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STUDY PLAN FOR
RETARDATION SENSITIVITY ANALYSIS
K Birdsell, K. Eggert, and G. Zyvoloski
Los Alamos National Laboratory

ABSTRACT

The Retardation Sensitivity Analysis study will provide analyses on the effects that geochemical, geophysical,
and coupled processes, as well as particulate transport bave on radionuclide transport from the candidate
repository site to the accessible environment at Yucca Mountain. A conceptual geochemical/geophysical
mode! of the Yucca Mountain site will be developed based on available geochemical, hydrologic, and other
site characterization data, and on the analyses done under this study. Computational models summarizing
the processes in the conceptual model will be constructed. These computational models will be used to
perform integrated transport calculations to estimate radionuclide migration rates from the repository to the
accessible environment and to determine the seasitivity of such transport calculations to retardation processes
and parameters embodied in the modes. Model validation will also be an integral part of this study.

This study will identify the processes baving the most significant effects on transport. These results will be
used to guide site characterization activities concerned with gathering geochemical data. By interacting with
the geochemistry program, data will be incorporated into seasitivity analyses to provide quantitative direction
as to arcas where further characterization is rcquirc(i or to indicate where characterization is sufficient. Also
by identifying the processes that are most significant, the information may be used to restrict the scope of
characterization efforts to those processes and parameters that most significantly affect transport. Results of
integrated transport calculations will be incorporated into the total system performance assessmeats. These
results can be used to evaluate the effectiveness of Yucca Mountain’s geochemical barriers, to estimate
potential radionuclide breakthrough to the accessible environment, and to evaluate assumptions used in the
modeling of total system performance assessments.
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STUDY PLAN FOR RETARDATION SENSITIVITY ANALYSIS
1.0 PURPOSE AND OBJECTIVES

Objectives of the Study

The purpose of this study is to provide analyses of the effects of geochemical processes on
radionuclide transport between the repository and the accessible eavironment. The primary
reason for these analyses is to identify the most sensitive processes and to help guide geochemical
site characterization. These analyses will be performed in sufficicnt detail to test and add justifi-
cation to assumptions regarding the effects of site gcochemistry on the traasport calculations that
will be the basis of total system performance assessment. Further, the analyses will serve as
vehicles for compiling and summarizing the effectiveness of the natural geochemical barriers for
inhibiting radionuclide migration. Finally, through scasitivity analysis, this study will aid in
determining the point at which the site geochemistry is sufficiently characterized.

The specific objectives of this study are as follows.

» Construct computational models for radionuclide transport and retardation at Yucca Mountain
" that summarize conceptual models of the effects of site geochemical processes on retardation

and that may be used to assess the relative effects of geochemical processes on transport.

+ Use the models to perform integrated calculations to assess radionuclide transport between the
repository and the accessible environment.

+ Demonstrate the sensitivity of transport calculations to retardation processes assumed or
demonstrated to be active at the Yucca Mountain site.

» Determine the sensitivity of transport calculations to the parameters of the conceptual
retardation models.

« Use the models to develop characterization experiments for the purpose of gathering required
site geochemical data and for validating, to the extent possible, conceptual and comput:gonal
models.

Regulatory Rationale and Justification

The results of this study will be used to satisfy Investigation 83.1.3.7 (DOE, 1988) and to partially
guide the geochemical characterization needs described in Site Characterization Plan (SCP)
Section 83.1.3. The results will also be used to test assumptions for the total system performance
assessments used to resolve Issue 1.1, Results from the integrated transport calculations will be
used to resolve Issues 1.1 and 1.8, and Information Needs 1.13, 1.1.4 and 1.1.5. This study is
performed under WBS 1.23.4.1.5.1 {formerly WBS 1.234.1.7A (Cederberg, 1986)).

General

SCP Section 83.13 requires that “... the data collected in order to describe the present and
expected geochemical characteristics provide the information required by the design and
performance issues." SCP Investigation 8.3.1.3.7 requires description of “radionuclide retardation
by all processes along flow paths to the accessible environment.® To ensure that the geochemical
data gathered during site characterization are sufficient for this purpose, the most sensitive
processes and parameters must be identified and characterized. The rationale and justification for
the activities described below are that these activities will provide the analyses that, when com-
bined with laboratory and field studies, will identify those seasitive processes and parameters.
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Figure 1 (SCP Fxgurc 8.3.1.3-2) shows how this study fits into the gcochemxstry program. The
study provxdcs sensitivity analyses of individual transport mechanisms and integrates these
mechanisms into a geochemical/geophysical model of radionuclide transport at Yucca Mountain.

In addition, the retardation sensitivity analysis will support total system performance assessment
calculations. The total system performance assessment (Issue 1.1) is a probabilistic analysis of
transport of radioauclides to the accessible environment. To develop meaningful probability
distributions for releases, these analyses must be simplified through the use of assumptions
regarding, in part, transport processes and the interaction of radionuclides with the geochemical
eavironment. These assumptions must be tested through detsiled analyses and laboratory and
field testing. In guiding the geochemical characterization activities, the analyses performed in the
activities below will provide a detailed study of the assumptions regarding transport and
geochemistry based on mechanistic models. Integrated transport calculations, based on the
geochemical/geophysical model developed under the study, will evaluate the retardation capacity

" of the mountain and provide quantitative estimates of radionuclide releases to the accessible

environment in support of Issue 1.1.
rformance Allocation

Performance allocation was used by the Yucca Mountain Site Characterization Project (YMP) to
establish the issue resolution strategies (IRS) for performance and characterization issues in the
YMP Issues Hicrarchy. A geaeral discussion of the performance allocation process is presented
in Section 8.1 of the YMP SCP. Tke IRS for the geochemical program is presented in SCP
Section 83.1.3.

In addition, a preliminary performance allocation for the total system performance (Essue 1.1) is
provided in SCP Scction 8.3.5.13. Tables 8.3.5.13-17 of the SCP summarize the primary processes
and conditions relied upon for total system performance for the classes of sceaarios to be
considered. Several of the primary processes require assessment of transport with adsorptive
retardation. Further, the input parameter list for SCP Investigation 8.3.5.13.3 (Information Need
1.1.3) requests both conceptual and calculational models from Investigation 8.3.1.3.7. Therefore,
the tie to the performance allocation process may be found in the IRS for the geochemical
program (SCP Section 8.3.1.3) and in the input parameters of Information Need 1.1.3 (SCP Study
83.5.13). Table 1 (part of SCP Table 83.1.3-2) shows the performance measures or parameters
associated with the models developed under this study as part of the site geochemistry program.

ie ations

SCP Section 83.13, which calls for geochemical characterization, is a subissue of Key Issue 1,
"Will the mined geologic disposal system at Yucca Mountain isolate the radioactive waste from
the accessible environment after closure in accordance with the requirements set forth in 40 CFR
Part 191 (EPA, 1986), 10 CFR Part 60 (NRC, 1987), and 10 CFR Part 960 (DOE, 1987)." As
such, SCP Section 83.13 will provide information on the geochemical characteristics needed for
the performance assessments and license application conteat as required by 10 CFR 60.112,
60.122, and 60.21, respectively, and the siting guidelines of 10 CFR 960.

The activities of this study serve to guide geochemical characterization by helping to identify the
most significant effects of geochemistry on radionuclide transport. Further, by assembling the
transport mode] necessary for that purpose, the study will also provide integrated calculations of
the effects of site geochemistry on radionuclide transport to the accessible environment.
Therefore, these activities will help to ensure that the geochemical data developed during site
characterization will be sufficient for design and performance assessment needs.
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20 RATIONALE FOR SELECTED STUDIES
chnical Rationale and Justification
Three activities are described for this study:

« sensitivity analyses using a geochemical transport mode! of Yucca Mountain and integrated
geochemical transport calculations (SCP Section 8.3.1.3.7.1.2),

« analysis of physical/chemical processes affecting transport (SCP Sectiop 83.1.3.7.1.1), and
« transport models and related support (SCP Section 8.3.1.3.7.1.3).

This section provides the rationale for each of these activities. Briefly, the purpose of these
activities is to identify the extent to which geochemical and physical processes affect calculations
of transport to the accessible environment. The three activitics of the study will proceed in
parallel. The overall goal is to represent the processes affecting radionuclide transport at Yucca
Mountain in a computational model capable of providing guidance to characterization and
performance assessment activities and to demonstrate an understanding of the effects of
geochemical and physical processes on radionuclide transport to the accessible eavironment.

The activities are presented in a different order here than in SCP Section 83.1.3.7.1 to better
emphasize the development of this study. For clarification, Table 2 shows the correspondence
between the subactivities presented in this study plan and those presented in the SCP. The
primary focus of this study is to develop a geochemical mode! of Yucca Mountain and to use the
model to perform integrated transport calculations of radionuclide releases from the repository to
the accessible environment. The first activity serves this purpose. It serves to integrate processes,
including those presented in the second activity of this study, and data, as they are gathered, into
conceptual and computational models of radionuclide transport at Yucca Mountain. Transport
calculations performed based on these models form sensitivity analyses which will be used to
evaluate the significance of various retardation processes on radionuclide transport at Yucca
Mountain. Parametric seasitivity analyses (Section 3.2.1.2) are included under this activity because
they can be used to efficiently evaluate the relative contributions of various parameters to
radionuclide migration rates and to uncertainty in retardation model calculations. Once model
sensitivities are identified, unnecessary complexity in the total systems models can be reduced.

The second activity is concerned with identifying the geochemical and physical processes that most
significantly affect transport. Less traditional transport processes (i.c., alternative conceptual
models) are considered under this activity. However, the conceptual mode! described above will
be modified as needed to incorporate significant processes identified under this second activity.
The effects of colloidal transport and geochemical, physical, and coupled processes on
radionuclide migration will be considered under this activity.

The third activity will provide verification, validation, and support for the computational codes and
models developed as part of this study. A part of this validation effort is directed toward the
design of experiments for characterization activities intended to minimize or quantify
uncertainties.

Sensitivity Analyses Using 8 Geochemical Transport Model of Yucca Mountain and Integrated
Geochemical Transport Calculations

Work under this activity will construct a computational mode! of the geochemical transport system
at Yucca Mountain that represeats, to the extent possible, the conceptual model of the effects of
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TABLE2
CORRESPONDENCE BETWEEN SUBACTIVITIES PRESENTED IN
THE SITE CHARACTERIZATION PLAN AND STUDY PLAN 8.3.1.3.7.1
SCP Activity Study Plan Section
'y /Chemijca ec
8.3.1.3.7.1.

