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ABSTRACT

A Total System Performance Assessment (TSPA) of Yucca Mountain consists of integrated

sub-models and analyses of natural and engineered systems. Examples of subsystem models

include unsaturated-zone flow and transport, seepage into drifts, coupled thermal hydrologic

processes, transport through the engineered barrier system, and saturated-zone flow and

transport. The TSPA evaluates the interaction of important processes among these subsystems,

and it determines the impact of these processes on the overall performance measures (e.g., dose

rate to humans). This paper summarizes the evaluation, abstraction, and combination of these

subsystem models in a TSPA calculation, and it provides background on the individual TSPA

subsystem components that are most directly impacted by geotechnical issues. The potential

impact that geologic features, events, and processes have on the overall performance is

presented, and an evaluation of the sensitivity of TSPA calculations to these issues is also

provided.
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1. INTRODUCTION

Evaluating the safety of the potential repository at Yucca Mountain, Nevada, is challenging

and complex. A

influence of rock

number of geotechnical issues contribute to the complexity, including the

(and fracture) properties on fluid flow and transport, coupled thermal and

hydrologic processes, and characterization of representative features, events, and processes. To

accommodate the inherent uncertainties among these issues, an approach that has been
<

internationally accepted in evaluating the safety of disposal facilities is a total system

performance assessment (TSPA).

1.1. What is a TSPA?

A total system performance assessment (TSPA) develops, evaluates, combines, and, if

necessary, abstracts models and analyses of repository subsystem components into a single

analysis that provides an estimate of overall system performance. Examples of possible

performance measures include peak dose to humans from all pathways, cumulative releases of

radionuclides fi-om the system, and concentrations of radionuclides in groundwater. Proposed

requirements specify the system-level performance measure to be annual dose to an individual

[NRC 1999, EPA 1999]. In addition, it is required that uncertainties be taken into account in the

calculations. As a result, the Yucca Mountain TSPA uses a probabilistic approach that consists

of the following five major steps:

1. Develop and Screen Scenarios—The TSPA must consider features, events, and processes

relevant to the proposed repository at Yucca Mountain. Although a large number of issues

can be associated with the system at Yucca Mountain, only the salient ones are evaluated as
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part of the TSPA. Other features, events, or processes are screened out during this first step

as a result of either low consequence or low probability of occurrence.

2. Develop Models—Models are developed to represent the features, events, and processes that

are important to the system. This process includes the development of conceptual models,

mathematical representations of the conceptual models, and numerical implementation of the

mathematical models. These models are often developed at a subsystem level and later

combined.

3. Estimate Parameter Ranges and Uncertainties—The parameters that are used in the TSPA

(e.g., rock properties such as porosity and density) can have natural variability as well as

uncertainty. Parameters that have natural variability may have values that vary over space

and time. Parameters with uncertainty require distributions that arise from incomplete

knowledge of the actual values. The distribution describes a range of values that span the

possible values for the parameter. Point estimates of some parameters maybe used when the

value of the parameter is well known or when the uncertainty of the parameter has little

effect on the overall performance.

4. Perform Calculations—Computer models are linked to allow calculation of the overall

system behavior. Uncertainty associated with the selection of scenarios (e.g., nominal vs.

disruptive) is included in the TSPA by conducting separate analyses for each scenario.

Uncertainty associated with the model parameters is included in the TSPA by conducting

multiple calculations for each scenario using values sampled from the ranges of possible

parameter values. Each individual TSPA calculation uses a different set of sampled input

values. In a statistical sense, the result of each individual TSPA calculation represents a
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5.

different possible “realization” of the fhture performance of the system, consistent with the

uncertainty in the input parameters. The expected (i.e., mean) behavior of the system for

each scenario is shown by the mean of the results of the individual calculations, and the

uncertainty associated with that mean is shown by the range of calculated behaviors. The

TSPA is therefore a probabilistic analysis, and it takes into account both the estimates of the

probability of occurrence of the different scenarios and the uncertainty associated with input

parameters.

Interpret Results—Results of the TSPA can be analyzed at both the system and subsystem

levels to identi$ the models and parameters that have the greatest effect on the behavior of

the system. Identification of the uncertainties that are most important to the TSPA can help

guide fiture testing for site characterization, model development, and repository design. In

addition, when the TSPA models are sufficiently well developed and documented, results can

be used to evaluate compliance with applicable regulatory requirements.

1.2. History of TSPAS for Yucca Mountain

To date, contractors for the U.S. Department of Energy (DOE) have completed TSPA

anal yses in 1991, 1993, 1995, and 1998. These analyses are documented in TSPA 1991: An

Initial Total-System Performance Assessment for Yucca Mountain [Barnard et al. 1992]; Total-

System Performance Assessment for Yucca Mountain— SA?LSecond Iteration (TSPA-1993)

[Wilson et al. 1994]; Total-System Peg$ormance Assessment -1995: An Evaluation of the

Potential Yucca Mountain Repositoq [CRWMS M&O 1995]; and Viability Assessment of a

Reposito~ at Yucca Mountain: Total System Performance Assessment [DOE 1998, CRWMS

M&O 1998a–e]. The general objective of these previous analyses was to refine the methods and

DRAFT Rev 00A 9/9/99 Page 4 of 62



c *

,. Geotechnical Issues in Total System Pe~onnance Assessments of Yucca Mountain

approach that would be applied in “the development of the site recommendation and, ultimately,

in the license application. An additional objective of these studies was to assist DOE in

prioritizing design and scientific investigations on the key components that most significantly

impact petiormance. The knowledge gained in these analyses has assisted DOE in prioritizing

the models to include in the TSPA analyses and prioritizing the data gathering activities needed

to support these models.

Other TSPA analyses, not sponsored by DOE, have been conducted by the Electric Power

Research Institute and by the U.S. Nuclear Regulatory Commission (NRC). The Electric Power

Research Institute’s most recent iteration of a TSPA is documented in Yucca Mountain

Performance Assessment, Phase 4 [EPRI 1998]. NRC has also conducted a recent TSPA NC

1995]. Each iterative analysis of total system performance, whether petiormed by DOE and its

contractors, NRC and its contractors, or the Electric Power Research Institute and its contractors,

leads to improved insights about the expected behavior of the Yucca Mountain repository

system.

1.3. Overview of the Paper

In addition to the brief summary above of the TSPA approach that is being used at Yucca

Mountain, this paper discusses the most relevant geotechnical issues that are evaluated in the

TSPA. These issues are introduced along with subsystem models and

unsaturated flow, seepage into drifts, coupled processes, radionuclide

processes that include

transport, and seismic

effects on flow and transport. The integration of these models into a combined TSPA calculation

is described, and TSPA results from the recent Viability Assessment [DOE 1998] are

summarized. Finally, sensitivity analyses that elucidate the most important issues for long-term
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repository performance are discussed, and conclusions regarding important geotechnical issues

for TSPA are presented.

2. DESCRIPTION OF SUBSYSTEM COMPONENTS IN TSPA

A number of subsystem components comprise the TSPA calculations. The model

components analyzed in TSPA-VA are shown graphically in Figure 1 and are categorized into

one of several “safety-strategy” attributes of the site. These attributes include (1) limited water

contacting waste packages; (2) long waste-package lifetime; (3) slow radionuclide release fi-om

waste packages; and (4) radionuclide concentration reduction during transport. The model

components that are associated with these attributes can fbrther be classified as belonging to the

natural barrier (e.g., unsaturated-zone flow) or engineered barrier (e.g., waste-package

degradation) systems. Several model components shown in Figure 1 are described as “disruptive

events,” which include seismic events, volcanism, human intrusion, and criticality. The

subsystem components that will be described in more detail in this section are limited to those

areas whose processes are most directly related to geotechnical processes in the natural system.

These areas include unsaturated-zone flow, seepage into drifts, the~al hydrology (coupled

processes), radionuclide transport, and seismic effects on hydrology.

2.1. Unsaturated-Zone F1OW

2.1.1. Background

The potential repository at Yucca Mountain is situated in the unsaturated zone several

hundred meters below the surface and several hundred meters above the water table.

Precipitation that infiltrates into the subsurface may percolate to the repository horizon, and it

can have detrimental effects on waste package integrity and radionuclide isolation. As a result,
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unsaturated-zone hydrology is an important aspect of performance assessment, and an estimation

of the rate, amount, and location of water flow in the unsaturated zone is necessary for TSPA.

Current understanding of unsaturated-zone flow at Yucca Mountain is a product of over 15

years of field observations, laboratory experiments, and numerical modeling. The most

important data come from several surface-based boreholes and from the Exploratory Studies

Facility, which is an 8-km-long tunnel through Yucca Mountain. Considerable amounts of data

are available on rock-matrix saturations, water potentials, and temperatures; on chemical

composition and isotopic abundances of groundwater and mineral deposits; on air permeability

and air-pressure fluctuations; on rock types and mineralogy, on fault locations and offsets; on

fracture density and orientations; and on matrix permeability and saturation/desaturation

parameters. In addition, there is information on the upper boundary condition (i.e., infiltration)

fi-om a series of weather stations and shallow boreholes instrumented with neutron probes.

Information also exists on climatic effects from a variety of paleoclimate studies and from

analogues such as present-day Rainier Mesa.

Over the years, the data accumulated at the site have shaped several conceptual models of

unsaturated-zone flow at Yucca Mountain for TSPA calculations. Figure 2 illustrates the various

conceptual models available to model flow through fractured media. Past TSPAS have focused

on the use of equivalent-continuum models (ECM), which assume thermodynamic equilibrium

between the fracture and matrix continua. The strength of the ECM is that it can describe

observed matrix saturations at Yucca Mountain. However, the assumed pressure equilibrium

causes capillarity of the small pores to overwhelm and prevent gravity-driven flow in the

fractures, leading

ECM have been

to inaccurate descriptions of disequilibrium situations. Generalizations to the

developed (called generalized equivalent-continuum models or GECM) to
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increase the flexibility of the ECM. The GECM is very similar to the ECM except that a matrix

satiation value less than one is prescribed to increase flow through the fi-actures. However, it

suffers from lack of data to define the fracture-flow threshold and it is not clear whether it is

valid under hydrothermal conditions.

The Weeps model, used in TSPA-1 993 [Wilson et al. 1994, Chapter 15] is a simplified

stochastic discrete fracture model that only considers flow through fi-actures (similar to the

discrete fracture conceptual model shown in Figure 2). It apparently predicted the fast paths

observed in the exploratory-studies facility (as indicated by elevated 3GC1/Cloccurrences) and

can describe observed flow-channel spacing at Rainier Mesa [CRWMS M&O 1996a, Chapter 6].

