,000
years.

Further comparison of the engineered barrier
system release plot with the unsaturated zone
release plots reveals some of the behavior of the
unsaturated zone between the repository and the
water table. The initial juvenile failure of a waste
package has occurred in the southeast repository
region, which approximately overlies regions 2, 4,
and 5 at the water table (see Figure 4-4).
Therefore, during the period of release from the
juvenile-failure package (1,000 to 5,000 years), the
radionuclide mass arrives at the water table only in
saturated zone regions 2, 4, and 5. This arrival
location is also because of the generally south-
easterly direction of lateral diversion in the unsat-
urated zone as described in Sections 3.1 and 3.6.

Similarly to the unsaturated zone, the saturated
zone provides its best performance during the dry
climate periods that occur approximately every
90,000 years on average (see Section 3.1). During
these dry periods, the delay in the saturated zone
for nonsorbing radionuclides such as technetium-
99 and iodine-129 is about 1,000 years
(Figure 3-72). During the long-term average
climate, the delay is equal only to 1000/5.44 = 184
years, where 5.44 is the flux multiplier used for the
long-term average climate relative to the dry

climate (Section 3.7).26 The performance of the
saturated zone during the first 10,000 years after
closure is illustrated in Figure 4-15, which
compares activity releases at the base of the unsat-
urated zone, or entry to the saturated zone, to
activity releases at the end of the saturated zone, at
20 km (12 miles). Seeing the time delay in either
the dry or long-term average climate from these

two activity release figures is difficult. However,
comparing the temporal location of the water-
table-rise peak on the unsaturated zone release
figure with the location on the saturated zone
release figure indicates that the peak is delayed by
at least the expected 200-year travel time in the
long-term average climate. In the dry climate, all
that can be compared is the temporal location of a
specific value of the activity release rate (e.g., the
104 Ci/year rate). This location is at about 3,600
years on the unsaturated zone release plot and
about 4,700 years on the saturated zone release
plot, which demonstrates the approximate 1,000-
year delay during the dry climate (shown in Figure
4-15 by the technetium-99 breakthrough curve, for
a constant-concentration source).

The other key feature of saturated zone perfor-
mance is the dilution it provides because of plume
dispersion. This dilution is illustrated on Figure 4-
15 by the two concentration plots, one at the
beginning of the saturated zone for the six regions,
or streamtubes, and one at the end where a single
concentration value is chosen for determining dose
rate. An explanation of the choice for saturated
zone concentration has already been given in
Section 3.7.2.3. Here the explanation is briefly
summarized with the plot of effective dilution
factor shown in Figure 4-15. In particular, the
dilution factor range of I to 100 was based on the
Saturated Zone Expert Elicitation (CRWMS M&O
1998g), which assumed a plume dimension of
approximately the size of each of the streamtubes
in the TSPA-VA saturated zone model. In reality,
there are six saturated zone streamtubes adjacent to
one another. Therefore, at high dilution factors
within the 1-to-100 range, the radionuclides will
overlap and mix by diffusion, which can be
approximated by adding the concentrations in the
six streamtubes to determine a concentration to use
for calculating dose. This is the appropriate
scenario for the expected value case, which
assumes a dilution factor of 10 in each individual
streamtube. In this case, the diffusional mixing
method results in an effective dilution factor of

25 The sharp peak in the engineered barrier system curve at 5,200 years is transported through the unsaturated zone and
appears in the unsaturated zone release curves as a subdued peak at about 5,600 years.

26 The superpluvial climate flux multiplier is 14.7.
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only four, as shown by comparing the concen-
tration plots at the beginning and end of the
saturated zone. The cumulative distribution
function plot for the effective dilution factor can
also be examined, and it shows that the median
probability of 0.5 corresponds to a dilution factor
of four. (This median value is the median of a
100-realization run [see Section 4.3], so this
dilution factor is not exactly the same as the
expected-value run being described in this section,
though it is nearly the same.) For low dilution
factors, the saturated zone model chooses the
maximum of the six streamtubes because this is
effectively the case of no or very little mixing
between the streamtubes. For the expected-value
run, this choice would cause a dilution of 10;
however, as previously mentioned, a value of 10 is
high enough to invoke the diffusive mixing
scenario. For completeness, the effective dilution
plot also shows the case of advective mixing of the
six streamtubes, which means averaging the
concentration of all six streamtubes, and corre-
sponds to the scenario of a well intersecting all six
streamtubes and then having their waters mixed in
the wellbore.