Geochemical Processes Affecting Transport Sect. 3.2.2.2

Physical Processes Affecting Transport Sect. 3.2.2.3

Particulate Transport Sect. 3.2.2.1

Heat-load Effects Sect. 3.2.2.4
+ Coupled Phenomena Sect. 3.2.2.4

Geochemical/Geophysical Model of Yucca Mountain

Integrated Geochemical Transport Calculations

(8.3.1.3.2.1.)

Coanstruction of Geochemical/Geophysical Model] Sect. 3.2.1.1

Integrated Radionuclide Transport Calculations Sect. 3.2.1.1

odels and Related Su 3.1.3.7

Code Verification Sect. 3.2.3.2

Mode! Validation Sect. 3.2.3.3

Sensitivity Analysis : Sect. 3.2.1.2

site geochemistry on radionuclide transport. The conceptual model of site geochemistry will
consist of the integration of site mineralogy and petrology, background water chemistry, models of
radionuclide sorption and solubility, and other geochemical processes affecting transport to the
accessible environment. The conceptual model will be continuously updated as new data are
gathered, as validation exercises (Section 3.2.3.3) are evaluated, and as the significance of
processes identified in the second activity of this study (Sections 2.1.2 and 3.2.2) are evaluated.

The computational mode! consists of flow, transport, and geochemical processes affecting
transport. Initially this study will employ the traditional convective-dispersive equatioas for
transport of dissolved radioactive, sorptive species as embodied in the TRACRN code (Section
3.2.1.1). The model will be used to make calculations of retardation of radionuclides as
groundwater transport carries them through the units between the repository’s underground
facilities and the accessible eavironment.

The calculations will accomplish two goals. First, at intermediate stages, mode} calculations will
supply sensitivity analyses of the effects of retardation on transport. The calculations will also
address the effects of the spatial distribution of hydrologic parameters, geochemical parameters,
and mineral assemblages on retardation of radionuclides. The analyses will integrate processes
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identified as having an effect on retardation and, by indicating the units that need further
characterization, will help to ensure that gecochemical characterization activities are efficiently
applied to repository performance assessments. Models will also be used to design and interpret
geochemical characterization experiments.

Second, calculations with the model will help to summarize existing knowledge of the overall
retardation effectiveness of the geologic units between the repository and the accessible
environment. As described in detail below (Section 3.2.1.1), the model will initially consist of a
computational computer program that combines spatially distributed data for the units underlying
the repository with the equations of flow and transport. The model uses a numerical solution that
allows incorporation of the three-dimensional structure of sorbing units beneath the repository in
the transport calculation. Therefore, the model provides a means for integrated representation of
the effects of geochemistry on transport.

It must be stressed that the development of the geochemical transport model under this activity is
evolutionary. Additional or alternative processes identified in the following activity (Sections 2.1.2
and 3.2.2) may be added to or deleted from the conceptual model as their significance to
transport is shown. These processes may not be added to the computational code TRACRN
itself, but their contributions to transport will be assessed as part of this study.

Alternative methods for performing the analysis of processes could include direct extrapolation of
empirical data to repository conditions or analysis of natural analogues. However, simple extrapo-
lation techniques cannot predict the geochemical interactions that may be expected to occur over
the 10,000 yr required of repository performance. Further, computational techniques will be
required to determine the response of the geochemical system to scenarios that will be analyzed
as pant of the total system performance assessment. Natural features that are representative
analogues of a repository at Yucca Mountain have not been reported. At this time, the primary
value of natural analogues is as a source of data for partial validation of models of geochemical
processes. Therefore, it appears that calculational modeling of transport phenomena, supported
by laboratory and field characterization, provides the best method of assessing the effects of
geochemical processes on radionuclide transport over the performance period of the repository.

Analysis of Physical/Chemical Processes Affecting Transport

The rationale for this activity is to partially guide gcochemical characterization activities by
investigating processes that may have a significant effect on transport and that thereby provide
information that may be used to restrict the scope of geochemical characterization to those
processes and parameters that most affect radionuclide transport. The activity will help to
determine the most appropriate computational representations for these processes and will use
them to assess the sensitivity of these processes to radionuclide transport by calculating their rela-
tive contributions to radionuclide transport to the accessible environment. Therefore, two levels
of sensitivity analysis will be performed: quantification and integration of the important contribut-
ing processes and parametric sensitivity analysis.

In this task, the approach for identification of important physical and geochemical processes will
be to model alternative processes, either individually or as part of & larger computer model being
developed as part of the first activity in this study (Sections 2.1.1, 3.1.1, and 3.2.1). Currently, four
broad categories of processes are being studied: (1) transport of radionuclides in the form of
colloids; (2) effects of geochemical processes on transport; (3) effects of physical processes on
transport, in particular, the effects of fracture flow in the unsaturated zone and of dispersive and
diffusive behavior on transport; and (4) effects of coupled processes, in particular, the effects of
regional stress and heat on transport and geochemistry. Ounce a process has been shown to have
a significant effect on transport, the seasitivity of radionuclide transport calculations to parameter
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changes in the process model will be assessed, and the results will be incorporated into the
geochemical conceptual model.

Transport Models and Related Support

The purpose of this activity is to provide documentation, verification, validation, and software
support for the transport codes to be applied to the retardation seasitivity analyses. This activity
will ensure that the codes applicd in this study will be compatible with the guidance put forth in
NUREG-0856 (Silling, 1983) and the LANL YMP software quality assurance (QA) requirements.

Most of the codes to be used in this study are modified versions of existing computer programs.
The codes were chosen, in part, because the codes’ users either developed the existing computer
program or work directly with the codes’ developers. The codes have extensive support at Los
Alamos National Laboratory. A description of their capabilities is given in subsequent sectioas
(Sections 3.2.1.1, 3.2.1.2, 3.22.1 and 3.2.2.4). They contain state of the art aumerical procedures
and are of a small class of codes that meet our requirements for accurate physics and
computational efficiency. Some effort is required to bring these codes into compliance with QA
standards that conform to NUREG-0856. This compliance will be accomplished by geaerating
YMP versions of these codes. Software support will be limited for the purposes of this activity to
the YMP versions of the codes.

Most of the effort under this activity will be concerned with the verification of the YMP versions
of the codes and the validation of the coaceptual models used in this study. Much of the
verification work performed on earlier versions of the codes is usable; however, because all the
codes require significant modification for the YMP problem, additional verification activities are
necessary. Model validation makes up a significant portion of the study effort as the project
moves toward licensing. Because much of the evaluation of the effectiveness of the geochemical
retardation barrier will be predicted based upon modeled results, validation of the models used
for these results is required.

Constraints on the Study

Sensitivity Analvses Using a Geochemical Transport Model of Yucca Mountain and Integrated
Geochemical Transport Calculations

The technical constraints that affect this study arise from two basic areas. First, the study is
constrained by the data provided to the calculations. For example, sufficient data to support
conceptual models must be obtained from geochemical and hydrologic characterization studies.
Second, the numerical methods used require significant computational resources. This constraint
requires that the code be formulated in a computationally efficient manner in order to allow
sufficient resolution for three-dimensional representation of the retardation processes.

This activity will produce no adverse impacts on the site. It will ot collect data at the site but
rather will rely on other studies for data collection. The study will not need to directly simulate
repository conditions; however, validation exercises (Section 3.2.33) must provide a sufficient basis
for demonstrating that transport models may be used to predict long-term performance. This
study is partially concerned with quantitatively determining the accuracy with which parameters
must be known and the limits to which transport modeling techniques may use the data to predict
effects of site geochemistry on transport of radionuclides.

The time required for this activity is consistent with that provided by the current program
schedule, provided that the level of effort required is sustained throughout that period and that
the other characterization activities supplying bydrologic (SCP Investigation 8.3.1.32) and
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transport properties proceed on schedule. Because characterization data will not be collected by
this study, the analyses described below will require data from other studies as input to the
conceptual models used for this study. These data are the coefficients of the flow and transport
equations (Section 3.2.1), which will be used to evaluate initial conditions, boundary conditions,
constitutive relationships, and other coefficients in the transport equations for radionuclide
transport. These data include those hydrologic parameters and conditions required to assess
groundwater velocities at a resolution sufficient to determine transport of radionuclides in the
units between the repository and the accessible environment. They also include the diffusion, dis-
persion, effective retardation coefficients, and decay constants found in the transport equation.
These constants and coefficients are supplied by the studies on site hydrology (SCP Section
£3.1.2) and site characterization activities for measurement of transport parameters (SCP Sections
83.1.2 and 83.13.72). Information from the undisturbed and disturbed case performance-
assessment scenario classes (SCP Section 8.3.5.13) will be used to estimate boundary conditions.
Source terms for radionuclides will be taken to be the engineered barrier releases as predicted by
the studies described under SCP Section 83.5.10. Retardation models and parameters will be
supplied by studies described in SCP Section 83.13.4. A means by which the spatial distribution
of sorption parameters may be obtained will also be supplied by the studies described in SCP
Section 8.3.1.3.4. Availability of thesc data serves as a constraint on this study.

Analysis of Phvsical/Chemical Processes

In addition to the constraints presented in Section 2.2.1, other constraints will be applicable to this
activity. For colloid transport, fracture velocities and information concerning birth, death, and
growth rates of colloids are required. Data concerning colloid formation are supplied by SCP
Studies 8.3.1.3.4.1.4 and 8.3.1.3.5.2.1. For the geochemical studies, sorption cocfficients as
functions of pH and water chemistry may be required from the sorption (SCP Section 8.3.1.3.4)
and groundwater geochemistry (SCP Section 83.1.3.1) tasks. To study transport through fractures
in the unsaturated zone, information is nceded concerning the partitioning of both moisture and
radionuclides between the fractures and matrix material. This information is supplied by the
geohydrology (SCP Section 8.3.1.2) and the dynamic transport (SCP Section 83.1.3.6.1) tasks. To
study dispersive behavior, the dependence of the dispersion tensor on such factors as saturation,
length scales, and time must be determined from dynamic transport studies (SCP Section
8.3.1.3.6.1) and field testing (SCP Section 83.13.7.2). The dependence of diffusion on saturation,
tortuosity, and scale will be determined from information gathered under SCP studies 83.1.2.2.5
and 83.1.3.6.2. For the coupled stress task, intact rock strength properties and regional stress
data are required. For the coupled heat/flow task, thermal conductivities and fluid properties as
functions of temperature arc required (SCP Section 8.3.1.15).

JTransport Models and Related Support

This activity has few constraints because it is basically a support activity for the activities described
in Sections 2.2.1 and 2.2.2. However, validation activities will require a project-wide consensus on
a validation approach and a program of experimentat studies to produce data for model
validation. In addition, an independent peer review mechanism must be established as part of
validation activities.