Two problems with the Weeps model are (1) it ignores the rock matrix and thus any potential

performance impact of flow and retardation in the matrix and (2) much of the data that it requires

have not been collected and might be difficult (or even impossible) to collect. This model was

not used in TSPA-VA because investigators favored a process-based

calibrated to available site data such as borehole data and perched water.

model that could be

Another important flow conceptualization is the dual-permeability model (DKM). The DKM

allows computation of flow in pressure disequilibrium in matrix and fi-acture continua, and it

appears to be a reasonable compromise between the ECM and Weeps models. The DKM

conceptual model has the flexibility to represent almost the entire range of possible flow

behavior through variation of the fracture-matrix coupling parameter [Ho 1997], allowing its

behavior to

Weeps-type

change continuously

flow’ almost entirely

from the ECM (which is dominated by matrix flow) to a

within the fracture network. Because of its flexibilityy and

ability to model a broader range of unsaturated flow problems, the DKM conceptual model was

used in TSPA-VA. However, the DKM has its own shortcomings, including less computational
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efficiency than the ECM and lack of data describing the

fractures.

2.1.2. Model Abstraction

In all of these conceptual models of unsaturated-zone

coupling term between matrix and

flow that have been used in TSPA

calculations, the model parameters are crucial to the behavior and results of the models. To

better understand the importance of fracture and matrix properties and constitutive relations on

water flow, the governing equations for unsaturated flow through

are presented and analyzed.

The equations governing variably saturated, one-dimensional,

fi-actdred rock using the DKM

vertical flow of liquid in dual-

permeability media can be written as follows [Peters and Klavetter 1988; Pruess 1991, pp. 10-26;

Ho 1997, pp. 401-410]:

(1)

where Equation (1) describes the flow of liquid (subscript Z) in the matrix continuum (subscript

m) and Equation (2) describes the flow of liquid in the fracture continuum (subscript), and

relative permeability to the liquid phase
intrinsic permeability (m*)
dynamic viscosity of the liquid (Pa-s)
liquid pressure (Pa)
external source of liquid mass, (+) injection and (-) extraction (kg/m3-s)
porosity
density of the liquid (kg/m3)

specific surface of the interface between the fracture and matrix continua (m-l)
is the characteristic half width of the matrix continuum between fractures (m)
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~fm = reduction factor for the interface area between the fracture and matrix
continua

z = depth taken to be positive upward (m)
with j = m,f

In Equations (1) and (2), the second term on the right-hand size represents the exchange of

liquid between the fracture and matrix. The reduction factor, Xfi,, represents a reduction in the

hydraulic conductance between the two continua because of small-scale features and processes

such as fingering, channeling, and fracture coatings that reduce the available wetted area for

fracture/matnx exchange. Liquid pressure in the matxix and fracture continua are related to air

and capillary pressure by the following relationships:

Pj, = Pjg– P.
JC

(3)

where Pjg and P’C denote air and capillary pressure in the j-th conthmm (j=m,j). In this

study, the van Genuchten/Mualem capillary pressure and relative permeability relationships are

given as follows [Pruess 1987, pp. 74-78; van Genuchten 1980]:

‘j, ‘L[tS~’/‘J _*] l-m)
aj ‘e

kj, =S~ (1–(1–s;~ )“’,)2

(4)

(5)

where mj and aj are fitting parameters for the j-th continuum. The effective liquid saturation is

Sj, - Sj,r
Sje =

1– Sj,r
(6)

where $1, represents the residual liquid-phase saturation in thej-th continuum. Equations (4)-(6)

assume that the small-scale features and processes that give rise to the reduced fi-acture/matrix

interaction do not affect the saturation used in the capillary pressure and relative permeability

relationships. Liu et al. [1998] have developed a rigorous formulation that treats the
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fiacturehnatrix reduction factor as a fimction of fracture saturation, which in turn is consistently

used in the capillary pressure and relative permeability relationships.

Past sensitivity analyses and a dimensional analysis of Equations (l)-(6) [CRWMS M&O

1998a] have revealed that the van Genuchten fitting parameters in Equations (4)-(5) and the

fracture/matrix reduction factor in Equations (l)-(2) are extremely important to the partitioning

of flow between fractures and matrix. The intrinsic permeability of the fracture and matrix are

.
lI1l~Ul W1lL LU L1lG 3tlLUl CUlUU UL

such as matrix saturations.

The method for treating

:—--A. -+ 4- +L .-. ..+.... +: A.. - ‘the continua, which is critical to performing calibrations to site data

these critical parameters in TSPA-VA was to use calibration to

optimize the set of parameters for each set of unsaturated flow scenarios, which included

different ranges of infiltration rates and prescribed parameter bounds. The UZ site-scale flow

model was calibrated to site data that included matrix saturation, moisture potential, air-

permeability tests, pneumatic tests, and perched water observations [Bodvarsson et al. 1997,

CRWMS M&O 1998a, Bandurraga and Bodvarsson 1999]. Once the parameters were calibrated

using inverse modeling methods, simulations of the unsaturated-zone flow at Yucca Mountain

were performed [Wu et al. 1999]. UZ flow simulations for TSPA-VA consisted of runs with

prescribed bounds on important parameters such as the van Genuchten a parameter (Eq. 4) and

fracture permeability, as well as a range of three infiltration rates (mean, upper, and lower) for

three climate states: (1) present day, (2) Iong-term average, and (3) superpluvial [DOE 1998,

Section 3.1 .2].

In the base case for TSPA-VA, a range of uncertainty was developed for the fracture ct

parameter for each hydrogeologic unit based on measurements of fracture density and air

permeability. The fi-acture-matrix coupling strength was not varied independently but was used
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as a calibration variable.

three different values (for

The fracture-matrix coupling strength wasconstrained to. have only

welded tuff, nonwelded nonzeolitic tuft and nonwelded zeolitic tuff)

in a given calibration. These three values were chosen to optimize the match with observed

borehole matrix saturations and water potential. Additional information on parameters and

calibration can be found in CRWMS M&O [1998a, Section 2.4.3].

The base case included the following independently calibrated models:

●

●

●

●

●

Base infiltration divided by 3 and the fracture van Genuchten czparameter at a minimum
for each layer,

Base infiltration divided by 3 and fracture a at a maximum for each layer,

Base infiltration and fracture a at the nominal “best estimate” for each layer,

Base infiltration multiplied by 3 and fracture a at a minimum for each layer,

Base infiltration multiplied by 3 and fi-acture czat a maximum for each layer.

Five models were used, rather than the fill matrix of nine combinations, to reduce

computational requirements. Flow was calculated for each of the five models for the three

climate states: dry (present-day), long-term average, and superpluvial. The probabilities for each

case are given in Table 1. The probabilities were derived from consideration of the infiltration

cases [DOE 1998, Section 3.1.2.2], and the probabilities for minimum and maximum fracture a

values, which were assumed equal.

In addition to the base case, an alternative model called the dual-permeability/Weeps model

was considered in which simulations were performed with variations to fi-acture permeability.

This model has a significantly reduced fracture-matrix coupling strength to induce more fracture

flow. The biggest difference between the base case model and the dual-permeability/Weeps

model was that the dual-permeability/Weeps model showed more flow in fractures, even in
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nonwelded hydrogeologic units, while the base case resulted in flow in nonwelded nonzeolitic

units that was predominantly in the rock matrix [CRWMS M&O 1998a, Section 2.6.1.2.1].

The results of the UZ flow model are the magnitude and distribution of water flow in both

the fractures and matrix throughout the simulated three-dimensional domain. Figure 3 shows the

total percolating flux of water in both the Iiactures and matrix at three simulated elevations along

the three-dimensional site-scale model used in TSPA-VA. For this particular simulation, the

mean fracture a parameter and the mean infiltration for the long-term-average climate were

used. The distribution of percolation in Figure 3 indicates that the simulated flow between the

surface and the repository level is relatively vertical, but that a potential exists for lateral

diversion between the repository and the water table due to perched water and sharply

contrasting rock materials. The spatially varying distribution of water flow through the fractures

and ,matrix in the unsaturated zone as shown in Figure 3 are used to feed other components of

TSPA, including seepage and radionuclide transport.

2.2. Seepage into Drifts

2.2.1. Background

Seepage is defined here as the movement of liquid water into emplacement drifts. The basic

conceptual model for seepage relevant to TSPA is that openings in unsaturated media act as

capillary barriers and can divert water around them. Classic solutions for this behavior were first

presented by Philip et al. [1989] for “seepage exclusion” fi-om cylindrical cavities. Analytical

solutions were derived to predict whether seepage would occur based on water velocities, cavity

radius, and hydrologic properties. However, the theory assumed steady flow in homogeneous,

isotropic soil (or porous rock). At Yucca Mountain, the hydrologic environment near the drifts is

DRAFT Rev 00A 9/9/99 Page 13 of 62



-- —.. —

Geotechnical Issues in Total System Perjonnance Assessments of Yucca Mountain

heterogeneous and comprised of complex fracture networks, and rigorous analytical solutions to

describe the seepage in this heterogeneous environment are not available.

Numerical studies of the effects of heterogeneities on capillary barriers were presented by Ho

and Webb [1998]. Their study found that heterogeneities can significantly alter the diversion

capacity of capillary barriers depending on the anisotropy of the heterogeneities. Additional

studies [Tsang et al. 1997, Birkholzer et al. 1999] were performed using heterogeneous, three-

dimensional numerical simulations of seepage at Yucca Mountain. Their findings indicated that

heterogeneities were conducive to seepage, whereas homogeneous environments were more

prone to divert water around the drifts.

This capilhiry-bamier effect at Yucca Mountain has also been tested in the Exploratory

Studies Facility (ESF) by niche tests, in which water is injected above a niche (a side tunnel off

the main tunnel). Results from the tests indicate that most of the water does not seep into an

opening just two feet below [Wang et al. 1999]. In addition, no natural seeps into the ESF tunnel

have been observed, although the lack of seeps may be due in part to drying from tunnel

ventilation.

2.2.2. Model Abstraction

For seepage to occur in the conceptual model, the rock pores at the drift wall must be locally

saturated, resulting in zero pore tension and fi-ee drainage into the drift. Drift walls can become

locally saturated if sufficient flow occurs above the drift opening or if variability in the

permeability field exists to create focused flow and local pending. Drift-scale flow calculations

made with uniform hydrologic properties suggest that seepage will not occur at expected

percolation fluxes. However, calculations that include permeability variations do predict
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seepage, with the amount depending on the hydrologic properties and the incoming percolation

flux [Tsang et al. 1997, Birkholzer et al. 1999].

The model used for determining seepage in TSPA-VA is illustrated in Figure 4. Abstraction

for seepage was based on a process model of flow in a three-dimensional block of unsaturated,

heterogeneous, fractured medium to calculate the amount of water that would seep into a

cylindrical opening representing the drift. A distribution of percolation rates at the repository

level were calculated fi-om the UZ flow model. The percolation rates were then imposed on the

three-dimensional heterogeneous block for seepage calculations. Seepage calculations were

made for a range of hydraulic parameters, a number of realizations, and a series of percolation

rates corresponding to various scenarios studied with the UZ model. From these results,

extension to other values could be made by interpolation and extrapolation.