A final summary point about the 10,000-year dose
rates is that only nonsorbing radionuclides such as
technetium-99 and iodine-129 reach the biosphere
because most of the other radionuclides react to
some degree with the tuffaceous rocks in the
geosphere. These radionuclides are delayed
enough by these reactions that they do not reach
the biosphere during the first 10,000 years after
repository closure.

4.2.2 One-Hundred-Thousand Year Dose
Rates

Within the first 100,000 years after closure,
technetium-99 and neptunium-237 are the
dominant radionuclides to reach the biosphere;
technetium-99 dominates dose rates up until about

50,000 years, after which neptunium-237 finally
reaches the biosphere and dominates thereafter.
There are relatively large inventories of both radio-
nuclides in the commercial spent nuclear fuel
packages. The three important qualities about
technetium-99 were pointed out in the previous
section: high solubility in Yucca Mountain
porewater, no sorption on the volcanic tuffs, and
relatively slow decay. Following are three key
qualities about neptunium-237:

* Relative low solubility in the porewater

seeping into the waste packages, 27 implying
that neptunium-237 mass release from failed
waste packages is "solubility-limited" until
the failed inventory is nearly depleted. In
other words, the neptunium-237 release rate
from the packages will be linearly propor-
tional to the liquid flow rate through the
failed packages.

* Weak, but nonzero, sorption onto the tuff
rock matrix in the natural barriers, which
means a lower transport rate through the
unsaturated and saturated zone than for
technetium-99 (about a factor of 20 to 80
times slower in the rock matrix, but the same
through fractures). However, the
neptunium-237 transport rate is still
relatively rapid compared to more chemi-
cally reactive elements. 28

* Relatively slow decay compared to the

100,000-year time span.29

In the following discussion, mainly the behavior of
these two key radionuclides, technetium-99 and
neptunium-237, is tracked, but the behavior of
plutonium-239 is also discussed. There is also a
large inventory of plutonium-239, but the radionu-
clide has a much higher sorption than neptunium,
implying much slower transport through rock

27 As with technetium-99, the solubility used for neptunium-237 is the "ambient" solubility in pre-repository pore
water.

28 Because the pore waters are assumed to be oxidizing, neptunium is thought to be present in ionic form mainly in the

Np+ 5 oxidation state, as the NpO 2+ ion at ambient pH levels (below 8).

29 Neptunium-237 has a half life of about 2,140,000 years.
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matrix. However, because plutonium-239 has been
observed in colloidal form in recent measurements
at the Nevada Test Site, caused by rapid migration
in 'the groundwater away from underground
nuclear test detonations, it is important to consider

its possible future behavior at Yucca Mountain.30

Figures 4-16 through 4-20, discussed in detail in
this section, show the primary causes for the shape
and timing of the 100,000-year technetium-99 and
neptunium-237 dose rate graphs. As in the
previous section, two primary sets of plots are
displayed: time histories of activity release or
concentration at the downgradient boundary of
various parts of the natural and engineered barriers
(i.e., engineered barrier system, unsaturated zone,
and saturated zone); and time histories of key
subsystem parameters. Figure 4-16 portrays the
100,000-year performance of the engineered
barrier system. Similarly to the 10,000-year
performance, the key factors are climate change
and waste package failure history. Consider first
the waste package and engineered barrier system
releases of technetium-99 and also its dose rate in
the biosphere. All three of these time histories
mirror the jagged nature of the instantaneous waste
package failure history. This instantaneous failure
curve is a histogram of package failures, with the
interval size being. equal to the time step size of

333 years. 3 1 Ten or 11 packages are about the most
that fail (by patch penetration) in any 333-year
period. The reason that the release-rate curves and
dose curve for technetium-99 mirror the package
failure rate is that technetium-99 is not solubility
limited at the values of seepage flux flowing
through the packages . after 10,000 years.
Therefore, technetium-99 is flushed very rapidly
from a failed package., As, package inventories
become available for release via the failure
histogram, their inventories of technetium-99 are
almost instantaneously released, which causes this
mirroring of releases with package failures.