With regard to the specific factors to be considered as constraints, the only factor that would
appear to constrain this activity is the time available for model vatidation. Validation exercises
must begin as early in the project schedules as possible in order to gather the required data.
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30 DESCRIPTION OF ANALYSES
n roach and P e

The purpose of this study is to provide analyses of the effects of physical and chemical processes
on the transport of radionuclides between the repository and the accessible environment. Much
of this work will be performed numerically using Sun work stations and Cray computers (Section
3.3). The codes used for this study run in one-, two-, and three-dimensions. Some three-
dimensional simulations will be performed for this study, but we will also rely on one-dimensional
and especially two-dimensional simulations. For example, two-dimensional simulations can
perform extensive parameter studies for sensitivity analyses. The results of these simulations can
be used to intelligently plan a more limited sensitivity analysis of three-dimensional geometries.
We estimate that a typical two-dimensional calculation will run in a few hours on the Sun-4 work
stations, while a very large two-dimensional problem would take on the order of a day. A
moderately sized three-dimensional simulation will take one to two days on the Sun-4 work
stations, and a very large three-dimensional simulation will require a few hours of Cray time.
These requirements are not extraordinary; necessary results will be obtainable in a reasonable
time frame.

Sensitivity Analyses Using a Geochemical Transport Model of Yucca Mountain and Integrated
Geochemical Transport Calculations

The purpose of this activity is to construct a mode! capable of providing quantitative estimates of
the retardation effectiveness of the geologic units between the repository and the accessible
environment (Section 2.1.1). Model development will proceed in phases as data on geochemical
cffects on radionuclide transport are obtained and as validation exercises are analyzed. As model
phases are completed, the model will be used to indicate where characterization efforts should be
concentrated in order to assess the effectiveness of the barrier, Site characterization, model
development, and model validation tasks will work band-in-hand to develop the conceptual model
of the site’s geochemical barriers and to limit the scope of the characterization effort. Calcula-
tions to support conclusions on the effectiveness of the geochemical barrier will be performed by
modeling the transport of radionuclides released from the engineered barrier system through the
geologic units between the emplacement porizon and the accessible environment and by
application of sensitivity analysis techniques.

Model calculations will integrate the effects of retardation processes, such as those described in
Section 3222, with the geologic and geochemical data developed in studies necessary to
summarize geochemical retardation, as described in SCP Sections 83.13.1.2, 83.1.3.14, 83.13.15,
83.13.16, 83.13.1.72, and 83.13.1.8. The geochemical/geophysical model will be made as
realistic as is practical; for example, lateral flow, tipped beds, and discrete faults will be included
in the geologic description. Groundwater chemistry activities (SCP Section 8.3.1.3.1) will supply a
description of changes in background groundwater chemistry for scenarios to be analyzed in total
system performance assessments. Mineralogic and petrologic characterization activities (SCP
Section 8.3.13.2) will provide spatial distributions of mineralogy that provide the basis for
distributing transport and sorption parameters throughout the solution domain of the model.

Geochemical interaction between the host rock and the transported materials will be represeated
principally through effective or scenario-dependent sorption relationships. These relationships
may be in the form of linear or nonlinear isotherms. Provision in the computational mode! will be
made for solubility-limited sorption and reversible processes. The parameters and models
representing the sorption processes will be supplied by the characterization activities described in
SCP Section 83.134. The sorption characterization activities (SCP Section 8.3.1.3.4) will also
provide a method by which the sorption parameters may be distributed in space. Such a method
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may, for example, be based on the mineral distributions obtained from the activitics of SCP
Section 83.1.3.2. The transport mechanism may also affect the sorption parameters, For
example, radionuclides moving through fractures are likely to encounter different minerals and
therefore different sorption properties than if they were transported through the matrix.

Solubility limits on radionuclides in solution will be obtained from the studies described in SCP
Section 8.3.1.3.5. Experimental evidence of the effects of geochemical processes on transport will
be incorporated in the transport model. These results will be obtained from the studics described
in SCP Section 83.1.36

Some transport properties for the saturated zones will be obtained from the studies of SCP
Section 8.3.1.3.73. Data will also be gathered from the geobydrologic and transport activities
described in SCP Section 8.3.12. Source term data for radionuclide releases from the engineered
barrier system will be collected from activities described in SCP Sections 83.5.9 and 8.3.5.10.
Data from rock characteristic studies described in SCP Sections 8.3.1.4 and 83.1.15, as well as
data from studies on the potential effects of erosion (SCP Section 8.3.1.6), future climate changes
(SCP Section 8.3.1.5), and tectonic activities (SCP Section 8.3.1.8), will be used.

Analvsis of Phvsical/Chemical Processes Affecting Transport

There are currently four classes of physical/chemical processes being studied as part of this
activity:

+ transport of radionuclides in the form of colloids;

» effects of geochemical processes on transport;

+ effects of physical processes on transport; and

» effects of coupled mechanical/hydraulic/thermal processes on transport and retardation.

The studies in these areas will be discussed in detail below. The overall approach for these
studies is to assess the importance of the above-mentioned process to radionuclide transport. If
the calculated effects are found to be significant, then the process will be incorporated into the
conceptual geochemical model of Yucca Mountain developed under this study. The mechanism
by which the results will be incorporated in an overall evaluation of the effectivencess of the
geochemical barrier will vary.

For colloid transport, it appears likely that a separate calculation for colloid transport can be
made. The population balance model described below relies (Section 3.2.2.1) on velocity
calculations for the liquid phase. These velocities, for both fractures and matrix, are generated by
the TRACRN code as part of the dissolved species transport calculations. Therefore, it may be
possible to couple colloid transport with the calculations of the TRACRN model by performing a
colloid transport calculation based on water flow velocities predicted by the TRACRN model. If
significant, these results would become a component of our overall conceptual geochemical model.

The effects of geochemistry on transport measurements will couple with either TRACRN or
FEHMSN calculations through the retardation coefficients of the transport equation.
Examination of Equation 3 (Section 3.2.1.1) shows that the primary geochemical interaction with
transport is through sorption constants. It may be expected that simple linear isotherm
approaches will not suffice for all conditions to be modeled. Rather, some form of effective
sorption cocfficients that integrate effects of varying conditions and transport on sorption will be
required for accurate results. The work in this area will aid in developing effective sorption
coefficients or alternate submodels that may be incorporated directly in TRACRN or FEHMSN.
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Studies concerning the effects of fracture flow. in the unsaturated zone on transport are likely to
show that under certain scenarios, a composite porosity approach (sce Section 3.2.2.3) is
sufficient, and under other scenarios, discrete fracture modeling or a dual-porosity model is
required. TRACRN can be used to model the composite porosity approach and to study a small
number of discrete fractures. FEHMSN has a dual-porosity capability.

Components of the dispersion tensor may depend on saturation, length scale, and time. Likewise,
the effective diffusion coefficient will depend on saturation and tortuosity. Dependeancies in these
terms can be directly incorporated into the TRACRN code.

In the cases of coupled phenomena, if the coupling with mechanical stress changes or heat effects
in the mountain is found to be important, the effects will be quantified with the FEHMSN code,
and the results will become a component of our study results. If the coupling is unimportant,
then the issue of the effects of coupled mechanical/hydraulic processes on radionuclide transport
may be quantitatively resolved as unimportant.

Work under this activity will require input from geochemical characterization activities described
in SCP Sections 83.1.3.1, 83.1.3.2, 83.13.4, 8.3.135, and 83.1.3.6. Again, groundwater chemistry
from SCP Section 8.3.1.3.1 will provide baseline water compositions for transport modeling
activities. The mineralogic and petrologic distributions developed in the studies of SCP Section
8.3.1.3.2 arc expected to provide an indication of the spatial distribution of sorption and transport
properties. Sorption data from the studies of SCP Investigation 83.1.3.4 are required input to the
assessment of transport effects on geochemical parameters. This investigation (8.3.1.3.4) will also
provide data to be used to assess the importance of microbes on colloidal transport mechanisms.
Solubility measurements from the studies of SCP Section 8.3.1.3.5 will form part of the input to
the geochemical/transport modeling. Finally, the dynamic transport studies (SCP Section
8.3.1.3.6) will provide experimental transport measurements.

Additional data needs from studies external to SCP Section §3.1.3 parallel those described in
Section 3.1.1.

Method
Sensitivity Analysis Using 3 Geochemical Transport Model of Yucca Mountain and Integrated
Geochemical Transport Calculations

mical Tr 1 of Yucea Mountain

A model of the transport system at Yucca Mountain is needed to perform the sensitivity analyses
described below. This model will integrate the site geochemical and physical data with a three-
dimensional porous media transport code that will provide a computational representation of the
conceptual model for transport and the effects of site geochemistry. Initially, the transport code
to be used for this work will be TRACRN, a version of TRACR3D (Travis, 1984), curreatly
under development for YMP applications. TRACRN is essentially TRACR3D with
documentation sufficient for YMP QA requirements. Previously, TRACR3D bas been applied to
Yucca Mountain for preliminary calculations of flow and transport (Travis et al., 1984; Cederberg
et al.,, 1987; Travis and Nuttall, 1987; and Greenwade and Cederberg, 1987). These simulations
were performed in two dimensions, using predominantly estimated values for many of the flow,
transport, and geochemical parameters. More recently, repository-scale transport calculations in
three dimensions using gpatially distributed sorptions coefficients were run with TRACRN
(Birdsell et al., 1989, 1990). Fully developed threc-dimeansional flow ficlds were calculated for
these sets of simulations. These simulations demonstrate the feasibility of transport modeling in
several dimensions at Yucca Mountain. :
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TRACRN is being constructed from TRACR3D to deterministically represent most of the
physical and geochemical processes currently thought to have the most direct effect on transport
at Yucca Mountain. A description of the TRACRN code, based on the description of the
TRACRS3D code by Travis (1984), is provided below. The TRACR3D code was developed to
model mass flow and chemical species transport in a three-dimensional, deformable,
beterogeneous, reactive porous medium. Problems ranging from steady, single-phase, one-
dimeansional flow, to transient, three-dimensional, multiphase flow and transport in fractured
porous media are simulated by the code. The equations that the model comprises are the mass
and chemical species conservation equations, a reduced form of the momenta equations, an
equation of state, and several coanstitutive relationships. These equations may be found in
fundameantal texts on flow and transport in porous media (e.g., Bear, 1972, and de Marsily, 1986)
and are adapted for this problem.