It has been found from these studies that there is a need to include heterogeneities in the

system. If a homogeneous equivalence of the medium had been used for seepage calculation, the

results would have been as much as two orders of magnitude too optimistic. Seepage is found to

depend on flow channeling along preferred flow paths and local pending near the drift wall, both

of which are intrinsically results of the heterogeneous field. The heterogeneous properties are

taken from ESF data, where possible. For the drift-scale flow model used for calculating

seepage, the fracture hydrologic properties were defined in the same way as for the mountain-

scale flow model [Bodvarsson et al. 1997, Chapter 7]. Additional information needed to define

the heterogeneity of the fi-acture-permeability field was taken from a series of air-permeability

tests conducted at the location of the drift-scale thermal test in the ESF.

As with the modeling of mountain-scale flow, the DKM was preferred for modeling seepage

at the drift-scale. However, to simplify the drift-scale calculations, effects of the rock matrix
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were not considered, and flow was calculated using a model for only the fracture continuum.

This simplification is conservative compared to the DKM because the effect of including the

matrix would be to decrease the fracture flow and reduce the amount of seepage (the large-

capillary suction in matrix pores prevents matrix flow from seeping into drift openings).

Another simplification was to assume steady-state conditions for TSPA-VA calculations,

although the possibility of episodic flow and its effect on seepage has been discussed by Tsang et

al. [1997].

Two very important parameters that affect the models of seepage are the fi-acture van

Genuchten a parameter (Eq. 4) and the fracture permeability. The frachu-e permeability was

taken directly from air permeability measurements of the fractured rock around the ESF, but the

et parameter was derived fi-om the Young-Laplace capillary-rise equation and measurements of

air permeability and fracture density. For the three repository units—tsw34, tsw35, and tsw36

(the Topopah Spring Middle Nonlithophysal, Lower Lithophysal, and Lower Nonlithophysal,

respective y)-the

magnitude. Thus,

the primary value.

range of calculated fracture a values was typically about an order of

a range of one order of magnitude was used for the u parameter centered on

Specifically, the seepage model was run for u values of 3.3 x 104, 9.7 x 10-4,

and 3.3 x 10-3Pa-l. Similarly, uncertainty existed in the fracture permeability due to differences

in measurements derived fi-om pneumatic tests and borehole air-permeability tests. Based on the

magnitude of those differences, the seepage model was run with a range of two orders of

magnitude in the mean fracture permeability, representing two standard deviations on either side

of the primary value. The actual values used were 10-*4, 10-13, and 10-*2 mz. The relative

weights of the three values for both the fracture van Genuchten a parameter and the fi-acture

permeability were set to 0.25, 0.5, and 0.25, respectively. This choice was somewhat arbitrary,
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but reflected a desire to allow significant probabilities for the outlying values, while giving the

primary value preference. The probability weighings for the nine combinations of the fracture u

parameter and the fracture permeability are shown in Table 2. It is important to note that these

ranges of values are treated as uncertainty, not as spatial variability. Certainly there is both, but

these ranges represent the uncertainty in the values, while spatial variability is represented by the

geostatistical variations described in the three-dimensional process model by Tsang et al. [1997].

The abstraction of the seepage model in TSPA-VA consisted of calculating the seepage

fraction, or the fraction of waste packages contacted by seeps, and the seep flow rate, which is

the rate of water flow onto a waste package that is contacted by one or more seeps. In calculating

seepage fraction and seep flow rate, a waste package was conservatively represented by an area

of 5 m x 5 m, which is approximately the length of a waste package and the width of the drift.

Six repository regions were considered, and the fracture percolation flux simulated in the UZ

flow model was averaged in each of those six regions. The average flux was used to calculate

seepage fraction and seep flow rate using the fictional dependence obtained from the three-

dimensional process-model calculations performed by Tsang et al. [1997].

Nine parameter combinations were used for seepage calculations. Results from the three-

dimensional process model were combined with the probabilities shown in Table 2 to develop

the probability distributions of seepage fraction and seep flow rate from which values were

sampled. The seepage quantities were determined separately for each of the six repository

regions; however, the values for the various regions were assumed to be perfectly correlated, and

the values for different climate states were also assumed to be petiectly correlated. The values

for the six regions were correlated because the probability distributions of hydrologic properties

shown in Table 2 are assumed to represent uncertainty in the appropriate values, not spatial
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variability. The values for different climates were correlated to avoid unphysical behavior such

as a decrease in seepage when going from a dry climate to a wetter climate. The correlations

simplifi the analyses because they reduce the number of independent seepage parameters in the

TSPA calculations to just two (seepage fi-action and seep flow rate), rather than the 36 there

could potentially have been (those two times six repository regions times three climates). Plots

of the distribution of seepage fraction and seep flow rate used in TSPA-VA are shown in Figure

5.

In the seepage modeling for TSPA-VA, drift collapse, mineral precipitation, and thermal

alteration of hydrologic properties were not considered. It is expected that the drifts will be

stable for only a few hundred to a thousand years. Therefore, long-term repository performance

will depend on the amount of seepage into a drift filled with rockfall rubble (or backfill, as

current repository designs indicate), rather than into an open drift. In addition, thermal-

mechanical and thermal-chemical effects could alter the hydrologic properties around the drifts,

possibly even permanently. Ongoing TSPA calculations plan to address the effects of drift

collapse and thermal alteration of hydrologic properties on seepage.

2.3. Thermal Hydrology and Coupled Processes

2.3.1. Background

Thermal hydrology refers to the study of heat and water transport through the fractured rock

system at Yucca Mountain. The proposed repository will hold radioactive wastes that emit a

large amount of heat from radioactive decay, which will influence conditions in the emplacement

drifts (near-field conditions) and away from the drifts (fiu--field conditions). In addition to

temperature perturbations in and around the drifts, mechanical and chemical alterations are also

DRAFT Rev OOA9/9/99 Page 18 of 62



Geotechnical Issues in Total Swtem Pedormance Assessments of Yucca Mountain

possible as a result of thermally induced changes to fracture apertures (caused by thermal stress)

and composition ,of groundwater (caused by dissolution and precipitation). The thermal

disturbance to the mountain will depend on how much waste is placed, or loaded, within a given

repository area and the heat output of the waste. The areal mass loading for the reference design

in TSPA-VA was specified as 85 metric tons of uranium (MTU) per acre, which has an initial

heat output of approximately 100 kW/acre. This loading would cause a significant disturbance

in the repository environment for thousands of years after waste emplacement. Current

repository designs for the Site Recommendation call for lower thermal loads that are closer to 60

MTU per acre. The Nuclear Waste Technical Review Board has recommended a lower thermal

load to reduce the uncertainty associated with thermally induced coupled processes ~TRB

1999].

The unsaturated zone at the Yucca Mountain site contains in situ water and gas within the

pores that will react to the heat generated by radioactive waste. In general, the influence of

radioactive decay heat includes vaporization of in situ liquid water, transport of water vapor

away from the heat source, condensation of water vapor in cooler regions, and condensate flow

driven by gravity and capillary forces. Thermal gradients affect gas and liquid flow in the rock

matrix and in fractures, and flow between fractures and matrix. The decay-heat characteristics of

the individual waste packages strongly affect the emplacement-drifl thermodynamic environment

(temperature and relative humidity, partitioning of water between liquid and steam, and flow of

water into or out of the drift). The resulting thermodynamic

performance of the repository, particularly of the engineered barrier

corrosion).

conditions will affect the

system (e.g., waste package

,
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After waste emplacement, heat will flow fi-om the repository by conduction through the rock

and by advection through fractures. Through these processes, there will be movement of water

vapor, liquid water (both ambient percolating water and heat-mobilized condensate), and heat.

Heating will result in elevated temperatures and drying in both the surrounding host rock and

regions well away from the repository. Thermally clriven mechanical and chemical processes

can potentially cause permanent changes to the fluid-flow characteristics of the entire mountain

(for example, by changing permeability and porosity).

Thermal-hydrologic processes occur at two important scales: that of the emplacement drifts

(a few meters to tens of meters) and that of the mountain (hundreds of meters to thousands of

meters). Thermal-hydrologic processes at the drift scale include waste package interactions with

other waste packages and the surrounding drift walls and floor.

the mountain scale include the influence of heat on liquid and

the repository. Thermal-hydrologic processes at b~th the drifl

flow and transport in the unsaturated zone.

Thermal-hydrologic processes at

gas movement above and below

and mountain scales affect fluid

Previous TSPAS have included the influence of thermal effects on predictions of radionuclide

releases from the repository and subsequent doses to the public. In TSPA-1 993, thermal-

hydrologic calculations used a model based solely on conduction [Wilson et al. 1994, Chapter

10]. Drift-scale and mountain-scale calculations used three-dimensional models for two different

initial thermal loads. The two thermal-load values (heat generated per repository area), were 57

and 114 kW/acre. Effects on the repository-system hydrology (for example, the extent of rock

drying) were inferred from the distance and location of the region where pore water was

expected to boil. This approach had limited applicability because it did not explicitly couple heat
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transfer to fluid flow. Without this coupling, the nature of dry-out and condensation zones may

not have been properly represented.

In TSPA-1995, drift-scale thermal-hydrologic calculations used a two-dimensional model for

areal mass loadings of 25 and 83 MTU/acre [CRWMS M&O 1995, Chapter 4]. The calculations

were based on the equivalent-continuum model assumption for heat and fluid flow (that is,

hydraulic properties of both fractures and rock matrix were combined into a single equivalent

continuum). Net infiltration rates of 0.05 and 0.3 mn-dyear were modeled for a homogeneous,

layered system. This modeling was limited because it did not allow for variations in waste

package contents or the development of large-scale features such as preferential cooling around

the repository edges or gas-phase convection. The calculations were also based on a conceptual

flow model that restricted the amount of flow through fi-actures during the thermal period.

Thermal-hydrologic models for TSPA-VA were improved over earlier efforts because of

benefits derived from recommendations of the Thermohydrologic Modeling and Testing

Program Peer Review [CRWMS M&O 1996b], the YMP thermal testing program, and faster

computers. Improvements were made to conceptual flow models, hydrologic and thermal

property values, model dimensionality, and infiltration rates.

2.3.2. Model Abstraction

2.3.2.1. Drift-Scale Thermal Hydrology

Output from the drift-scale analyses includes waste package surface temperature and relative

humidity, and drifi-wall and invert-floor temperature and liquid saturation. Time histories of

these quantities are used in analyses of the engineered barrier system.
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Drift-scale modeling must include coupling of drift-scale processes with mountain-scale

processes to properly account for effects such as faster cooling of waste packages near the edge

of the repository as compared to waste packages near the repository center. A multiscale

modeling and abstraction method was developed to couple drift-scale processes with mountain-

scale processes in TSPA-VA. This method used a series of four mountain-scale and drill-scale

submodels to abstract the thermodynamic environment within emplacement drifts throughout the

repository area. The four submodels are described in the following paragraphs.