The releases of neptunium-237 are different from
technetium-99 releases because of neptunium-
237's low solubility. Low solubility causes the
shape of the neptunium-237 release curve to be
relatively smooth and controlled by two features:
the flow rate of water through the packages and the
cumulative amount of failed packages or inventory.
The cause and effect of the first feature, seepage
flux, is evident when the climate changes from
long-term average to dry at 95,000 years. When
the dry climate is reestablished, advective releases
of neptunium-237 are dramatically reduced
because of the linear proportionality between flow
rate and mass release for radionuclides that have
reached their solubility limit in the water seeping
through the waste packages. Furthermore, the
neptunium-237 diffusive releases do not abruptly
change with the switch from long-term average
climate to dry climate at 95,000 years because the
accompanying change in seepage flux does not
change the neptunium-237 concentration in the
packages, which is the driving force behind

diffusion.3 2 In the dry climate, the technetium-99
advective release rate also drops by about the same
factor as the neptunium-237 release rate. The
lower release rate gives the appearance that
technetium-99 is also solubility limited. However,
this is not the case, as shown by the significant
increase in diffusive releases for technetium-99
during the dry climate. The explanation for this
phenomenon is found in the "seepage fraction" plot
shown in Figure 4-16, which shows the fraction of
all packages that are exposed to seeps in each of
the six repository regions, plus the average over the
regions. This average fraction drops from about
0.27 to 0.045 with the switch to dry climate;
however, the packages keep failing at about the

same rate during the dry climate,3 3 continually
exposing technetium-99 inventory to contact with
water, but in this case stagnant or nonflowing
water. Because of the very high solubility of
technetium-99 (0.34 g/m 3 or 1.43x10-6 M for this
expected-value realization), the concentration of

30 Plutonium-239 has a relatively short half life of about 24,000 years.

31 If divided by the total number of packages, this instantaneous failure history becomes a probability density function
(pdf) for waste package failure as a function of time.

32 This, in fact, is the key point about reaching a solubility limit: that the amount of water or water flow present does not
alter the concentration (mass/volume) of the radionuclide in solution.
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technetium-99 is very high in these failed packages
because flowing water is not removing the
inventory. A much higher concentration gradient is
created between the inside and outside of the
packages, causing a much higher diffusive mass
release. As discussed in the next section regarding
1 million-year releases, when the climate goes
back from dry to long-term average a burst of
technetium-99 is released. This burst represents
the technetium-99 that has built up during the long-
term average climate within the fraction of
packages that are not dripped on during the dry
period, even though they have failed by corrosion.
When this incremental fraction of packages (about

! 0.225) is suddenly dripped on again during the new
long-term average climate, all of the technetium-99
is abruptly transported away. This technetium-99
available for rapid transport has accumulated
during the dry climate because the commercial
spent nuclear fuel degradation rate is very high.
All of the technetium-99 available from this degra-
dation is present in a highly soluble form that can
dissolve at a very high concentration in the newly
available flowing water during the long-term
average climate.

The second factor controlling the neptunium-237
release is the cumulative amount of failed

inventory, shown in Figure 4-16 for the three
inventory types: commercial spent nuclear fuel,
DOE spent nuclear fuel, and high-level radioactive
waste. For the latter two, the cumulative failed-
inventory curve is found by multiplying the
cumulative failed-package curve by the inventory

per package.34 However, for commercial spent
nuclear fuel there is a second barrier to consider:

the Zircaloy fuel cladding.3 5 During the first
100,000 years, this cladding is considered to be
very robust in the base case, expected-value
realization. At most only about 3 percent of the
cladding will fail by various mechanisms by
100,000 years (see Section 3.5), meaning that to
obtain the cumulative exposed inventory in
commercial spent nuclear fuel, the cumulative
package-failure history must be multiplied by both
the neptunium-237 inventory per package and by

the clad failure fraction.36 In Figure 4-16 the
neptunium-237 cumulative inventory-exposed
history has the same shape as both the waste
package and engineered barrier system release
histories. On the other hand, the seepage flux into
the packages also has the same steadily increasing
curve (ignoring the climate change at
95,000 years), which is caused by the steadily
growing patch area curve. It appears as if either

33 The fact that packages keep failing at the same rate during the dry climate is a conservative assumption. Within the
RIP model, there are four environmental package groupings: packages that are never dripped on (55 percent of all
packages, in the expected-value base case); packages that are dripped on during all climates (4.5 percent); packages
that are dripped on only during the long-term average and superpluvial climates (22.5 percent); and packages that are
dripped on only during the superpluvial climates (18 percent). However, only two of these groupings are represented
in the waste package degradation model: packages that are dripped on from time zero to I million years, and
packages that are never dripped on. It is thus a conservative assumption (i.e., erring on the side of maximum
releases) to assume that the long-term average fraction of packages (i.e., the fraction that is dripped on during long-
term average and superpluvial climates) has the same failure rate during the long-term average climate and the dry
climate. On the other hand, a somewhat nonconservative assumption is that the superpluvial fraction of packages
fails according to the non-seep failure curve. This assumption is used because these packages are not dripped on at
all until at least 250,000 years after repository closure.