Conservation of mass for the gas phase is

a .
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and, for the liquid phase,
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where
§ = phase source rate [M/LT],
t = time(T),
T = phase velocity vector [L/T),
¢ = medium porosity,
p = phase density M/L),
S = degree of phase saturation of pore space,

and subscripts g and £ refer to the gas and liquid phases.

Equations 1 and 2 are written for isothermal systems in which water vapor is neglected and oo
diffusion or dispersion of water occurs. Dispersion of air bas also been neglected. Porosity is
assumed to vary dypamically only with pressure. Dynamic changes in porosity can bave a dramatic
effect on flow because storage capacity and permeability are generally quite sensitive to changes in
porosity. Equations 1 and 2 cover conditions of flow ranging from fully water-saturated to fully
air-saturated porous media.
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TRACRN does not model speciation and complexation processes, only a variety of equilibrium and
ponequilibrium, linear and nonlinear sorption dynamics. Other models, such as EQ3/EQ6, have
the capability of capturing complexation processes. Such models can be used to determine the
accuracy of equilibrium sorption models and whether more sophisticated dynamics should be
included.

For most studies, TRACRN uses a simple sorption model for transport,
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which allows for advection, dispersion, diffusion, radicactive decay, sources/sinks, and equilibrium
sorption of an arbitrary number of tracers. in a single phase. The terms in this equation are

C = solute conceatration in transporting fiuid [M solute/M fluid]},

D = molecular diffusivity of a species in the transporting phase [L*/T),

D = mechanical dispersion coefficient of a species in the transporting phase (L¥/T],
K, = equilibrium sorption coefficient [L*/M]

M = molecular weight [M/mole},

Pu = density of rock matrix [M/LY),

A = In2/Malfdife of solute, and

T, = constrictivity,

and subscript i refers to ith phase (i.e.,g or £), a refers to ath species of radionuclide, and a-1
refers to the pareat of the ath species).

The tracer concentrations are assumed to be small, and the traditional velocity-dependent
dispersion tensor is used. Transport under unsaturated conditions is also handled through the
appearance of saturation (S, in Equation 3). The solution of Equation 3 can be performed by
either explicit or implicit means. An option is available which envokes Henry’s Law for transport
of volatile tracers in both the liquid and gas phases. If sufficient data are available, which is
usually only true for laboratory experiments, & more complex kinetic sorption model can also be
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used. This model accounts for sorption kinetics that are limited by the fraction of available
sorption sites and by the solubility limits of the solute in water.

The conservation equations, Equations 1 through 3, involve quantities that represent local volume
averages. The averages are obtained by integrating the continuum coaservation equatioas over
small "representative” volumes (small compared with the scale of the problems at hand but large
compared with the individual flow paths between the matrix grains). This averaging is necessary
because our present mathematics cannot provide a practical means of solving the continuum
cquations at arbitrary points in such a complex system as a porous rock.

The momenta conservation equations are solved in a reduced form known as Forchheimer's
equation (McWhorter and Sunada, 1977):

(1-¢) 8574,
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where

= acceleration caused by gravity [L/T?],
= permeability [L*),

a typical-length scale [L},

= fluid pressure [M/LT?}

= relative permeability

4 = dynamic viscosity of fiuid [M/LT),

and the subscript i refers to a gas or liquid phase. This form neglects the acceleration term and
uses a phenomenological treatment of inertial terms and viscous drag. At low Reynolds aumbers
(LT /n < 10), this expression reduces to the well-known Darcy equation; at higher Reynolds
numbers, the nonlinear term in Equation 4 becomes important.

- B B oSS
"

In Equation 4, R, is a function of the degree of saturation of the pore space. The term kR, (the
effective permeability) represents the exchange of momentum between the fluids and the drag on
the fluids by the matrix. The current formulation of the code provides for an anisotropic
representation of permeability when the computational grid is aligned with the ellipsoid of
permeability. The relationships of both the relative permeability and the pressure of the liquid
phase to the degree of saturation are user inputs. Under the current conceptual model of Yucca
Mountain, these relationships attempt to represeat both fracture and matrix hydraulic
characteristics in a composite porosity approach. The consequence of using this approach for
transport calculations will be determined under the study of fracture/matrix interactions (Section
3223).

Heterogeneities in hydrologic and transport properties can create preferential flow paths for water
and radionculide migration. As information concerning such heterogeneitics becomes available, it
will be included as input to transport calculations run with TRACRN to determine the effect of
heterogeneities in various properties on the calculated results.
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A difficult problem facing the task of modeling radionuclide transport is the quantification of
members of the dispersion tensor in the unsaturated zone. Dispersivities in unsaturated regions
may be expected to be functions of the degree of saturation (Nielson et al.,, 1986) iz addition to
scale (Dugan, 1986) and time (Gelhar, 1986), as discussed for the saturated zone. These factors
will be studied in more detail (Section 3.2.2.3), and the results will be incorporated into the
calculations done under this activity.

Much of the discussion above has centered on the unsaturated zone underlying the repository.
This emphasis is appropriate because the travel times for radionuclides through the unsaturated
zone are curreatly thought to be long (DOE, 1986). However, paths to the accessible
eavironment pass through long segments of saturated rock. The formulation of the TRACRN
code provides for simulation of flow and transport in variably saturated porous media. Yucca
Mountain will be simulated as a continuum from the unsaturated to the saturated zone. Initially,
this analysis will concentrate on the unsaturated transport and retardation problem. Under some
scenarios, saturated conditions may be encountered in a zone that is currently unsaturated.
Examples of such scenarios include disturbed case performance-assessment scenarios (SCP
Section 8.3.5.13) that result in increased recharge through the unsaturated zose or increased
elevation of the water table. Analyses for the currently saturated zone will be added to the
unsaturated work after completion and interpretation of the C-wells experiments.

A study plan on reactive tracer experiments for the C-wells has been presented (YMP-LANL-SP-
8.3.1.23.1.7). The C-wells study plan outlines plans for simulation of transport and radionuclide
retardation through saturated regions beneath Yucca Mountain using TRACRN and FEHM
(Zyvoloski et al., 1988). The results of the reactive tracer study will be incorporated in the
geochemical transport model for simulation of the saturated portions of radionuclide flow paths.
Data to be incorporated include dispersion coefficients and behavior of sorbing tracers in the
saturated zone.

The discussion above briefly summarizes the current status of the TRACRN transport code. As
the studies of the next activity proceed, modifications to TRACRN may be necessary to incor-
porate those results in the analyses. However, at this time, it appears that the effects of the
processes described below may be incorporated into TRACRN calculations either through
modification of input variables or through off-line calculations. Therefore, the basic approach for
modeling the effects of retardation on transport is as described above.

Sensitivity Analysis

Several authors have demonstrated the desirability of quantitative seasitivity analysis for improving
the understanding of waste isolation processes in geologic media (Jacobson et al., 1985;
McWilliams, 1985; Oblow et al., 1986). Seasitivity analyses for the purpose of guiding
geochemical characterization will be performed by constructing an adjoint version of the
TRACRN ‘code.

A code using the adjoint method may be used to map the spatial seasitivity of concentration to

variables of interest, such as permeability or sorption ratios (Morris, 1982). For example, a
response function can be defined as

FG = I." cEey dt . )
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In this example, the functional F depends indirectly on permeability, porosity, and the sorption
ratio because the concentration C at location x and time t depends on those variables through the
tracer transport equation (Equation 3, p 23). The adjoint technique provides a method for finding
the derivative of F with respect to the sorption ratio and other quantities. Once determined, con-
tour maps can be generated to determine the sensitivity of F to sorption ratio. This information
may then be used to determine the spatial locations most affecting concentrations and where, for
example, additional sampling is required. This is the method to be used to perform seasitivity
analyses for the geochemical characterization program. As posed, the example discusses oaly
linear isotherms as a sorption model. The transport and inverse codes are written in sufficient
gencrality to accept a variety of sorption functions. The procedure for determining seasitivity to
parameters is basically as described above. Because of the interactions between transport and
retardation, a systematic approach for the seansitivity analysis will be nceded. Delineation of this
approach will be the first component of this work.

The adjoint equations will be derived and implemented in paraliel with development of
geochemical models of Yucca Mountain. The adjoint sensitivity method will be verified by direct
manipulation of key parameters, such as permeability, for a oumber of scenarios. Monte Carlo
methods can be used to study the effect of correlation structure on flow and transport.
Fortunately, our TRACRN code can be linked easily with routines to determine realizations of
correlated (spatially correlated) ficlds, such as permeability or retardation coefficients. The
adjoint method can also be used to reduce the effort required in Monte Carlo simulations by
considering the Fokker-Planck equations as a model for stochastic variable dynamics,

Laboratory validation of fiow and transport codes requires only a forward solution capability.
Field validation, however, is not so clear-cut. Usually, in a field situation, porosity, permeability
and other material properties arc known oaly at a few locations; it is assumed that these
properties are essentially continuous between observation wells, but this may not be the case. A
comparison betwees field measurements and model calculations will likely show differences, even
significant differences. It cannot be assumed that the model is wrong or incorrect in principle; it
may be the case that the actual spatial distribution of material properties is significantly different
in some regions than what the modeler is led to believe from sparse field measurements. An
inverse modeling capability can be very useful in resolving this fairly common situation. With an
inverse capability, field measurements can be used to determine what the spatial distribution of
properties must be to allow the particular flow and transport mode! in question to match the field
data. In this way, one will have guidance as to where in the field to take more measurements,
which will resolve the differences between the model and measurements. This is as valid a means
of testing a model as is a forward calculation.

Adjoint methods bave frequently been used to solve inverse problems in flow and transport in
geologic media (Thomas et al., 1972; Seinfeld and Kravaris, 1982; Travis, 1985b; Wasserman et al,
1975; and Wilson and Metcalfe, 1985). Inverse problems are calculations to determine
parameters of a solution on the basis of observations of flow (usually inferred from hydraulic
head) and transport at specific points. Most simulation models are run in a predictive or
“forward” mode; that is, a model result is predicted from knowledge of the model inputs, initial
conditions, boundary conditions, and mode! parameters. Depending on its formulation, an inverse
problem allows calculation of model parameters, initial conditions, or boundary conditions from
knowledge or specification of model results.

Using transport calculations as an example, the inverse methods begin with a history of
concentration measurements taken at specified locations, as well as a set of estimates of the
model parameters. An inverse version of a model is then used in a forward calculation to
compute a concentration history resulting from the assumed set of model parameters. The
difference between observed and calculated concentrations is then used to modify the model
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parameters, and another forward calculation is made. The results are again compared with the
original observations in order to estimate a new set of model parameters. This iterative process
continues until the observed and calculated results agree within some specified tolerance. At each
iteration, the adjoint equation, derived from the transport equation, is also solved to provide new
parameter estimates.