Line-AveraEed-Heat-Source Drift-Scale Thermal-Hydrologic (LDTH) Submodel. The

LDTH submodel is a two-dimensional drift-scale model that computes average temperature and

relative humidity at the drift wall and liquid saturation of the drift invert. This submodel

effectively represents average thermal-hydrologic behavior at any specific location within the

repository, taking into account the location-specific thermal and hydrologic properties, boundary

conditions, and percolation flux. Heat and fluid flow were modeled as dual-permeability,

consistent with the mountain-scale unsaturated zone flow model. Radiative heat transfer within

open drifts was also modeled. This submodel addresses key issues related to modeling of

fracture and matrix interactions for fluid and heat flow. It also addresses the issue of the

appropriate scale of fi-acture properties and thermal-hydrologic processes by using hydrologic

properties developed for mountain-scale flow by inversion models. Consistency with the

mountain-scale unsaturated zone flow model ensures that hydrologic conditions are properly

accounted for, including variability of infiltration with location and changes of infiltration with

climate.

Smeared-Heat-Source Mountain-Scale CSMT) and Smeared-Heat-Source Drifl-Scale (SDT)

Thermal-Conduction Submodels. Both the SMT submodel and the SDT submodel consider
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conduction heat transfer only. They are used to establish temperature relationships and to

account for the influence of repository edges, topography, and’ mountain-scale variability in

hydrogeologic layering. The SMT submodel is a three-dimensional model that includes the

appropriate stratigraphy, topography, and repository location and extent. The SDT submodel is a

one-dimensional model. These two submodels address key issues related to the differences

between repository center and edge locations by coupling the drift-scale submodels with the

mountain-scale submodel. The coupling uses the average temperatures of repository host rock

obtained fi-om the SMT submodel, corrected for hydrology using a relationship derived from the

LDTH submodel and the SDT submodel. The resulting “modified” temperatures inherently

include repository edge effects because they originated from a fill mountain-scale model. The

temperature prediction also includes the effects of the system fluid components through the

temperature relationship between the two drift-scale submodels. This results in. an “abstracted”

drift-wall temperature that approximates the effects of the most important thermal-hydrologic

processes. A similar procedure provides an abstracted relative humidity at the drift wall.

Discrete-Heat-Source Drift-Scale Thermal (DDT) Submodel. The abstracted drift-wall

quantities are further modified at the drift wall and at the waste package swlace using waste-

package-specific deviations computed by the DDT submodel. This submodel provides

temperatures and relative humidities for different waste packages along the drift. The DDT

submodel is a three-dimensional model of a drift segment containing eight representative waste

packages of varying heat outputs. This submodel includes only conductive heat transfer, plus

radiative heat transfer within open drifts. It accounts for variability in temperature and relative

humidity among packages along the driil.s.
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The multiscale modeling and abstraction method used in TSPA-VA involved calculations at

a number of repository locations. A repository-wide set of calculations for a given case involved

only one computer run using the SMT submodel and only one computer run using the DDT

submodel. However, the LDTH submodel and the SDT submodel were run for 35 locations

within the repository and for three different local heating rates. The results of these 105

submodel runs were interpolated over the repository area and as a function of local heating

conditions to provide a continuous distribution of the drift-scale thermal-hydrologic variables

throughout the repository area. The abstracted temperature and

calculated for an array of 425 repository locations, giving reasonable

scale topographic and stratigraphic effects.

relative humidity were

resolution for mountain-

Because resource demands increase considerably as the number of waste package groups

modeled within RIJ? (the top-level TSPA program) increases, six repository regions were defined

for modeling the near-field (see Figure 3). The regions were selected to limit variability of net

infiltration within the regions, and the regions also represent a range of geometric relations, with

Region CC being the region most like the repository center and Region SW being most like the

edge. Lastly, the regions represented the variation of hydrogeologic properties around the

repository. The reference repository cut across three hydrogeologic units: the Topopah Spring

middle nonlithophysal, lower Iithophysal, and lower nonlithophysal units. Region SW was

mostly in the lower nonlithophysal; Regions NW, NE, CC, and SC were mostly in the lower

lithophysal; and Region SE was mostly in the micldle nonlithophysal. Figure 6 shows the

simulated temperatures of waste packages in each of the six repository subregions.
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2.3,2.2. The Mountain-Scale Model

Mountain-scale thermal-hydrologic

associated with larger scales, such as

models were used in TSPA-VA

air mass flaction and gas-phase

to calculate quantities

fluxes. The thermal-

hydrologic multiscale modeling and abstraction method is unable to account for gas-phase

advection from large-scale temperature and pressure gradients because only conduction is

included in its mountain-scale submodel. At the mountain scale, gas-flow patterns from

repository heating can only be realized with a filly coupled thermal-hydrologic model. The key

issue addressed by this model is the movement of gas and liquid through fractures at the

mountain scale. A generalized equivalent-continuum flow model was used to determine gas-

phase data for the mountain. Use of this model reduced the computational requirements of the

larger-scale thermal-hydrologic simulations (as compared to use of the dual-permeability model)

while still allowing for sufficient mobility of liquid water in fractures.

A mountain-scale model based on east-west cross sections was used for each of the property

sets and associated infiltration rates considered. The mountain-scale model included large-scale

features such as mountain topography and spatial variability of the net infiltration rate at the

ground surface. It also included repository edge effects and the ability to develop large-scale

fluid-flow processes such as buoyant convection, in which fluid moves in response to a density

gradient. The cross sections

scale unsaturated zone flow

properties established for the

used to calculate gas flow were taken directly from the mountain-

model, and the model included the stratigraphy and hydrologic

unsaturated zone flow model. The mountain-scale model included

the heat output of the entire repository waste stream (scaled for a two-dimensional application)

emplaced at the time of repository closure.
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The smeared heat source in the mountain-scale model did not allow for important effects

such as shedding of condensate between drifts and it does not capture the difference in thermal-

hydrologic behavior in the drifts as compared to in the rock between drifts. Because of these

limitations, the mountain-scale model probably underestimated reduction -in air mass fraction in

the drifts during the thermal period. 0

2.3.2.3. Coupled Processes (Thermal-Hydrologic-Mechanical and Thermal-Hydrologic-
Chemical)

The near-field environment expert elicitation [CRWMS M&O 1998fl was established to help

quanti~ the large uncertainties associated with thermal-hydrologic-mechanical and thermal-

hydrologic-chemical processes. The panel was tasked to consider how these processes occur,

both temporally and spatially, and over what range of values the hydrologic properties (for

example, fi-acture permeability) maybe influenced.

The elicitation panel examined recent YMP process models and experimental data on

coupled processes fi-om the Single Heater Test. They considered thermal-hydrologic-mechanical

and thermal-hydrologic-chemical processes, potential changes to hydraulic interactions between

fractures and the rock matrix, and effects of rockfall. The panel found that fi-acture-permeability

changes might occur in both the vertical and horizontal directions and in condensate and boiling

zones. According to the experts, fi-acture permeability in the vertical direction can either

decrease by 10 to 100 times or increase by 10 to 1,000 times, depending on location and other

factors. Fracture permeability in the horizontal direction may increase by no more than 10 times.

Based on the results of the elicitation, the

properties (for example, permeability) falls

the system. However, an overall decrease

potential for thermally driven alteration of fracture

within the range of the natural spatial variability of

of rock-mass permeability could result. The panel
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concluded that the mechanical effects would tend to be reversible upon cooling, with the possible

exception of horizontal changes in permeability caused by shear stress, but that chemical effects

will be more permanent. The panel indicated that the fi-acture-matrix interaction parameter used

in the dual-permeability models may also be affected because of chemical precipitation or

dissolution. Although this effect may be permanent, the magnitude of such changes is uncertain.

Preliminary thermal-hydrologic-mechanical modeling [Ho and Francis 1998] was done with

a one-dimensional, dual-permeability model at the mountain scale. This modeling indicated that

the liquid-phase flow fields were essentially unaffected by nonpermanent increases or decreases

of a factor often in permeability. Preliminary thermal-hydrologic-chemical modeling [CRWMS

M&O 1998g] studied silica within the fracture system in the unsaturated zone. This filly

coupled thermal-hydrologic-chemical study was at the drift scale and included reactions for

silica-cristobolite-quartz in the system. Changes in fracture and matrix porosity (which also

affect permeability) caused by mineral dissolution and precipitation were calculated.

package temperature and relative-humidity time histories were not greatly affected

Waste

by the

reactive-transport processes included in the simulation, even though a mineral cap formed above

the drifts. However, the effects of a mineral cap above the drift on seepage flow into the drift

have not been filly investigated. Because of its complexity, the work that has been done so far

only represents a start on addressing the uncertainties associated with thermal-hydrologic-

chemical effects.

Based on the expert-elicitation results and the preliminary modeling studies, thermal-

hydrologic-mechanical and thermal-hydrologic-chemical processes were not included in the base

case for TSPA-VA. However, ongoing studies are planned to more filly and rigorously address

coupled processes for TSPA-SRILA.
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2.4. Radionuclide Transport

2.4.1. Background

There are several system elements, or barriers, that radionuclides must penetrate to reach the

biosphere, where the public could receive a radiation dose. These barriers consist of the waste

form, the waste package, the waste emplacement drift, and the geosphere.

geologic barrier, is further divided into the unsaturated and saturated zones.

The first barrier that must be breached for radionuclide transport to

The geosphere, or

occur is the waste

package. If a waste package is breached, the waste cannot escape the waste emplacement drift

without degradation of the waste form and dissolution of the waste. The next step to the

accessible environment is radionuclide transport through the waste emplacement drift to the drift

wall. Transport through the emplacement drifi was modeled using both diffisive and advective

transport processes, including sorption of radionuclides in the concrete invert. The advective and

diffusive processes were coupled to flow rates determined by the seepage

package breach defined by the waste package degradation model.

model and waste

Transport to the accessible environment must pass through the unsaturated and saturated

zone portions of the geosphere. All of the transport pathways through the unsaturated zone are

fractured volcanic tuffs.

tuffs and unconsolidated

The saturated zone pathways are a combination of fractured volcanic

alluvial deposits. Advection is the key transport mechanism that can

carry radionuclides through the approximately 300 m of unsaturated rock between the potential

repository and the water table and 20 km through the saturated zone to the biosphere. Advective

transport pathways result from and therefore follow the flow pathways, which are predominately

downward in the unsaturated zone and lateral in the saturated zone. An important aspect of

advective transport in fi-actured rock is large disparity in transport velocities in the fracture
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system as compared with the matrix. For the unsaturated zone, the dual permeability (DKM)

concept of flow and transport is needed due to the strong advective exchange expected between

Ilactures and matrix resulting from capillary pressure phenomena and large variations in matrix

properties encountered in the unsaturated zone. The DKM concept is less important for the

saturated zone transport problem because little advective exchange is expected between fractures

and matrix. Another mechanism important for geosphere transport is diffision. Although not

nearly as effective as advection for transport over large distances, diffision can play an

important role in radionuclide exchange between fractures and rock matrix. A mechanism that

affects advective and diffisive transport is sorption. Sorption is the general term for describing a

variety of chemical interactions between an aqueous radionuclide and a solid phase. The

strength of the sorptive behavior is a fimction of the chemical element, the rock type involved in

the interaction, and the geochemical conditions of the water contacting the rock. Sorption

reduces the rate of advance of a concentration front in advective and diffks.ive transport, and

amplifies the diffisive flux of radionuclides from the fractures to the rock matrix through its

influence on the concentration gradient. Radionuclides may move as dissolved aqueous species

or in association with colloids. Colloid transport can give highly sorptive radionuclides much

greater mobility than otherwise expected because the sorptive species is attached to a mobile

solid surface. Radionuclide decay is also a factor in the transport process through both the

removal and addition of radionuclide species throughout the geosphere.