34 The average neptunium-237 inventory per package is 11.4 Ci per package for commercial spent nuclear fuel, 0.735
Ci per package for high-level radioactive waste, and 0.153 Ci per package for DOE spent nuclear fuel.

35 Some of the inventory of DOE spent nuclear fuel has intact cladding (such as naval fuel and about 50 percent of
N-Reactor fuel); however, it is conservatively assumed in TSPA-VA that all the DOE spent nuclear fuel cladding
with the exception of naval spent nuclear fuel is failed at emplacement. This assumption is made in order to bound
the effect of DOE spent nuclear fuel on repository performance. The performance of naval spent nuclear fuel
cladding is discussed in Sections 3.5.3.5. and 5.5.5.

36 This maximum fraction of 3 percent clad failure over 100,000 years is a combination of creep failure, stainless-steel-
rod failure, Zircaloy corrosion failure, and mechanical failure (see Section 4.1.8).
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the seepage curve or the cumulative inventory
curve could be responsible for the shape of the
neptunium-237 release curve. However, the latter
is responsible because the seepage is already high
enough to have reached the solubility limit, as
demonstrated in the discussion above regarding the
advective and diffusive release curves. The
steadily increasing cumulative inventory curve
means that more packages, seepage, and inventory
are becoming available with time for transport of
more neptunium-237 away from the entire repos-
itory.

Figure 4-17 shows the performance of the waste
package and engineered barrier system for the
three inventory types: commercial spent nuclear
fuel, DOE spent nuclear fuel, and high-level radio-
active waste. One implication from this figure,
especially when the technetium-99 cumulative
inventory exposure curves are compared, is that the
exposed DOE spent nuclear fuel inventory is
nearly as large as the commercial spent nuclear
fuel inventory at 100,000 years-the ratio of DOE

inventory to commercial inventory is about 0.4.3
Also, this ratio is roughly maintained when trans-
lated to releases from the waste packages, because
the dissolution rates for DOE spent nuclear fuel
and commercial spent nuclear fuel are comparable
for most of the 100,000 years, as shown in Figure
4-17. In contrast, the exposed technetium-99 high-
level radioactive waste inventory is about twice as
much as the exposed commercial spent nuclear fuel
inventory. However, the technetium-99 high-level-
waste activity released is about five times lower
than the commercial-spent-nuclear-fuel activity
released because the high-level-waste degradation
rate is lower than the commercial and DOE spent
nuclear fuel degradation rates. The exposed

neptunium-237 inventory and its activity released
from the engineered barrier system has a similar
relationship to that of technetium-99 because of
fuel degradation rate.

Returning to Figure 4-16, another point about the
engineered barrier system behavior is the
plutonium-239 release curve. The radionuclide
plutonium-239 is another actinide that is solubility
limited in ambient Yucca Mountain pore waters.
Therefore, its release behavior from the waste
package and engineered barrier system should be
similar to neptunium-237, which is exactly the
behavior shown in Figure 4-16. However, as
discussed in Section 3.5, colloidal transport of
plutonium-239 is also included in the TSPA-VA
model, so the shape of the engineered barrier
system release curve for plutonium-239 might be
expected to be different from the neptunium-237
release curve. It is not different because in the
TSPA-VA model the fraction of irreversible
colloids (unaffected by interaction with rock
matrix or fractures anywhere in the system) is at
most only 1 x 101 times the concentration of
reversible colloids (and only 1 x 10-7 for the
expected-value base case realization being
described here-see Section 4.1.10). Furthermore,
since the reversible colloid concentration is
linearly proportional to the dissolved aqueous
concentration (see Section 3.5), it is necessarily
true that the shape of the plutonium-239 release
curve is the same with or without colloids. Also,
for the expected-value base case the proportion-
ality factor, Kc (the ratio of plutonium mass on
colloids to plutonium mass dissolved in the
aqueous phase), is only about 0.33, so the
plutonium-239 release curve must be dominated by