Nonuniqueaess is a fundamental issuc for inverse problems. Generally, without any a priori
information or coastraints, there are no unique solutions. There is, however, an infinite number
of possible solutions. The approach to overcoming this difficulty is to choose one solution out of
the possibilities that has the simplest or smoothest structure. This is an application of the
philosophical principle known as "Occam'’s razor,” or choosing the model with the least structure
possible that matches or explains the observations.

There are several ways to impose uniqueness in the problem by restraining solution structure.
This method— regularization— was developed by Tikhonov (1963). It provides uniqueness and
stability by requiring a solution whose derivative of a specified order (usually Oth plus 15t or 2nd
derivative) has the smallest norm:

normf-f'f’«»(f’)’dx :

Additional constraints, such as positivity, can also be imposed, thereby improving resolution.
Regularization can be derived within the more general framework of Bayesian estimation theory
based on rules for consistent inferential reasoning.

The governing equations may be nonlinear, depending on the level of realism used. However, the
adjoint equations are lincar and are, consequeatly, easy to solve. The calculation of seasitivity
cocfficients requires onc forward solution of the governing equations and then calculation of the
adjoint equation, followed by evaluation of an integral involving the forward and adjoint functions.
This is very efficicnt when the number of nodes is large. "

Solution of an inverse problem for flow and/or transport is very similar to evaluating sensitivity
coefficients. The same steps are taken, The sensitivity cocfficients are based on a different
definition of the functional, relating observation to desired spatially distributed property. An
interative process is required for the inverse problem because the end product of each pass is an
updated estimate of the sought-for field. Usually, convergence is reached in 4 -7 iterations.

For sensitivity coefficients, the computer time required is roughly 2.5 times that required for a
single forward equation set solution. An inversion requires about 10-12 times the time necessary -
for a single forward solution. With current computer technology, only inversion for moderate to
large three-dimensional scenarios would be very time-coasuming; all other combinations pose no
particular difficulty in regard to computing resources.

Analysis of Physical/Chemical Processes Affecting Transport
Colloid Transport

The purpose of the colloid transport effort is to quantitatively determine the role that colloids
play in the transport of radionuclides. Considerable interest has been focused on the extent to
which colloid transport may be important in radionuclide migration (Kelmers et al., 1987). There
is evidence that a small fraction of colloidal material breaks through in saturated fracture
experiments much earlicr than conservative tracer species (Harvey and George, 1987; Rundberg
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et al., 1989). Currently, it is thought that this phenomenon may be due to selective transport
along relatively higher velocity flow paths in fractures. For this reason, the relative importance of
colloidal transport mechanisms must be assessed.

It is expected that some radionuclides (e.g., plutonium and americium species) may form true
colloids (Olofsson et al., 1981, 19822, and 1982b) and that other radionuclides are likely to be
sorbed to clay (Buddemeicer, 1987) and possibly to microbial material (Hersman, 19862 and
1986b), forming so-called natura! colloids. The definition of true or natural colloids is somewhat
arbitrary, and, in general, we will simply note that the type and character of the colloids may be
defined.

The analysis of colloidal transport of radionuclides will be conducted for both the saturated and
unsaturated zones. Because flow in fractures is of particular interest, analyses will be conducted
stressing scenarios that produce flow in unsaturated-zone fractures. Currently these scenarios are
other than what is termed the nominal case in the total system performance assessment for fiow
io the unsaturated zone. However, fracture flow is expected to dominate flow through the
saturated regions leading to the accessible environment. Scenario classes that include flow in
unsaturated fractures are discussed in SCP Section 83.5.13. These classes define the conditions
and environments for which analysis will be conducted in the unsaturated zone. All scenarios are
expected to produce flow in the fractures of the saturated zone.

As stated above, colloids represent a potential vector for relatively early release of radionuclides
from the repository. Colloids (clays and perbaps container particles) may be expected to be
present at the Yucca Mountain site, and they have been shown to migrate both in saturated and
unsaturated geological formations (Harvey and George, 1987; Germann et al., 1987; Torok et al.,
1990). Because relatively little is known about the role of colloids in the transport of radiocactive
waste (Parker et al., 1984), both mathematical and experimental programs will be conducted to
obtain an understanding of the role of colloids in waste transport. The experimental programs
are described in the study plans for reactive tracer testing (Activity 83.1.2.3.1.7) and for dynamic
transport (Study 83.1.3.6.1). The modeling program described below will support these
experimental programs and is based on a population balance approach for colloid transport.

The population balance approach is well established (Nuttall, 1986), although it has only recently
been applied to modeling of colloid transport. Randolph (1962), and later Hulburt and Katz
(1964), derived the general form of the population balance equation. These very formal and
complete derivations of the population balance equation set the foundation for the subsequent
mathematical analysis of many particulate system studies in ficlds ranging from engineering to
biology. The population balance is a transport equation that is commonly used to model systems
of countable entities. The equation is similar to the mass balance equation, except, rather than
conserving mass, it conserves the number of particles or colloids. The resulting dependent
variable of the population balance is number density. Randolph and Larson (1971) provide
references to numerous applications of the population balance equation including processes such

as crystallization, grinding, air pollution, and biological systems.

The population balance equation permits a full treatment of the colloid problem, from the birth
of colloids to their capture on the surrounding media. It also allows modeling the gradual
processes of colloid growth or dissolution. Radioactive decay of specific nuclides in the colloids is
treated by assigning a concentration property axis in the population balance to each species of
interest. The addition of these property axes aliows proper treatment of the decay chain problem
with full accounting of the daughter product concentrations. Also, the adsorption of multiple
nuclides on the same colloid (heterogeneous colloids) can be modeled using the population
balance equation.
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Randolph and Larson (1971) discuss in detail an example of using the concentration property axis
in the population balance equation. For each nuclide, there is a separate concentration property
axis that defines the number of colloids at a point in time/space/size that have a particular
concentration. Integrating over the concentration property axis and the size axis gives the amount
of colloidal material at a point in time and space. The population balance approach provides a
proper accounting and quantitative assessment of the nuclear colloid problem.

Modeling colloidal migration requires coupling of the hydrology equations and the dissolved
specics’ mass balance to the population balance. The hydrology equations could be included and
solved by CTCN though it may be more practical to simply transfer the steady state velocity
profiles from TRACRN into CTCN. Fracture and matrix velocities can be backed out of
composite porosity simulations (Peters and Klavetter, 1988) run with TRACRN, or velocities
calculated under the study of fracture flow in the unsaturated zone (Section 32.2.3) can be used.
Since the mass transport equations and colioid population balance equations are likely coupled,
we will include both in the description presented here.

To describe dissolved species migration, one equation is needed for each species, using Equation
3, without chaining daughters for this example and ignoring sorption, the equation is written for
the ath species:

8¢S, »C)

L Ve (B C) = Ve G570, ATC) + 4C

+Ve[¢5D, V(»C) . ©

In this case, the sink term, ¢C_S, . is required in the mass balance to represent the dynamic
transfer of dissolved species to colloids.

Additional population balance equations are required to model the particulates, i.e.,the formation
and migration of radioactive colloids. Some assumptions are required in order to specify the
number and type of population balance equations needed. These assumptions may be changed as
peeded. It is necessary to assume the number of types of colloids such as clay particles, container
degradation products, or plutonium precipitates to suggest a few. A separate population balance
equation is required for each unique type of colloid that one chooses to model. Hence itis
necessary to assume the gumber and character of colloids.

Within the population balance equation there is a term to account for the gumber of colloids
containing a specific concentration of a radionuclide. In the case where we follow several
radionuclides, a concentration level property axis is required for each nuclide adsorbed or
appearing as a reactive constituent on a particular type of colloid. The general form of the
population balance allows for an arbitrary number of these continuous property axes. Note that
in addition to concentration, particle size is also treated s a property with a size axis (Randolph,
1962; Randolph and Larson, 1971). In this way, the population balance can track the adsorption
and decay of each nuclide of interest. The population balance equation for the transport of an
arbitrary type "k®colloid in a saturated porous media is given below. The development of the
population balance equation for colloid transport in unsaturated porous media is an active area of
research. Therefore, only the saturated model is preseated bere.
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For the kth type colloid, the population balance equation is (Randolph, 1962)
. a8
f;ﬁt'uv.(w,)-wkv-wkw): .i":é_*_)wt-:,-ﬂ,-o : ™
jol §

where
¥, is the colloid number concentration for a type k colloid,

D, s the colloid dispersivity, is generally size dependent, and is a combination of
diffusion and dispersivity, and

§; is the property axis, such as particle size or conceatration.

The mass and population balance equations together describe mathematically the near-field
process where physical and chemical processes are occurring simultancously. To complete the
above model, the system geometry, boundary conditions, and specific terms in the equations must
be specified. Note that the velocity profiles are obtained from TRACRN. Submodels or kinetic
expressions are required to represent the terms needed in the balance equation. The exact form
of the terms required for these equations must be determined for the Yucca Mountain
application. Key terms in Equation 7 that require special consideration are listed below.

E,  This term represents the rate of particle number disappearance from a particular particle
size category per unit solution volume. Death is caused by colloidal capture on the rock
matrix, agglomeration, and dissolution. Death term submodels are described by Nuttall
(1989). These models describe both reversible and irreversible capture of colloids onto the
rock matrix.

B,  In a similar fashion, this term represents the rate of appearance of particles in a size
category per unit solution volume. Births result from nucleation, aggiomeration, and
release of captured or pew colloids from the rock matrix. Experimental work is ongoing to
develop proper models that will describe the birth of colloids from tuff.

vy; I the property is particle size, this variable is the growth or dissolution rate on a molecular
scale of colloids. This terms accounts for the gradual increase or decrease of particle size
because of mass addition or subtraction from colloids. If the property is concentration, this
term is the rate of a radionuclide addition or removal from colloids.

2': 8®%\.)  This term represents the rate of population deasity change along a

) 8¢, property axis, for example, colloid growth along thg particle size axis.
Also, it represents and accounts for the concentration of
radionuclides on the colloids.

The population balance, coupled with the dissolved species transport equations, represents a
complex set of partial differential equations that must be solved numerically in the CTCN code.
A geuocral solution to the population balance is particularly difficult because of the high
dimensionality of the problem. In general, one may be required to solve for up to three spatial
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dimensions and several additional property axes dimensions. Common property axes include
particle size and radionuclide concentration. Hyman (1976 and 1979) and Hyman and
Larrouturou (1982) have developed a numerical method of lines approach for solving parabolic
partial differcntial equation. An extended version of this method will be used to solve the
coupled population balance and dissolved species transport problem.