2.4.2. Model Abstraction

Mathematical models for unsaturated and saturated zone flow are commonly

continuum formulation (see Section 2.1.2). In the case of fractured, porous rock

volcanic rock that constitutes Yucca Mountain, these continuum relationships are

based on a

such as the

extended to
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embrace two coexisting continua, fractures and rock matrix, that interact according to the same

constitutive relationships that govern flow in a single continuum. From the standpoint of

unsaturated zone transport, explicit and separate representation of fracture and matrix flow is

needed because of the extreme disparity in transport velocities that can occur in the two continua.

Travel times for radionuclides transported to the water table exclusively in fractures are expected

to be about 10,000 times faster than travel times for radionuclides moving exclusively in the

matrix. In addition, the transport velocities in the fi-actures may be sufficiently rapid that

radionuclide concentrations in the fractures are in disequilibrium with the matrix. For example, a

high concentration of radionuclides entering fi-actures at the repository may penetrate the entire

UZ before establishing a uniform, equilibrated concentration in the rock matrix. However, in

some of the geologic units, permeability differences between the fi-actures and the matrix are not

significant, leading to matrix-dominated flow and transport. Also, under conditions of low flow,

the matrix can dominate flow and transport even when fi-acture permeabilities are orders of

magnitude larger than matrix permeabilities. Therefore, an explicit and dynamic model of

transport through the fractures and matrix, as well as exchange between the fractures and matrix,

is needed to represent the system. The DKM formulation, as previously discussed, provides the

minimum level of detail to capture the important differences between transport through fractures

and matrix. There are other possible approaches to modeling flow in fractures and matrix rock.

However, these other models either do not recognize the important dynamic coupling between

fi-actures and matrix, such as the ECM, or are impractical to implement at the field scale, such as

the discrete fracture model (particularly for systems with advective transport in the fractures and

matrix, such as a dual permeability system). For these reasons, the flow and transport models for

the unsaturated zone are based on DKM [Robinson et al. 1997, Section 4.7.1].
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The DKM mathematical formulation for unsaturated-zone radionuclide transport compatible

with equations (1) and (2) for flow can be expressed as follows:

[1acm
: Dmz—
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(8)

(9)

concentration of a dissolved species (kg m-3)
liquid flux in the z direction (positive upward) (m s-])
liquid flux matrix to fracture (positive matrix to fracture) (m s-’)
liquid saturation
retardation factor (sorption)

decay constant (s-l)
dispersion coefficient (m2 S-l)
diffision coefficient (m2 s-l)

porosity
specific surface of the interface between the fracture and matrix continua (m-l)
characteristic half width of the matrix continuum between fractures (m) - -
reduction factor for the interface area between the fracture and matrix
continua
depth (taken to be positive upward) (m)
mass flux between fractures and matrix (positive matrix to fiacture)(kg m-3 s-])
step function, H(x) = 1,x> O;H(x) = O,x <0
m,f

An approximate model for colloid transport is also included (not shown in the equations

above) through the use of an equilibrium, linear partitioning between aqueous-phase

radionuclides and radionuclides associated with colloids. Radionuclides irreversibly attached to

colloids were also treated as part of the colloid transport model. Irreversible colloid attachment

was modeled as’ a

filtration could be

radionuclide with no sorption or diffision.

included in the model as a retardation factor.

An approximation for colloid

However, due to the lack of
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information about how to assign the retardation for colloids, colloid transport was modeled using

a retardation factor of 1 (no filtration).

An efficient solution technique for the DKM transport model is the residence timehnsfer

fimction (RTTF) method [Robinson et al. 1997]. This solution technique uses a cell-to-cell

particle tracking approach in which particles are moved in a numerical grid. The time to move

from one grid node to

physical processes that

the next is given by a residence time finction

affect transport, i.e., flow, diffision, dispersion,

The efficiency of this solution technique is due to the fact that relatively

that accounts for the

sorption, and decay.

simple models can be

applied to evaluate the residence time distribution for a particle in a cell, leading to efficient

numerical calculations of the residence times for particle movements.

The RTTF method uses the approximation that matrix diffision has a negligible effect on the

residence time for radionuclides that enter and move through the matrix by advection Matrix

diffision is assumed to only affect the residence time of radionuclides that advect through the

fractures and diffise into the matrix. Furthermore, radionuclides that diffkse into the matrix are

assumed to return to the fi-actures through diffision, i.e. these diffusing radionuclides do not

advect through the matrix. In addition to the computational efficiency afforded by this

approximation, it also allows for a more precise treatment of the spatial concentration gradients

resulting from fracture/matrix diffhsion than the single-node numerical approximation to the

matrix diffusion gradient given in Equation (9). This is accomplished through the use of an

analytical solution for residence time in fractures that includes diffision into a stagnant matrix

[Robinson et al. 1997].

For TSPA-VA, the unsaturated zone flow was assumed to be quasi-steady, with step changes

in the flow field to account for changes in infiltration driven by climate change. This
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approximation greatly simplifies the use of the particle tracking algorithm. This approach

resulted in the ability to perform 3-D site-scale unsaturated zone transport calculations directly in

the stochastic TSPA calculations.

Results fi-om the unsaturated zone particle tracking calculations are shown in Figure 7. In

these calculations, an instantaneous release of non-sorbing, non-diffising particles uniformly

was distributed into the fracture nodes of the 3-D grid at the location of the potential repository.

These breakthrough curves show strong hi-modal shapes characteristic of strong fracture/matrix

interaction, indicating that both continua contribute to transport. This figure also shows the

importance of the water flow rates moving through the unsaturated zone. The most important

factor affecting transport rates is sorption. Most of the radionuclides in the waste inventory show

some affinity to sorb on the volcanic tuffs. Many of these radionuclides, such as plutonium, are

strongly sorbing. Transport rates for the strongly sorbing radionuclides as aqueous species are

extremely slow, requiring hundreds of thousands of years to penetrate the unsaturated zone as an

aqueous species. Mobilization of strongly sorbing radionuclides is dependent on colloidal

transport mechanisms. The amount of mobilization of such radionuclides through colloidal

transport is still highly uncertain and a focus of process model improvements. Diffisive

exchange between fractures and matrix is found to be moderately important, being more

effective at slowing radionuclide transport for species that sorb. Dispersion was found to be

relatively unimportant because of the large dispersive effects of the explicitly modeled 3-D flow

field and fracture/matrix flow.

The same mechanisms affecting transport in the unsaturated zone are also present in the

saturated zone radionuclide transport problem. However, differences in fracture/matnx flow

interaction and the geometry of the saturated zone transport problem have led to an entirely
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different transport modeling approach. Because a saturated system does not have capillary

forces, changes in flow rate do not lead to radically different flow distributions between fractures

and matrix as is possible in the unsaturated zone. Also, the fractured volcanic tuffs with high

matrix permeability found in parts of the unsaturated zone are not found in the saturated zone.

Therefore, transport through the fi-actured volcanic tuffs is always fi-acture-dominated and

advective exchange between ftactures and matrix is minimal. The saturated

includes unfractured alluvial deposits along a portion of the transport

zone geology also

pathway. These

differences allow some simplification of the transport model, from a DKM model to a single-

porosity transport model that uses an effective porosity concept to represent diffisive

fracture/matrix exchange. Because the saturated zone transport problem covers a relatively large

region (about 20 km by 36 km to a depth of 950 m below the water table), numerical grids are

necessarily large. The site-scale 3-D saturated zone flow model used grid cells that are 500 m x

500 m x 50 m. This coarse gridding leads to significant numerical dispersion in transport

calculations relative to the expected physical dispersion. [CRWMS M&O 1998d] The numerical

dispersion problem was

flow pathways for the

dispersion, not captured

dilution factor applied

avoided by using a 1-D strearntube model for transport, in which the

strearntubes were established using the 3-D flow model. Lateral

by the 1-D model, was included approximately through an empirical

to radionuclide concentrations at the downstream boundary. Six

streamtubes were used to represent spatial variability in radionuclide arrivals at the water table

beneath the repository, as well as differences in pathways from different parts of the repository.

Colloid transport was included using the same linear equilibrium partitioning approach

discussed above for unsaturated zone transport. The saturated-zone transport calculations were

incorporated into the TSPA through a convolution integral method that uses the unit-
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breakthrough response calculated with the streamtube model in combination with the variations

in radionuclide mass flux at the water table defined by the unsaturated zone transport model

[CRWMS M&O 1998d].

Typical results for the saturated zone transport model unit breakthrough curves are shown in

Figure 8. The non-sorbing colloid-associated species are found to break through much earlier

than sorbing species.

sorption and colloidal

These results indicate that the saturated zone transport is sensitive to

transport, like the unsaturated zone. However, an additional sensitivity is

the path length through the alluvium. There is considerable uncertainty in the model with respect

to the extent of the saturated zone transport pathways in the alluvium. The alluvium is a slow

transport pathway compared with the fi-actured volcanic rocks due to the comparatively high

effective porosity of this unit.

2.5. Disruptive Events (Seismic Effects on Flow and Transport)

2.5.1. Background

One of the processes that can change the existing characteristics of the Yucca Mountain

geologic domain is seismicity. The effects of seismicity can alter many features of the existing

geologic and engineered systems, including the waste emplacement drift environment [CRWMS ‘

M&O 1998e]. Here we focus on some aspects of the hydrogeologic system that potentially

affect flow and transport in the geosphere.

Flow and transport in the unsaturated zone can be affected by seismicity through the effects

of stress fields on fi-acture apertures and the creation of new faults and fractures. The creation of

new faults has been investigated (PSHA), and the probability for formation of new faults at

Yucca Mountain over the 10,000 year regulatory time frame is very low. The probability for the
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creation of new fi-actures is also believed to be low because the volcanic tuffs that comprise

Yucca Mountain are already highly fi-actured. Therefore, the response to stress changes in the

mountain is expected to take the form of movements involving existing fractures. The most

important change in the system with respect to flow and transport is expected to be changes in

fracture aperture. Changing fracture aperture changes the porosity, permeability, and capillary

properties of the fractures, which can affect the transport velocities in the fractures and the flow

distribution between fi-actures and matrix.