3 Roughly, the total technetium-99 commercial spent nuclear fuel inventory can be computed from the product of the
number of commercial spent nuclear fuel packages (7,760) times the cladding fraction (at most only 0.03 of the
cladding fails during the first 100,000 years) times the technetium-99 inventory per package (118 Ci). The product
equals 27,470 exposed Ci.. Similarly for the technetium-99 DOE spent nuclear fuel inventory: 2,546 DOE spent
nuclear fuel packages times technetium-99 inventory per package (2.55 Ci) equals 6,492 exposed Ci. The TSPA-VA
model conservatively assumes no intact cladding on the DOE spent nuclear fuel. Therefore, the ratio of DOE spent
nuclear fuel to commercial spent nuclear fuel inventory is about 0.24. (Actually, the number of packages used in this
computation should be the riumber of failed packages at a given time. Because the commercial and DOE spent
nuclear fuel fail at about the same rate, the ratio of the inventories can, instead, be computed from the ratio of the
total emplaced packages. Also, the 3 percent clad fraction used in this example is only an approximation and changes
with time during the 100,000 years, growing from 1.25 percent at initial package failure to about 3 percent 100,000
years after package failure.) I ..
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dissolved plutonium-239, not colloidal plutonium-
239.

Figure 4-16 also shows the performance of the
engineered barrier system, specifically the concrete
invert. Although a pulse-release breakthrough
curve is not shown, a comparison of total
neptunium-237 releases from the engineered
barrier system with advective neptunium-237
releases from the waste package indicates that
there is a transport delay of neptunium-237 in the
invert. The neptunium-237 distribution coefficient
(Kd) in the invert is about 100 mL/g (and the
plutonium Kd is about 600 mL/g). This Kd for
neptunium makes invert travel time in the dry
climate very slow (on the order of 100,000 years
through the 1 m of invert), while in the long-term
average climate the travel time is about 7,500
years. Therefore, because there is a climate change
at 5,000 years after closure, the effective travel
time of neptunium-237 through the invert is about
(5,000 + 7,500 =) 12,500 years. (The neptunium
moves only a negligible distance during the 5,000
years of dry climate).

Figure 4-18 shows the performance of the unsat-
urated zone base case model over the 100,000-year
time span, during which the long-term average
climate predominates. In Sections 3.1 and 4.1, the
unsaturated zone expected-value long-term
average base case was explained as having an
average of about 40 mm/year percolation through
the unsaturated zone at the repository horizon. Part
of this flow is diverted laterally by the perched-
water zone beneath the northern portions of the
repository. The net effect of the diversion, and also
sorption of the radionuclides onto the rock matrix,
is shown in the unsaturated zone activity-release
plot in Figure 4-18. This plot represents the
summed activity release over all six regions at the
water table for the three indicated radionuclides.
Comparison of the engineered barrier system and
unsaturated zone release rates shows that the unsat-
urated zone has little delaying effect on the
transport of the nonsorbing technetium-99. For the

weakly sorbing neptunium-237, the unsaturated
zone appears to delay its movement by about
several thousand years. For the strongly sorbing
plutonium-239, the unsaturated zone delays its

releases by tens of thousands of years.38 (Using
the 50 percent point on the pulse-release break-
through curves as the metric to gauge travel time,
technetium-99 delay is 300 years, neptunium-237
delay is 20,000 years, and plutonium-242 delay is
apparently greater than 1 million years.
Plutonium-242 breakthrough is shown in the plot
because plutonium-239 has a very short half-life of
24,000 years, while plutonium-242 has a half-life
of about 387,000 years. However, even with this
half-life, the 50-percent-breakthrough metric is in
error because the normalization factor for the plot
is the initial number of particles, many of which
have decayed before traversing the entire unsat-
urated zone. The exact amount of error can only be
determined by simulating plutonium-242 or
plutonium-239 transport without decay, that is,
taking into account sorption, but not decay.)