Parameters in the submodels can, in many cases, be assigned conservative values or may require
estimates from experimental data. Mathematical submodels must be developed in order to solve
the transport equations discussed above. For example, it is necessary to mechanistically
understand how colloids arc captured by the surrounding rock and whether the colloidal
suspensions are free from agglomeration. In general, small colloids (1 pm) are most affected by
their electrostatic charge (Israclachvili, 1985) and that of the surrounding rock. Representative
charge measurements of both the expected colloids and the rock will be required to develop the
appropriate submodel for capture and agglomeration needed by the population balance.

In addition to understanding capture mechanisms, some information and measurements are
needed to define the appearance rate of clay or other types of colloids that can eater the
groundwater system. It is expected that clay colloids will be released from the surrounding rock
and that container and waste form materials will form certain types of radiocolloids. Information
on the nature and formation rates of these colloids will be required.

In addition, submodels will be developed for the following subprocesses:

» birth rate (includes heterogencous and bomogeneous nucleation, also release of colloids from
the rock matrix),

e death rate (Nuttall, 1989),
« growth rate, and

o decay of nuclei in or on a colloid.

These submodels are generally site specific, incorporating the appropriate geochemistry, reaction
kinetics, and transport processes for a potential repository. Studies to determine the exact form
of these submodels for YMP will also be conducted under this activity. Phenomena relevant to
these submodels are being studied by the activities described in SCP Section 83.13.5.

Because colloids have a large radionuclide carrying capacity, it may be expected that they will be
an important factor, primarily in the transport of radionuclides through fractures in the rock
matrix. Therefore, the velocities in Equations 6 and 7 that are likely to be of interest are the
fracture velocitics. Further, scenarios and processes that are likely to produce fracture flow are
of particular interest to the analysis of colloid transport.

Effects of Geochemical Processes on Transport

The effectiveness of natural barriers to inhibit the movement of radionuclides may be dependent
on the groundwater geochemistry. Considerable evidence exits that points to the need to
investigate this relationship. The K, of americium and neptunium can change by orders of
magnitude over a pH change of 0.5 unit (8-8.5). Plutonium can change valence states three times
(affecting adsorption characteristics) with a 0.5 unit change in Eh (the oxidation potential). The
absorption characteristics of technetium and strontium are also affected by pH. Geochemical
cffects can strongly influence adsorption coefficients in the saturated and unsaturated zones. The
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Groundwater Geochemistry task (SCP Section. 8.3.1.3.1) plans to perform experimental work in
both the saturated and unsaturated zones.

Several authors have discussed the coupling of transport and geochemical processes, and it is clear
that a signicant coupling occurs and can be modeled. Cuaningham (1981), Cederberg et al.
(1985), Lichtner (1985), Miller and Benson (1983), and Nguyen et al. (1982) report successful
applications of combined chemical and transport models to a variety of systems, using different
theoretical approaches to their specific problems.

The most geaeral approach to modeling coupled geochemistry and flow is to combine the
transport codes TRACRN and FEHMN with a geochemistry equilibrium code such as EQ3/6.
This formulation would lead to a large computer memory overhead and excessive exscution times,
severely impairing the ability to mode! the geometric distribution of the rock types and heace
mineral distribution in Yucca Mountain. A simpler approach will be used by this study.

A model will be developed that is both computationally efficient and contains the necessary
chemistry to assess the effect of groundwater chemistry on the retardation of actinides at Yucca
Mountain. The tentative plan is to soive sxmultancously for the concentrations of Ca’*, Mg® ",
Na*, K", SO, CI'. HCO, and several actinide species. Simplified expressions for ion exchangc
tcrms for appropriate species will be developed by working with the Groundwater Chemistry task
(SCP Section 8.3.13.1.1). This work will also interact significantly with the Radionuclide Sorption
task (SCP Section 8.3.1.3.4) where the ion exchange or sorption terms will be developed for the
actinides. The pH is a potentially important variable as discussed above and will be considered as
a constant to make the calculations simpler. The constant value will be varied on different runs
between 6.5-8.5 or as directed by the Geochemistry task. If in the course of investigations it is
necessary to have a variable pH, the H* and OH" concentrations or mincral water interactions
affecting pH will be incorporated in a2 manner similar to that discussed by Miller and Benson
(1983). The effect of redox on the adsorption process and water composition also will be
investigated.

The numerical mode! will be similar to those presented by Miller and Benson (1983) and Jeanings
et al. (1982) in that the geochemistry will be implemented within the transport code. The
following equations give an outline of the approach used and follow the discussion of Cederberg
(1985). The formation of species ¢, in the aqueous phase or species s, on the solid phase can be
described by the following equilibrium expressions.

k, N
-1—— H '1.J )g) *i ®
and
N b
- II (47” x’) « (9)

1'. j-l
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stoichiometric coefficient of component j in species ¢,,
stoichiometric coefficient of component j in species s,,
concentration of speciesa in the aqueous phase (M/L’),
equilibrium formation constant for species c,,
equilibrium formation constant for species s,,

number of species in aqueous phase,

number of species in solid phase,

total number of componeats,

concentration of species @ in the solid phase [M/Lfluid),
concentration of componeant j [M/L?),

v,, = activity coefficient for species c,,

= activity coefficient for sorbed species s,

v, = activity coefficient for complex x;.

The material balance equations may be written as

T, =

nlq nl
azzla_lc.+ QE.I b,s - i=L2...N . (10)

Activity coefficients can in many cases be expressed functionally in terms of ionic strength (Stumm
and Morgan, 1981) such as

log,

T = ~=— V.2 ’/? -031 , (11)

1¢fl.

where the ionic strength is defined as



YMP-LANL SP 83.13.7.1, RO
Page 37 of 64

where V_ is the valence and the sum taken over all complexes in the aqueous phase.

Equilibrium constants of the form shown in Equations 8 and 9 will describe processes for
speciation of radionuclides in groundwater (such as complexation) and sorptive interactions with
the solid phase. The data describing the speciation information and interaction of radionuclides
with the solid phase will be obtained from YMP Studies on Batch Sorption (SCP Section
83.1.3.4.1), Biological Sorption and Transport (SCP Section 8§.3.1.3.4.2), Development of Sorption
Models (SCP Section 8.3.1.3.4.3), Dissolved Species Concentration Limits (SCP Section
8.3.13.5.1), Colloid Behavior (SCP Section £.3.1.3.5.2), Application of Results (SCP Section
83.13.5.3), Dynamic Transport Columa Experiments (SCP Section 8.3.1.3.6.1), and Diffusion
Studies (SCP Section 83.13.6.2). Thus the final values for the activity coefficients will most likely
be different from those given in Equation 11. The best values will be incorporated as they are
developed by the above mentioned tasks.

The general transport equation for computing the concentration of a single dissolved chemical
species in a saturated aquifer system can be expressed as

2 2 . B D) Ve, 1 -V e, ¢S,
at at -
a=1,2,...,n (13)

where S, is a source/sink term [M/L> T} for species a attributable to aqueous phase
complexation. Equation 13 assumes mo radioactive decay and is applicable to the saturated zome
only.

In & multispecies solution where the sorbed phase concentration of species @. s, is a function of
the aqueous species conceatration, & nonlinear system of coupled solute transport equations arises
such as those of Jennings et al. (1982). By making use of the definitions in Equations 8, 9, and
10, for ¢, 5;, and Tj, the set of n,, equations described in Equations 13 can be reduced to a set of
N, mass transport equations given by

() + i) mLe)  jel2.N,
] [}

where

n“ ul
¢, =Y a,c amd 5% b,s, . 14
a=] a=1
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IfT, = c; + s, and the operator L (c;) is defined to be
Lc)=(V-¢D+Vc-Yediue) .,
then
a .
5 (¢T)) = L(c) i=L2,...,N . (15)

The coupled species equations will be incorporated into TRACRN or FEHMN by a modular
subroutine structure. They currently have capability for multiple uncoupled tracers. The codes
will employ a Newton-Raphson iteration to solve the coupled geochemical transport equatious.
Some simplifications will occur because of the differing strengths of the reactions.

The results of the radionuclide transport calculations with the sorption coefficients based on the
spacially distributed pH field can be compared with previous transport calculations to determine if
further sophistication in the geochemical transport model is warranted.

Effects of Physical Processes on Transport

This activity will focus primarily on three physical processes that may affect transport in the
unsaturated zone. The first of these processes is transport through fractures in the unsaturated
zone. This activity will be used to determine the conditions under which various models (i.e.,
composite porosity, dual-porosity, or discrete fracture models) are appropriate for modeling
transport through unsaturated or partially saturated tuffs. The second and third processes are
dispersion and diffusion. Under this activity, we hope to establish an appropriate form for the
dispersion tensor and for the diffusion coefficient in unsaturated, fractured tuff,

The composite porosity approach has been used recently for calculations of transport at Yucca
Mountain (Birdsell et al., 1989, 1990). Under some recharge scenarios (e.g.,slow, uniform
infiltration), this approach may be appropriate for modeling transport through the fractured tuffs.
This approach, suggested by Montazer and Wilson (1984) and quantified by Peters and Klavetter
(1988), assumes that the characteristic curves for matrix and fractures may be combined in a
single function by assuming equivalent capillary pressures and paraliel flow in the two media.
Characteristic curves for matrix materials have been measured (Peters et al., 1984); however,
water retention and relative permeability curves are estimated for fractures. These significant
assumptions provide & single-porosity representation of the media that is computationally simpler
than dual-porosity approaches. The composite porosity assumption of equal pressures in the
matrix and fracture fluids does not mecessarily imply equal solute concentrations in the matrix and
in the fractures, Time constants for local solute redistribution may be longer than for local
pressure equilibration. Therefore, the effects of this assumption on transport calculations must be
assessed in order to understand its implications on the effectiveness of the geochemical barrier.

A discrete fracture model or a dual-porosity mode! may be required to model transport under
higher recharge scensrios (e.g.,increased infiltration or episodic recharge). By comparing flow
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results for the composite porosity approach and a discrete fracture model, Buscheck and Nitao
(Buscheck and Nitao, 1991; Nitao, 1990; Nitao and Buscheck, 1989) bave receatly shown that the
composite porosity approach may be adequate to model fiow under a limited domain during
episodic infiltration events. They have developed a set of criteria, which describe the flow
mechanism as being fracture or matrix dominated, that can be used to determine when the
different models are appropriate. This study will determine whether an analogous criteria for
transport can be established. A dual-porosity formulation may also be considered in the model
comparisoa.