In the saturated zone, seismicity may likewise alter the porosity and permeability through

changes to fracture apertures, which affect flow and transport characteristics. Additionally,

changes in stress in the saturated zone are coupled to changes in the fluid pressure levels.

Changes in fracture properties and fluid pressure can result in changes to the elevation of the

water table. Water table rise shortens the transport pathway through the unsaturated zone, and if

sufficiently large, can directly affect the waste emplacement drifts.

2.5.2. Model Abstraction

The effects of seismicity on flow and transport in the unsaturated zone were not addressed in

TSPA-VA. However, the effects are expected to be small provided the changes to fracture

aperture do not reduce fracture permeabilities to values so small that the infiltration flux cannot

be accommodated. In that case, a portion of the flow will be forced to find a more permeable

pathway through the unsaturated zone. The reason for this expectation is that the fracture system

has a capacity for flow that far exceeds the anticipated infiltration flux, even under fiture climate

conditions that could impose higher infiltration rates. Furthermore, the travel time in the

unsaturated zone is controlled by the time spent by radionuclides moving through matrix. If

radionuclides traveled entirely through the fractures without any transport through matrix, the
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travel times through the unsaturated zone would be relatively short, on the order of one year.

Thus we expect that changing fracture aperture in the unsaturated zone might have only a small

effect on transport.

Sensitivity calculations were performed for TSPA-VA concerning the effects of property

changes in the saturated-zone fracture system due to seismicity. These calculations were

performed using a 3-D water-table aquifer model to account for changes in hydrogeologic units

participating in the saturated zone flow process due to changes in the water table elevation.

Changes in the fracture permeability structure were tested along existing fault structures and in

two areas where no current faults exist. These latter features were placed with orientations

perpendicular to the direction of the least principal stress. The sensitivity study considered

permeability changes of 4 orders of magnitude range (higher and lower). The flow calculations

show that for some of the sensitivity cases there were changes in the piezometric surface.

Transport calculations performed for these sensitivity cases show that the direction of plumes

were also affected. However, transport velocities were found to be relatively insensitive to the

altered permeability fields. Thus, the breakthrough curves at a fixed distance were not strongly

influenced by these changes. [CRWMS M&O 1998e].

The possibility of water table rise resulting from a fault displacement event has been

considered by several investigators. The National Research Council [1992] published a report on

the potential for water table rise at Yucca Mountain. An important aspect of the saturated zone

with respect to water table rise is that the tuff aquifer where the water table resides is underlain

by a thick carbonate aquifer. The carbonate aquifer is characterized as having high permeability,

low porosity and low bulk compressibility. Analyses in this report considered fault dislocation

and regional stress change models for fault displacement. The conclusion found fi-om the
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analyses is that a water table rise resulting fi-om a nearby earthquake is likely to be less than

50 m. A more detailed analysis was performed by Gauthier et al. [1995]. In this analysis, the

effects of three different types of fault displacements were considered (1) a dip-slip

displacement to a depth of 10 km along a normal fault dipping 60° E; (2) dip-slip displacement

to a depth of 2 km along a listric fault dipping 5° E; (3) right-lateral strike-slip displacement

along a fault dipping 60° E. The fault motion in these three cases was a 1-m displacement along

a 30 km rupture zone. The induced strain was computed using a 3-D elastic boundary element

model. Pore pressure resulting from the induced strain was computed using strain sensitivity

coefficients for both the tuff and underlying carbonate aquifers. The resulting pore pressure field

was used as an initial condition for groundwater flow calculations. The flow model used the

dual permeability formulation, which explicitly accounts for interacting fracture and matrix

continua. The water table was most affected by the sttike-slip fault movement, which generated

a 50 m water table rise. The water table rise was very rapid, reaching 50 m in about 2 hours.

Water saturations in the fi-actures quickly dropped following the water table rise, with a return to

steady conditions in 6 months.

3. INTEGRATED TSPA CALCULATIONS

3.1.

A

Integration of Subsystem Models

stylized conceptualization of the TSPA-VA model hierarchy and information flow is

shown in Figure 9. This figure indicates a ~ontinuum of information and models, from the most

basic, detailed level to the level of the total-system model. The data and associated conceptual

and process-level models rest at the base of the pyramid. These process-level models may be

simplified or abstracted, if necessary, because of computational constraints or lack of
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information. The abstracted performance-assessment models form the components of the overall

TSPA model at the top of the pyramid.

A key feature of the TSPA methodology is the passing of uncertainty between the various

levels. Uncertainty refers to lack of knowledge regarding a model or parameter value. The lack

of knowledge could be because of limited data or computational resources or because of the

intrinsic uncertainty related to predicting the fhture. As Figure 9 illustrates,

tainty must go in both directions: fi-om bottom up and from top down.

transfer of uncer-

When analyzing

uncertainty at the bottom levels (data, conceptual models, and process models), the analyses look

at the effect of uncertain parameters on surrogate or subsystem performance measures such as

the amount of fracture flow in the unsaturated zone. The sensitivity of the surrogate measure to

component model uncertainty is then used to decide whether to can-y this uncertainty through to

the total-system analyses. However, sometimes important parameters at the subsystem level

prove to be unimportant at the overall system level and then this information is passed down the

pyramid to indicate the relative unimportance of collecting more physical data about this

parameter.

The Monte Carlo sampling method is used to quantify the effects of uncertainty. The method

involves random sampling of probability distributions for uncertain input parameters. Then,

numerous realizations of the repository system are calculated based on the sampled realizations

.
of all the inputs. Each total-system realization has an associated probability so that there is some

perspective on the likelihood of that set of circumstances occurring. The Monte Carlo method

yields a range for any chosen performance measure (e.g., peak dose rate to an individual within a

given time period at a given location) along with a probability for each value in the range. In

other words, it gives an estimate of repository petiormance plus “error bars” on the estimate.

.
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The executive driver program or integrating shell that links all the various component codes

is RIP [Golder Associates, Inc. 1998]. It is a probabilistic sampling program that ties all the

component models together in a coherent structure that allows for consistent parameter sampling

among the component models. The RIP program can be used either in a deterministic mode to

calculate results for a particular system realization or in a Monte Carlo probabilistic mode to

analyze uncertainties using many system realizations.

Because of the need to conduct multiple realizations of the total-system behavior, RIP is

generally designed to model various components in a simplified fashion. The four ways that

component models may be coupled into RIP are the following:

●

●

●

●

External ilmction calls to detailed process codes;

RIP cells, which treat a sequence of cells as equilibrium batch reactors;

Response surfaces, which take the form of multidimensional tables representing the

results of modeling with detailed process models outside of the Rll? TSPA code;

Functional or stochastic representations of a component model directly built into the RIP

architecture.

Most of the natural-system models described in Section 2 of this paper are incorporated in

the TSPA using the third method, with much of the computational work done outside of RIP

before running the total-system computations. One exception is the UZ radionuclide transport

model, which is incorporated using the first method: the detailed

model is called directly within RJP.

Table 3 gives an overview of the entire TSPA system. It shows

three-dimensional numerical

all of the component models,

gives a brief description of the types of information used for each one, and describes the flow of
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information among them by listing the quantities that are generated and passed from one

submodel to another.

3.2. Results from TSPA-VA

A probabilistic total-system analysis includes the following steps:

1. Selecting uncertain model input parameters to be sampled;

2. Constructing probability distribution fimctions for each of these parameters,

incorporating available data and subjective information to capture uncertainty

3. Generating a sample set, or realization,

distribution;

4. Calculating outcomes for the sample set.

by selecting a parameter value from each

Steps 3 and 4 are repeated many times to produce a set of fiture histories of the system. The

range or spread of any output quantity of interest represents the amount of uncertainty in that

quantity that is caused by the given uncertainty in the input parameters.

In principle, the calculations could be run for any amount of time, but some care is needed

because different processes are important over different time periods. For example, if the model

system was intended for calculations covering only a few thousand years, it might not include the

climate-change processes that should be included for longer time periods. For TSPA-VA, time

periods up to 1 million years were considered, but the most important period is the first 10,000

years because that is the time period specified in the proposed regulations governing Yucca

Mountain [10 CFR Part 63: NRC 1999; 40 CFR Part 197: EPA 1999].
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Figure 10 shows the results of running 100 realizations of the TSPA-VA model system for

10,000 years. Calculated dose-rate histories for a reference person 20 km to the south of the

repository are shown. The large spread in the results shows that there is a great deal of

uncertainty about how the repository will evolve over time. And in fact the uncertainty is even

greater than is apparent from Figure 10 because 27 of the 100 realizations had no calculated dose

at all for a 10,000-year period and they do not appear on the plot because of the log scale in dose

rate. As will be discussed more in the next section, the differences in the time-history curves

result fi-om many causes, but the biggest factor is large differences in waste-package failure rates,

and one of the most important contributing factors to waste-package failure is the presence or

absence of liquid water seeping onto the waste package. Additional results, including results for

longer time periods, are given in DOE [1998].

4. SENSITIVITY OF TSPA RESULTS TO GEOTECHNICAL ISSUES

Sensitivity analyses can be done for the total system or for subsystems. The primary

objective of system-level sensitivity analyses is to identify those uncertain parameters or models

that have a strong influence on repository performance and to quantify the strength of their

influence. This information can be used to determine the robustness of the disposal system to

uncertainties and to help determine whether additional data or improved models are needed in

any given area. Subsystem sensitivity analyses are performed to complement TSPA calculations

with further investigations of subsystem features, events, and processes. Additional models and

analyses that may not have been included in the TSPA can be evaluated separately to determine

the impact to subsystem performance. Interpretations can then be made as to whether the

feature, event, or process is important to include in the integrated TSPA calculation.
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The TSPA-VA reports [DOE 1998, CRWMS M&O 1998a-e] contain extensive results of

sensitivity analyses, both for the total system and for the component subsystems. Some of those

are summarized here, as well as a selection of sensitivity analyses fi-om previous work.

4.1. Total-System Sensitivity Analyses

An important tool for analyzing the results of total-system Monte Carlo simulations is

multiple linear regression, which is used to quanti~ relationships between dependent and

independent variables. By using a regression model, it is possible to identifi variables that

contribute most to the calculated uncertainty in the peak dose rates. Details of the methods used

for the regression analysis will not be given here, but can be found in DOE [1998, Section 4.3.2].