Figure 4-19 shows the performance of the saturated
zone over the 100,000-year time span for this
expected-value base case realization. Shown are
two sets of plots; release rate graphs at both the
base of the unsaturated zone and the 20-km
(12-mile) distance in the saturated zone, and
concentration plots at the water table beneath the
repository and at the 20-km (12-mile) distance.
Also shown again (see Figure 4-15) are the
saturated zone generic breakthrough curves and the
dilution-factor cumulative distribution functions.
The saturated zone demonstrates similar behavior
to the unsaturated zone for the three radionuclides;
technetium-99 is only slightly delayed, neptunium-
237 is moderately delayed, and plutonium-239 is
strongly delayed. Based on the breakthrough
curves shown, the delay of the 50 percent concen-
tration point is about 50,000 years for neptunium-
237 and about 10,000 years for plutonium-239.
Finally, as with the 10,000-year technetium-99
transport discussed in Section 4.2.1, neptunium-
237 transport through the six streamtubes similarly

38 The plutonium-239 release curve is erratic at the base of the unsaturated zone. This nonphysical behavior is caused
by the discrete nature of the particle tracking model when releases are very low, resulting in the observance of
individual particles passing out of the domain.
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experiences an effective dilution factor of about
four when sampled in a well-withdrawal scenario
at 20 km (12 miles).

Figure 4-20 illustrates how the relative concentra-
tions of the three radionuclides in the groundwater
translate to relatively different doses as a result of
the disparate biosphere dose conversion factors. In
particular, the biosphere dose conversion factors
(mremlyear/Ci/m3) of neptunium-237 and
plutonium-239 are about 1,000 times higher than
the technetium-99 biosphere dose conversion
factor. This implies that although the
neptunium-237 activity concentration in the
groundwater (Ci/m3) is much lower than
technetium-99, its dose rate is about 10 times
higher because of larger impact on the human

body.39 Similarly, although the plutonium-239
activity concentration in the saturated zone is very

low at 100,000 years (1 x 10-12 Ci/m3 or 0.001
pCiL), its dose reaches several millirem per year
because of its relatively high biosphere dose
conversion factor.

The final plot in Figure 4-20 shows the small effect
of including a model for irreversible sorption of
plutonium-239 onto colloids, where the ratio of the
irreversible fraction to the reversible fraction is
1 x 10-7 in the base case expected-value
realization. This model accounts for the early
breakthrough of plutonium colloids observed in the
Benham test. The scale on this plot is not low
enough to show the first breakthrough of these
irreversible colloids at the 20-km (12-mile)
boundary. However, examining the modeling
results shows a first breakthrough at about 1,500
years, which represents the very fast fracture
transport through the natural system of the releases
from the juvenile-failure package that fails at 1,000
years.

4.2.3 One-Million-Year Dose Rates

Within the first 1 million years after closure,
technetium-99 and neptunium-237 are the
dominant radionuclides to reach the biosphere;
technetium-99 dominates dose rates up until about
50,000 years, after which neptunium-237 reaches
the biosphere in appreciable amounts and
dominates thereafter. After a long period of delay
in the natural barriers, plutonium-242 finally
appears at the biosphere in appreciable amounts
beginning at about 200,000 years and then remains
as the second most important radionuclide, after
neptunium-237, for the remainder of the 1 million-
year period. In the two superpluvial periods that
occur, plutonium-242 has a relatively sharp peak
that contributes about the same as neptunium-237
to the total peak dose during those climatic periods.
There are relatively large inventories of all three
radionuclides (technetium-99, neptunium-237, and
plutonium-242) in the commercial spent nuclear
fuel packages. The key qualities of technetium-99
and neptunium-237 have already been discussed at
the beginning of Sections 4.2.1 and 4.2.2. For the
1 million-year performance period, their behavior
is again used to explain the performance of the
repository system and subsystems. In addition, the
behavior of the rather long-lived plutonium-242 is
used to explain the behavior of strongly sorbing

radionuclides during the 1-million-year period.4 0

Figures 4-21 through 4-25, discussed in detail in
this section, show the primary causes for the shape
and timing of the 1-million-year dose rate graphs.
Figure 4-21 shows the 1-million-year performance
of the engineered barrier system. Again, the key
factors are climate change and waste package
failure history. In contrast to the 10,000-year and
100,000-year time spans, however, an additional
parameter is necessary to explain the shape of the
curves after 200,000 years: cladding failure rate.
This parameter is discussed in detail below.

39 The mass concentrations (g/m3) for technetium-99 and neptunium-237 are actually much closer to each other than are

their activity concentrations, about 7 X 10-6 g/m3 and I X 10-6 g/m3 respectively; however, the specific activity
(Ci/g) of neptunium-237 is much lower than that of technetium-99.

40 Plutonium-242 has a half life of about 387,000 years.
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