A difficult problem facing the task of modeling radionuclide transport is the qualification of
members of the dispersion tensor in the unsaturated zone. The problem is also complicated by
the fractures in the units comprising Yucca Mountain. Hydrodynamic dispersion in the
unsaturated zone has been the subject of considerable research in the past few years (Bond, 1986;
Dagan, 1986; Sposito and Barry, 1987; Sposito et al,, 1986; Tompson et al., 1987). Several
approaches to the problem of dispersion in the saturated zone bave been presented (Dagan, 1987;
Gelhar et al,, 1985; Schwartz et al,, 1983; Smith and Schwartz, 1984; Springer, 1988). Some of
these methods may hold promise for application to the unsaturated zone. However, dispersivities
in unsaturated regions may be expected to be functions of the degree of saturation (Niclsern et al,
1986) in addition to scale (Dagan, 1986) and time (Gelbar, 1986), as discussed for the saturated
zone.

Currently, it is unclear which approach for determining dispersivities is best suited to the
unsaturated regions underlying Yucca Mountain. Methods that show promise include a method
presented by Tompson et al. (1987) and stochastic approaches, such as those suggested by Gelhar
(1986). These methods are based on knowledge of the statistics of beterogeneous fields of
hydraulic and transport propertics. Mean, variance, and autocorrelation length are required input
data for the geaeration of random fields of propertics. Although these methods do not provide
direct input for a model such as TRACRN, they may allow a basis for estimation of dispersion
parameters to be used in the model. Tests of this approach to dispersive modeling will be
conducted as part of validation exercises under SCP Study 8.3.1.3.7.2.

At low flow rates, molecular diffusion can be a predominate mechanism contributing to
bydrodynamic dispersion (Bear, 1972). The molecular diffusivity in the diffusive term (Equation
3) is effectively decreased by the tortuosity of the medium, 1/r,. Under unsaturated conditions, a
decreased number of pores are available for transport which effectively causes an increase in the
tortuosity. This increase will be modeled by assuming that the diffusion cocfficient is a function
of saturation. The goals of this activity are to determine the applicability of laboratory measured
diffusion coefficients and tortuosity values to ficld conditions, and to determine the dependence of
the diffusion coefficient on saturation. If the dependence significantly affects calculated transport
results, it will become a part of the geochemical conceptual model of the site (Section 3.2.1.1).

Coypled Processes

There has been considerable discussion regarding the coupled effects of heat and stress on mass
transport from a repository. Tsang (1987) provides a good summary of this discussion. Coupled
processes may be important to far-ficld transport. Heat driven convection has been demonstrated
in wells UZ-6 and UZ-6S (Weeks, 1987). Magmatic intrusion, verified to have occurred within
5,000 yr, can produce high gas flow rates from the thermal source. This could cause releases of
“C and'® 1 to the atmosphere. Also, changing regional stress fields in the Basin and Range
province could lower porosity in the saturated zone at Yucca Mountain and, thereby, significantly
raise the water table. To determine the effects that changes in the state of stress or thermal
gradient would make on radionuclide transport, a modeling activjty that integrates these effects is
proposed as described below.
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The transport of radionuclides depends on the chemical and physical characteristics of the host
rock and the state of the rock. Chemical characteristics that may be important include zeolite and
clinoptilolite concentrations (Daniels et al., 1982). State variables that may change as a result of
repository activities or long-term environmental trends include temperature and state of regional
lithologic stress. An important rock property affecting transport is the permeability of the rock
mass. Fracture permeability may be particularly important because fractures present a poteatially
rapid path for migration of radionuclides. Montazer and Wilson (1984) report that the tuffs in
the vicinity of the repository may have fracture densities in the range of tens of fractures per cubic
meter. Because it is well established that fracture aperture is a function of stress (Tsang and
Witherspoon, 1981; Witherspoon et al., 1980), and therefore of temperature (Cook, 1987), this
activity will attempt to quantify the effects of processes affecting permeability on transport
calculations for Yucca Mountain. At present no capability exists for modeling the clogging of
pores due to precipitation. We plan to investigate this phenomena under the guidelines set forth

. in the geochemistry section (3.2.2.2). If it turns out that precipitation (or dissolution) is
important, the permeability changes will at first be modified by a Karmen-Keozeny relation.

The FEHM (Zyvoloski et al., 1988) code is currently used to calculate the effects of heat on fiow
and transport. Work has begun to modify the existing code FEHM to simulate conditions at
Yucca Mountain. FEHM was developed for assessing the effects of processes associated with
geothermal reservoirs (Heiken and Goff, 1983). FEHM was modificd to the FEHMS code
(Zyvoloski and Kelkar, 1987) by coupling the equations of rock mass deformation in order to
predict changes in permeability resulting from temperature or stress changes. The YMP version
of the FEHMS code, which will be further modified to represent the Yucca Mountain
environment, is known as FEHMSN. The current mathematical formulation of FEHMSN is
summarized below.

The flow and solute transport equations in FEHMSN are esseatially the same as Equations 1-4.
The exceptions are that, in FEHMSN, Darcy flow is assumed, the contaminant transport equation
does not contain radioactive decay terms and various absorption models are included. Current
plans call for adding the radioactive decay terms used in TRACRN to FEHMSN. Temperature-
dependent sorption characteristics can be added if such data become available. The primary
difference between the mathematical formulations of these codes is that the energy transport and
stress/strain equations are also solved simultancously in FEHMSN. The value of FEHMSN will
be to change the flow field in response to stress or heat changes. At present the chemical
transport will be no more sophisticated than currently available in TRACRN. Another code,
WAFE (Travis, 1985a), bas been used in preliminary calculations; however, because of
FEHMSN’s greater generality, current plans call for the replacement of WAFE by FEHMSN for

YMP purposes.

The following discussion is simplified from Zyvoloski and Kelkar (1987). Considerably greater
detail on the FEHMS model is available in that reference. In summary, the energy transport
equation results from the combination of the conservation of energy equation and Darcy’s Law.
This equation basically has the following form:

2 -Vea TR -+ e (VP - s )]
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The model can describe both flow in porous media and in discrete fractures. Discrete fractures
can be described by using very small finite elements of appropriate size. For Yucca Mountain
applications, it is likely that larger grid blocks will be used, and, in this case, fracture flow will be
addressed using either the equivalent porous medium or a dua! porosity/dual permeability model.
In the first case, the permeability, k, is a volume averaged quantity representing both fracture and
matrix permeability. In the second case, the permeability of the fracture and matrix are distinct.
We anticipate significant differences between the models since the relative permeability functions
are very nonlinear and very different between the matrix and fracture materials.

The coupling between the stress solution and the permesbilities is, at present, taken to be a
power law relationship

k = fw*,

where

f = function factor,
w = fracture aperture [L], and
n = exponent (at present, n = 2),



YMP-LANL SP 83.13.7.1, RO
Page 42 of 64

An exponent of 2 gives the cubic law relationship because the flow area is also proportional to w.
Those general laws are envisioned, with the uitimate goal of utilizing a dual porosity and damage
model simultancously. It is further anticipated that shear stress-aperture models will be
incorporated using relationships obtained from experimental studies (Bartoa et al., 1985).

To incorporate the effects that change in the state of stress have on transport, the following
equations are also added to FEHMSN. In contrast to the transport and fiow equations, the stress
equations are formulated at steady state. The approach is based on the general theory of elasticity
and consolidation of porous solids developed by Biot (1941 and 1955) and the theory of linear
thermoelasticity (Lubinski, 1955; Timoshenko and Goodier, 1951). The current formulation
assumes an isotropic matrix material but provides for discrete fractures. This approach has been
used by others in the field (Hart, 1981; Noorishad et al., 1982).

The strain/displacement relationships in Cartesian coordinates are given by

du v éw
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The constitutive relationships for the porous solid are given by
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Here,

¢ = stress tensor [M/LT?},

a = coefficient of thermal expansion [ 6],
E = Young’s modulus [M/LT?]

v = Poisson’s ratio, and

H = Biot's physical constant [M/LT?}).

The first subscript on ¢ indicates the direction in which the stress acts, and the second indicates
the plane on which the stress acts. The first subscript on¢ indicates the direction in which the
strain occurs, and the second refers to the direction in which the gradient is taken. The quantity
1/(3H) is the compressibility of the materia) with respect to fluid pressure (Biot, 1941).
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For simplicity, the following discussion is limited to two dimeasions to describe the coupled
cquations being solved. For plane strain,

[ 1 d 0 ]
1-v
Un ‘u
0'” = E(I-V) ly 1 0 . C”
o, (1+v)(1-2v) -V '
o o l-”
i 2(1-v)
;
1
- (AT - 1AP) |1 ’
0
\
(19)
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AP = change in pore pressure [M/LT?), and
AT = change in temperature [¢].

Combining the equations above with the static equilibrium equations for the material provides the
following equations:
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Equations 20 and 21 provide the coupling of the stress solution to the pressure and temperature
terms of Equations 4 and 16 and form the basic mathematical model used in FEHMSN. A
Galerkin finite element approach is used for the simultaneous numerical solution of Equations 1,
2,4, 16, 20, and 21. The technique used is discussed by Zyvoloski and Kelkar (1987) and will not

be further discussed here.

The approach for analysis of the coupled thermal stress flow and transport mode! will be to use
FEHMOSN to quantify poteatial effects of changes in temperature gradient and state of stress.
These calculations will proceed by examining the effects of scenarios that affect stress and
temperature gradients on radionuclide transport. If the effects of changes in temperature
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gradients or state of stress are significant, then a means for representing those changes in
TRACRN will be found, or TRACRN will be replaced by FEHMSN, whichever approachk seems
most efficient. If the effects are found not to be important, then a quantitative basis for resolving
the question will have been achieved, and the work will be concluded.

Transport Models and Related Support

Description of Transport Models Currently in Use

The following are short descriptions of existing flow and transport codes being modified for use in
retardation seasitivity analysis. All further development, modifications, and qualification of these
codes will follow the guidance found in the LANL Software Quality Assurance Plan for the YMP
(see Appendix A).

JRACRN

TRACRN, the YMP version of TRACR3D (Travis, 1984), was described in detail in Section
32.1.1. It is a finite difference code that models single- or two-phase flow (currently air and
water) and transport in porous, deformable heterogencous media. It operates in Cartesian or
cylindrical coordinates in 1, 2, or 3 dimensions and time. Several transport mechanisms are
included: advection, molecular diffusion, dispersion, adsorption, radioactive decay, and chaining
to daughter products. Adsorption models accommodate a range of possibilitics from
linear/reversible to nonequilibrium /saturable/irreversible processes. A very efficient sparse ma-
trix solver is used in conjunction with a modified Newton-Raphson iteration scheme for nonlincar
flow and transport terms. The resulting rapid execution time allows examination of problems of
considerable complexity at high resolution.