A measure of goodness of fit of a linear-regression model is provided by the coefficient of

multiple determination, R*. An R* value near 1 indicates a good fit, meaning that the model is

accounting for most of the uncertainty in the performance measure being analyzed. To avoid

poor linear fits with nonlinear data, regression analyses were performed on rank-transformed

data. By rank-transformed data it is meant that the actual data values of both outputs and inputs

are replaced with their corresponding ranks; that is, the smallest value for a given variable is

assigned the value of 1, and the next largest value is assigned a value of 2, and so on up to the

largest value.

The value of regression analysis is that it provides a quantitative measure of the contribution

of individual uncertain input parameters to the overall uncertainty in repository petiormance. In

this case, the peak dose rate to a reference individual 20 km from the repository is used as the

measure of repository performance, but other measures could be used as well. The contribution

to uncertainty is quantified by considering the change in the R* of the regression fit if the
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parameter in question is eliminated from the regression formula. If the R* decreases

significantly, indicating a much poorer regression fit, then the parameter is clearly important to

repository performance. If the R2 decreases by a small amount, then the parameter is not so

important. The decrease in R* is denoted R2-10SS,and the most important input parameters to the

10,000-year TSPA-VA results by this measure areas follows:

1.

2.

3.

4.

Fraction of waste packages contacted by seepage water (R2-10SS= O.18),

Mean corrosion rate of waste-package corrosion-resistant material (R2-Ioss= 0.13),

Number of premature waste-package failures(R2-10SS=0.11),

Saturated-zone dilution (R2-10SS= 0.04).

Numbers 1–3 are all related to waste-package failures. The number of premature waste-

package failures is the number of early failures due to defects in welds or other factors. The

fi-action of waste packages contacted by seeps and the corrosion rate of the corrosion-resistant

material are important factors to how many waste packages fail by corrosion within 10,000

years. Corrosion is much faster when waster is seeping onto a waste package. Dissolution and

transport of radionuclides out of a waste package are also faster in the presence of seepage.

Regression results for time periods up to 1 million years are reported in DOE [1998, Section

4.3.2. 1]. Of note is that seepage is even more important at later times. For example, over a

million-year period the R2-Ioss for the fi-action of waste packages contacted by seepage is 0.51,

indicating that seepage has a very large effect on the results. Though it was put in different

terms at the time, the same conclusion can be seen in the results of earlier TSPAS [Barnard et al.

1992, Wilson et al. 1994, CRWMS M&O 1995].
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Another approach used for system-level sensitivity analysis is the “one-off’ method, in

which one (or a few) parameters or submodels are vaned, while all others are kept fixed at

particular reference values (typically mean or median vaiues from the probability distributions).

A number of analyses of this type were performed for TSPA-VA and are reported in DOE [1998,

Chapter 5]. Some of the analyses consider an alternative model or a wider range of parameter

values than were included in the probabilistic TSPA simulations. The conclusions of

geotechnical interest are consistent with the conclusions from the probabilistic analysis: seepage

has a strong effect on repository performance. It was also shown that radionuclide retardation is

potentially important to pefiormance under certain extreme (unlikely) assumptions, for example,

if all plutonium were transported on colloids with no retardation.

The system-level sensitivity results show that for repository petiormance the principal

geotechnical issue is seepage into emplacement drifts, and particularly how many waste

packages are contacted by seeps, which is related to the spatial frequency of seeps. The features

and processes important to seepage are not filly understood at present, but the properties of

fractures around the drift openings are ceilainly important, including fracture apertures and

spacings and the heterogeneity structure (e.g., correlation length for the permeability field).

4.2. Subsystem Sensitivity Analyses

. A number of sensitivity analyses have been performed to evaluate subsystem performance

and provide insights and information to TSPA calculations. Only a selected few are presented

here.
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4.2.1. Unsaturated-Zone Flow

In addition to the base-case unsaturated-zone flow studies described in this paper, a number

of sensitivity analyses have been performed to investigate the effects of processes and features

such as heterogeneities and alternative conceptual models of flow through fractures. In Ho et al.

[1995], several alternative conceptual models of flow through fractures were investigated to

simulate higher

reduction factor

infiltration rates and fast flow paths

for fracture/matrix conductance due to

through fractures. The concept of a

fingering and non-wetted surfaces was

introduced in that study, and a dual-permeability model was recommended for simulating

unsaturated flow at Yucca Mountain. Subsequent papers refined the fracture/matrix interaction

models, yielding reduction factors that were dependent on the hydrologic state of the fractures

[Ho 1997] and that were consistent with the unsaturated characteristic curves of the medium [Liu

et al. 1998].

A modeling study of an infiltration field test was performed to gain insight into the

representativeness of the different fracture-flow models, namely the DKM and ECM [Eaton et al.

1996]. The field test showed that a great deal of water infiltrated into the fractured rock at Fran

Ridge near Yucca Mountain in a very short period of time. The depth of the infiltration was

known to be greater than 15 feet because the region was excavated, and evidence of the dyed

water was mapped along with the visible fractures. The fracture maps were used to produce

property fields for ECM and DKM models of the site. Only the DKM was able to reproduce the

large of amount of water

study added confirmation

that was observed to flow through the fractures to great depths. This

that the DKM was superior to the ECM in simulating high infiltration

scenarios in fractured rock.
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Altrnan et al. [1996] presented a comprehensive study of groundwater travel time at Yucca

Mountain using multiple realizations of heterogeneous hydrologic properties. Both fracture and

matrix hydrologic properties were simulated geostatiscally to obtain spatial variability between

and within stratigraphic layers. Results showed that travel times could vary

magnitude between realizations due to the simulated intra-unit heterogeneities.

by an order of

4.2.2. Seepage

A number of analyses of seepage into drifts are documented in CRWMS M&O [1998a,

Section 2.4.4] and Birkholzer et al. [1999]. The most important conclusions are the following:

. As already noted in Section 2.2, heterogeneity in the flow domain is critical for the

calculation of seepage. Heterogeneity causes

greater than for a homogeneous flow domain.

the probability of seepage to be much

● The variation of seepage computed for different geostatistical realizations is significant.

Seepage depends on the details of the local heterogeneity around the drift. Since such

details are not known, a stochastic approach is necessary. (Thus, for TSPA calculations,

seepage is given a large random component by means of sampling from probability

distributions.)

. The spacing of seepage locations depends on the correlation lengths of spatial

heterogeneity.

. Seepage is insensitive to the van Genuchten m parameter of the fractures, but sensitive to

fracture a and permeability (k). For steady state, seepage is not sensitive to the matrix

hydrologic properties. For transient problems, and for low percolation rates, matrix

properties may be more important.

DRAFT Rev 00A 9/9199 Page 47 of 62

-.>,,,,.. .. .. ..... . -- —..- -..



—.. . —— ———..

.

Geotechnical Issues in Total System Pe~ormance Assessments of Yucca Mountain

. Stochastic perturbation analysis suggests that the probability of seepage into a drift

opening is related to the probability of local pending caused by permeability

heterogeneities in the absence of the opening.

Other studies confirming the importance of heterogeneities for in-drift water movement and

seepage in unconsolidated porous media include work by Ho and Webb [1998], who investigated

the impacts of intra-unit heterogeneities on the performance of capillary barriers. Their results

showed that the anisotropy of the heterogeneous fields (layered vs. random) had significant

effects on the amount and location of seepage.

Another issue that requires a sensitivity analysis is the effect of short-trace-length fractures

on seepage. As described above, the van Genuchten fracture a parameter is very important to

seepage calculations for TSPA. The inverse of this parameter represents the suction potential of

the fractures, and the value of the van Genuchten fracture a is proportional to the fracture

aperture (i.e., the larger the aperture, the less suction potential the fracture has to retain water).

Because the fracture aperture cannot be measured directly in situ, the fracture aperture (and

subsequently the a parameter) is estimated from air permeability measurements and observations

of fracture fi-equencies. The measured fracture frequencies used in these estimates for TSPA-VA

excluded short-trace-length fractures that were less than one meter in length. However, results

horn Sweetkind et al. [1998] indicate that including short-trace-length fractures may increase the

measured fracture frequencies by an order of magnitude [personal communication, C. Rautman,

Sandia National Laboratories, 1999].

A quick sensitivity analysis can be provided to determine the impact of these short-trace-

length fractures on the van Genuchten fracture a. The aperture, b, can be expressed as a function

of the bulk fi-acture permeability y, kf, and the fracture frequency, Ff, as follows:
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(lo)

Equation (10) is derived from the cubic law for fracture permeability, which assumes steady,

filly developed, laminar flow in a plane fracture (Poiseuille flow). Assuming that the bulk

permeability of the fractures remains the same (i.e., is equal to the measured in situ air

permeability), we consider two alternatives where FX2= 10FJI. The first alternative, denoted by

subscript 1, considers the base-case definition of the fracture frequency, and the second

alternative, denoted by subscript 2, considers the inclusion of short-trace-length fi-actures and has

a fracture frequency that is ten times greater than the first alternative. The ratio of the fracture

apertures for the two alternatives can be written as follows:

./

b Ff,,2=3—
~ FJ,2

(11)

The van Genuchten fracture a parameter is directly proportional to the fi-acture aperture

(Young-Laplace equation). Therefore, the ratio of the fi-acture a parameters can be expressed

similarly as follows:
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Using the assumed relation, Ff2 = 10FJ1, Equation (12) shows that for an increase in fi-acture

frequency by a factor of 10, the corresponding fracture van Genuchten a parameter decreases by

a factor of about two. This range of fracture a parameters was covered in TSPA-VA

calculations,. which used a range of fracture a parameters that spanned an order of magnitude or

more.
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4.2.3. Thermal Hydrology and Coupled Processes

A number of sensitivity studies have been performed to study the effects of thermal

hydrology and coupled processes. Alternative models of flow (e.g., DISM and ECM) were used

to model thermal-hydrologic behavior during the post-emplacement period at Yucca Mountain

[Ho et al. 1996]. Recent modeling studies were also pefiormed to investigate alternative models

for the Single Heater Test [Tsang and Birkholzer 1999]. The results of the modeling studies are

consistent and show that the DKM allows gravity-driven condensate drainage through the

fractures, which was absent in the ECM models.

The effects of infiltration rates on the thermal hydrologic behavior of the proposed repository

were investigated by Ho et al. [1997]. A large range of infiltration rates were used, and the

results showed that high infiltration rates could effectively reduce the extent of the dry-out zone

due to effective energy exchange by latent heat of vaporization of the incoming water.

Alternative modes of heat transfer (conduction, convection, and radiation) were also investigated

by Ho and Francis [1996] to determine the effect and importance of individual modes of heat

transfer.

A thermal-hydrologic-mechanical study was performed by Ho and Francis [1998]. The

results of previous thermal-mechanical simulations were coupled to one-dimensional thermal-

hydrologic simulations of the potential repository at Yucca Mountain. The fi-acture porosity,

permeability, and van Genuchten a parameter were modified at discrete times to be consistent

with zones of compression and tension that developed as a result of thermal-mechanical

processes. Results showed that the altered and unaltered simulations produced similar trends in

fi-acture flow, liquid saturations, and temperatures. While trends were similar, several .

differences existed as a result of the modified apertures in the altered simulation, and additional
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studies are required to determine the impact of mechanical (and chemical) alterations on the flow .

and transport of radionuclides through the unsaturated zone.

4.2.4. Radionuclide Transport

Sensitivity calculations were performed in TSPA-VA to investigate the effects of matrix

diffision and sorption on the transport characteristics of Tc, Np, and Pu in the UZ. Tc is

nonsorbing, Np is weakly sorbing, and Pu is strongly sorbing. A source term with a duration of

400,000 years was used as a representative time scale for releases fi-om the potential repository.

The releases were assumed to be uniform over this time period, and were also uniformly

distributed spatially throughout the grid blocks that represent the potential repository. Matrix

diffhsion was varied between 10-30m2/s to 3.2 x 10-*1m2/s for Tc and 1.6 x 10-10m2/s for Np and

Pu. The value of 10-30 m2/s was used as a nominal value for zero matrix diffision. The

calculations indicate almost no sensitivity to matrix diffision for transport of Tc. The reason for

the lack of sensitivity is that the transport time is dominated by advective transport through the

rock matrix in the Calico Hills nonwelded vitric hydrogeologic unit, where flow is matrix-

dominated. The additional transport time due to matrix diffision for nonsorbing Tc is minimal.

Np introduces another element of complexity to the transport process through its sorptive

interaction with rock matrix surfaces. Sorption makes Np transport significantly slower than for

Tc. In these calculations, Np was assigned the base-case average sorption values of 1 ml/gin the

devitrified rock, 1 ml/g in the vitric rock, and 4 ml/g in the zeolitic rock. The results for Np

demonstrate that transport is more sensitive to matrix diffision when combined with sorption.

This result is further emphasized for transport of Pu. Pu was modeled as an aqueous species that

can sorb onto either rock surfaces or suspended colloidal material. In these calculations, Pu was
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assigned the base-case average sorption values of 100 ml/g in the devitrified rock, vitric rock,

and zeolitic rock. Matrix diffhsion was found to play a more important role for Pu than for Tc or

Np due to the stronger sorptive interactions.

5. CONCLUSIONS

This paper has presented an overview of the total-system performance-assessment (TSPA)

calculations of Yucca Mountain. This approach consists of five major steps: (1) develop and

screen scenarios, (2) develop models, (3) estimate parameter ranges and uncertainties, (4)

perform calculations, and (5) interpret results. The impact of geotechnical issues on subsystem

models such as seepage into drifts and radionuclide transport has been discussed and evaluated.

As part of the TSPA calculations, the overall impact of these issues and processes on the

petiormance of the repository in terms of exposure to humans was also evaluated. The

integration of all components is a unique facet of TSPA, and while certain geotechnical issues

may greatly affect an isolated subsystem component, the impacts of those issues on the total

system performance may be much less. For example, the influence of heat on mechanical and/or

chemical changes to fracture apertures and porosity may seem relatively large, but the impact to

flow and transport through the already highly permeable fi-acture maybe negligible.

The most significant factors expected to affect petiormance include seepage, retardation in

the UZ and SZ, corrosion and failure of waste packages and other engineered barriers, wellhead

dilution, and radionuclide solubilities. Associated with these factors are a number of

geotechnical issues that deserve attention. The characterization of hydrologic properties of

fractures, especially those associated with two-phase flow conditions, is important to

unsaturated-zone flow and transport. Improved understanding of fracture/matrix interactions in

the unsaturated zone is desirable to more accurately characterize diffision and subsequent
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sorption in the matrix, and additional testing of seepage through fracture networks and into open

drifts would improve TSPA models that are critically important to evaluating the amount of

water contacting waste packages.

Further modeling and testing of coupled processes (TH, THM, and THC) would improve our

understanding of the impact of these processes on flow, seepage, and radionuclide transport.

Rock properties such as density, porosity, specific heat, thermal conductivity, permeability, and

even emissivity influence the thermodynamic environment of the waste package by affecting the

conduction, convection, and radiation of heat away from the waste. The thermodynamic

environment subsequently affects the corrosion rates of the waste packages, which is a critical

aspect of performance. In addition, coupled reactive processes affect the chemistry of water

entering the drifts, which also affects the corrosion rates of the waste packages. Additional

studies of radionuclide retardation and colloidal transport in the unsaturated and saturated zones,

especially under thermally perturbed conditions, would also improve our TSPA models.

Indeed, a number of inherent uncertainties are associated with the features, events, and

processes at Yucca Mountain. However, we believe that a probabilistic and systematic TSPA

approach can account for these uncertainties, and it provides the best method for evaluating the

performance and safety of the potential repository at Yucca Mountain.
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Table 1. Probabilities for the Mountain-Scale Unsaturated
Table 3-6].

Zone Flow Cases [from DOE, 1998,

Minimum af Nominal af Maximum af

Low infiltration (base infiltration +3) 15% not considered 15%

Base infiltration not considered 60% not considered

High infiltration (base infiltration x 3) 5% not considered W.

Note: a~= fracture air-entry parameter

Table 2. Probabilities for the Process-Model Cases Used to Develop Seepage Distributions
[from DOE, 1998, Table 3-7].

af =3X104 af=lOa af = 3Xloa

Pa”’ Pa-’ Pa-’

Mean k= 10’4 mz 6.25% 12.5yo 6.25%

Mean h= 10’3 m2 12.5yo 257. 12.5%

Mean kf= 10’2 m2 6.2570 12.5yo 6.25’%.

Note: kf is fracture permeability and af is fracture air-enty parameter
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Table 3. Inputs and outputs of subsystem model components for TSPA-VA. Components
discussed in this paper are bold.

Subsystem Model Input Products Output Products
Component (and Components) (and Components)

Earth orbital parameters, paleoclimate data,
Future precipitation rate (infiltration), future water-

Climate
paleospring elevations, regional SZ model

table rise (UZ flow), future SZ flux (SZ flow&
transport), climate durations (total system)

Meteorologic data, soil depth, topography,
Infiltration incident sunlight, borehole data; future Net infiltration flux (UZ flow, thermal hydrology)

precipitation rate (climate)

Unsaturated- Borehole data, ESF dat~ net infiltration flux
UZ flow field (UZ transport, seepage, SZ flow &

Zone Flow (infiltration), future water-table rise (climate)
transport); hydrologic parameters (seepage, thermal
hydrology)
Seepage fraction and seep flow rate (in-drift

Seepage
ESF data, seepage tests, design; percolation flux geochemical environment, waste-package
and hydrologic parameters (UZ flow) degradation, waste-form degradation & EBS

transport)

Thermal-property measurements, SHT, design;
Temperature, gas flux, and air mass fraction (in-drifi

Thermal net infiltration flux (infiltration), hydrologic
geochemical environment), Temperature and relative

Hydrology parameters (UZ flow)
humidity (waste-package degradation, waste-form
degradation), invert liquid saturation (EBS transport)

Gas and water compositions, mineralogy, SHT,
in-Drifl thermochemical databases, design; seepage
Geochemical fraction and seep flow rate (seepage),

Water chemistry (waste-package degradation, waste-

Environment temperature, gas flux, and air mass fraction
form degradation & EBS transport)

(thermal hydrology)
Corrosion tests, design; temperature and relative

Waste-Package humidity (thermal hydrology), seepage fraction
Time of waste-package failure and time history of

Degradation (seepage), pH of seepage (in-drift geochemical
opening area (waste-form degradation & EBS

environment)
transport)

Waste inventory, dissolution tests, volubility
tests, colloid studies, cladding-failure data;

Waste-Form
temperature, relative humidity, and invert liquid

Degradation and
saturation (thermal hydrology), seepage fraction Mass flux ofradionuclides leaving the EBS in

EBS Transport
and seep flow rate (seepage), water chemistry aqueous and colloidal form (UZ transport)
(in-drift geochemical environment), time of
waste-package failure and time history of
opening area (waste-package degradation),

Unsaturated- Sorption tests, diffusion tests, borehole data, ESF
Zone data, mineralogy UZ flow field (UZ flow), mass Mass flux of radionuclides leaving the UZ in
Radionuclide flux of radionuclides leaving the EBS in aqueous aqueous and colloidal form (SZ flow& transport)
Transport and colloidal form (EBS transport)

Water-level measurements, borehole data,

Saturated-Zone
hydraulic well tests, tracer tests, sorption tests;

Flow and
UZ percolation flux (UZ flow), mass flux of
radionuciides leaving the UZ in aqueous and

Radionuclide concentration in well water (biosphere)
Transport

colloidal form (UZ transport), future SZ flux
(climate)

Dietary and lifestyle survey, radiation DCF datz
Biosphere radionuclide concentration in well water (SZ

Radiation dose rate to the reference person (total

flow & transport)
system)

1-

Notes: UZ = unsaturated zone, SZ = saturated zone, ESF = Exploratory Studies Facility, seepage fraction = fraction of waste
packages contacted by seeps, EBS = engineered barrier system, SHT = Single Heater Test, invert = in-drifi material under waste
package, DCF = dose conversion factor
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Figure 1. Model components used in TSPA calculations [adapte :d from DOE 1998, Figme 2-2].
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Figure 3. Total (fracture+ matrix) percolation flux at three elevations (long-term-average
climate, mean infiltration, base-case hydrologic properties). Six repository subregions are shown
for reference [adapted from CRWMS M&O 1998a, Figure 2-102].
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Figure 4. Model approach used in abstracting seepage into drifts for TSPA-VA [from DOE
1998, Figure 3-7].
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Figure5. Plots ofseepage fraction andseep flowrate usedin TSPA-VA
1998a, Figures 2-113 and 2-114]

[from CRWMS M&O
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Figure 6. Average waste-package temperature history for the six repository subregions
(commercial spent nuclear fuel, long-term-average climate, mean infiltration, base-case
hydrologic properties) [from DOE 1998, Figure 3-211. .
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Figure7. Breakthroughcurves atthewatertable forpulseofanunretardedtracerreleased
uniformly throughout therepository. Breakthrough curves forallthree climate states areshown
(mean infiltration, base-case hydrologic properties, no matrix diffusion) [from CRWMS M&O,
1998a, Figure 2-103].
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Figure 8. Simulated radionuclide-concentration breakthrough curves from the TSPA 1-D SZ
transport model for the base-case expected-value transport parameter values. Results are shown
for the nine radionuclides, assuming a unit mass flux (1 g/y) source at sub region 1 [from
CRWMS M&O 1998d, Figure 8-29].
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Figure 9. Performance-assessment information-flow pyramid [from DOE 1998, Figure l-l].
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Figure 10. Calculated histories of radiation dose rate to a reference person 20 km away from the
repository [from DOE 1998, Figure 4-27]. Note that only 73 curves out of 100 are shown
because the other 27 had zero dose.
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