CICN

The CTCN code (Section 3.2.2.1) is designed to solve the unsteady population balance equations
along with mass, energy, and momentum equations in up to four axes. The code allows the user
to input, in addition to the model equations, & wide range of boundary conditions and submodels.
The package uses the Method of Lines technique with a special section that automatically
processes the equations to form the finite difference discretizations. To model colloid transport
processes in porous and fractured media, the CTCN code solves the population balance equations
along with the usual dissolved species transport cquations and with the user provided boundary
conditions.

JRACRIN

TRACRIN (Section 3.2.1.2) is a version of TRACRN that is capable of three additional
computations, selected by the user through an input variable. For the first option, the model will
perform & seasitivity simulation through solution of an auxiliary equation set, i.c., the adjoint
equations for TRACRN. For the second option, the model will perform a Monte Carlo series of
simulations, given distributions for permeability, porosity, and sorption coefficients. For the third
option, TRACRIN will compute an inverse solution for permeability/flow path distribution when
given a set of flow and transport measurements and an estimate of measurement errors.

FEHMN

FEHMN is the YMP version of FEHM which can simulate non-isothermal multiphase
multicomponent flow in porous media. The equations of heat and mass transfer for multiphase
flow in porous and permeable media are solved using the finite element method. The
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permeability and porosity may vary with pressire and temperature. The code also has provisions
for movable air and water phases and noncoupled tracers; that is, tracer solutions that do not
affect the heat and mass transfer solutions. The tracers can be passive or reactive. The code can
simulate two-dimensional, two-dimensional radial, or three-dimensional geometries. This code
also is being applied in the reactive tracer experiment supporting the C-wells task (SCP Activity
83.123.1.7).

FEHMSN

FEHMSN is the YMP version of FEHMS (Zyvoloski and Kelkar, 1987). FEHMS is a three-
dimensional finite-element code that couples single- or two-phase flow with heat transport in
porous media to stress fields in the media. Both in sifu stresses and stresses induced by thermal
and hydraulic gradients are modeled. In particular, the code computes the effect on fracture flow
resulting from hydromechanical coupling. The code also has the capability of dual porosity
simulation.

Verification

In most cases, the codes used for transport calculations are finite-difference, finite-element, or
adaptive-mesh algorithms that are written with sufficient generality to allow solution of problems
that cannot be addressed with analytical solutions. Therefore, only partial verification of these
codes is possible using analytical solutions to the approximated partial differential equations.
Analytical solutions under restricted boundary conditions or highly simplified problem geometries
will be used for partial verification. However, to verify the codes in their full generality as they
are applied to the Yucca Mountain transport problem, it is necessary to compare numerical
solutions between independeantly developed codes applied to a set of common problems that
exercise the full capabilities of the codes. These activities are usually referred to as
beachmarking, and they will serve as the primary verification method for complex transport codes.

A formal code verification (COVE) activity has been established by the YMP Repository
Performance Assessments Division at Sandia National Laboratories. YMP participants will
compare the flow and transport codes being applied to radionuclide transport at Yucca Mountain.
The participants will run a series of problems designed to test the flow and transport solutions
obtained by these codes. Currently, two verification activities are under way: COVE 2 and
COVE 3. COVE 2 is designed to compare flow solutions under isothermal conditions. Both
steady and unsteady flow cases are examined in an unsaturated, fractured, heterogencous porous
medium. COVE 2 activities include the following calculations:

« one-dimensional flow through a vertical column with five material layers (COVE 2a),

 two-dimensional flow through a vertical section with two or more material layers (COVE 2b),
and '

* two-dimensional flow through a vertical section with two material layers and an explicitly
modeled fault (COVE 2c).

The COVE 2a calculations were made with TRACR3D (Birdsell and Travis, 1987 and 1988) and
will be rerun as part of the verification of TRACRN. Calculations will be run with TRACRN.
COVE 3 is a benchmarking activity for hydrothermal muitiphase flow codes. This problem is an
analysis of two-phase flow of water, water vapor, air, and heat through a fractured porous
medium. FEHMSN may be used for this effort as the modifications necessary to apply FEHMSN
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are completed. More benchmarking problems will be necessary in the future to test the
capabilities of FEHMSN and CTCN. Benchmarking between TRACRN and FEHMSN will also
be done.

Validation

A central question for the resolution of characterization and performance issues concerns the
methods by which data coliected over a relatively short term can be used to assess the long-term
performance of the repository. The method that must be used to predict long-term performance
is to incorporate significant processes in validated computer models that are capable of modeling
the response of the repository under expected and unexpected conditions. Characterization issues
must supply the information and understanding of the site required to complete and support
performance calculations. This information for geochemistry is to be summarized in validated
computer models and a supporting data base. The process of model validation is clearly a key
problem in demonstrating that model predictions accuraely represent future conditions and
repository performance.

Validation of the conceptual models used to predict long-term geochemical processes is a much
more difficult problem than code verification. An idealized approach to validation requires that
the models be shown to accurately predict the processes that they model over the performance
period of the repository. To accomplish such a validation, model input and output data must span
the set of expected conditions and scenarios and must be available for periods of time at least of
the order of those for which the model is to be applied. Model outputs for the modeled systems
would then be compared with observed data from the system for scenarios and periods
commensurate with performance periods. Obviously, experimental data will not be available for
durations approaching required performance periods of 10,000 years or more, or for many of the
scenarios and conditions that may develop during those periods. Because of this, partial
validation of conceptual models is all that is possible for most of the performance-assessment
models used for the YMP. The methodology discussed below will be used to lend credibility to
the models used in this study.

The validation oversight group (VOG) has developed a draft version of "A Validation
Methodology for Performance-Assessment Models” for the Office of Civilian Radioactive Waste
Management (VOG, 1990). The validation methodology consists of threc components: (1) a
record of model development; (2) a comparison of experimental results with mode! predictions;
and (3) a technical review. The methodology emphasizes thorough documeantation of model
development including the identification of, the technical basis for, and the significance of each
assumption in the conceptual model. Laboratory and field investigations will be used for
hypothesis testing and to provide data to compare with model output. Experiments and their
analysis will be thoroughly documented. A formal technical review committee (FTRC) will then
review the supporting information to determine the model’s validity. The committee will identify
problems that they perceive in the model, and the modelers and experimentalists will thean resolve
the issues. The process is iterative until the FTRC is satisfied that the development record is
adequate to demonstrate the model’s validity. Because true validation of performance-assessment
models is not possible, the purpose of this process is “to establish that a model is appropriate and
adequate for the problem being addressed, that it was logically developed using the best available
technology, that it can be supported by experimental and observational data, that the quality of
the data is high, and that the limitations of the model are well understood (VOG, 1990)." As new
data become available, the mode! will be reexamined to identify and make modifications for any
inconsistencies. Validation activities for this study will be conducted in 8 manner consistent with
this methodology, upon its approval, and with project and LANL software QA requirements.
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Validation of transport models will be performed using data generated from sources both within
and outside the YMP. Sources within the Project include laboratory measurements using columns
of fractured and crushed tuff performed as parts of the dynamic transport and sorption tasks
(SCP Investigations 8.3.1.3.6 and 8.3.1.3.4, respectively). These laboratory experimeants include
measurements of diffusive, dispersive, and colloid transport through fractured core experiments
(SCP Section 8.3.13.6). Tracer experiments, both in the exploratory shaft (SCP Study 83.1.2.2.23
and Birdsell et al,, 1988) and in the C-wells arca (SCP Activities 8.3.1.2.3.1.7 and £§.3.1.2.3.1.8), will
be used for larger-scale validation. Caisson and ficld studies will be conducted as part of large-
scale laboratory and field-scale experiments to be conducted under SCP Study 8.3.1.3.7.2. Details
of these experiments may be found in the respective study plans. Validation activities will
correlate results from experimental activities of various scales to modeling results to belp
determine the applicability of laboratory data to the field. Pre-experimental modeling will be
used to design experiments that yicld optimum results for model validation.

The principal outside source of model validation data is the experiments being conducted under
the INTRAVAL Project. INTRAVAL is an international activity for the validation of
mathematical models used in performance assessment of waste repositories. The project is
conducted by the Organization for Economic Cooperation and Development/Nuclear Energy
Agency. As part of this project, modelers work with experimentalists to design field and
laboratory tracer experiments.

Experimeats for the first phase of INTRAVAL have been completed. The data from three
unsaturated zone experiments and several saturated zone experiments are available from this
pbase. The unsaturated zone experiments include (1) infiltration along a trench face near Las
Cruces, NM, (2) infiltration from inclined boreholes into the fractured Apache Leap Tuffs in
Arizona, and (3) drilling and imbibition experiments in welded and nonwelded tuffs at G-tunnel.
The data from these three field experiments are accompanied by the data from laboratory-scale
measurements of porosity, permeability, and characteristic curves on cores from the respective
sites. Planning for the second phase of INTRAVAL is underway. Follow-up experiments are
being planned for the Las Cruces trench site and the Apache Leap site. Such follow-up
experiments will provide a broader data base for the sites so that independent calibration and
model validation exercises can be performed. The experiments can also be designed to look at
additional processes or to help resolve issues that led to ambiguous results in the first set of
experiments.

Experiments used for validation of models used for this study can be separated into two broad
classes. The first class consists of experiments that provide insights into modeling flow and
transport through porous media systems in general. These experiments will be used to support
model development by testing the basic assumptions concerning the physics of fiow and transport
through saturated and unsaturated systems. Questions concerning scale-up of parameters will also
be addressed by using this class of experiments. These experiments include the INTRAVAL
experiments and some of the proposed laboratory-, large-, or caisson-scale experiments (Study
83.1.3.7.2). Much can be learned about the mechanistic assumptions and modeling approaches
used in flow and transport models through simulation of results of these general experiments.
However, these experiments are not directly applicable to the Yucca Mountain environment.

The sccond class consists of experiments that provide insights into modeling flow and transport at
Yucca Mountain. These experiments will help demonstrate the applicability of flow and transport
models to the geologic units at Yucca Mountain and will help to define a conceptual model of the
mountain that can be used for subsequent transport calculations. Experiments proposed under
SCP Section 83.1.2 and those listed under the investigations of SCP Section 83.1.3 are included in
this class. In particular, the experiments proposed under SCP Study 83.1.3.7.2 and SCP
Investigations 8.3.1.3.6 and 8.3.1.3.4 will be required for site-specific transport model calibration
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and partial validation. Pre-experimental modéling will be used to design some of these
experiments and to predict results that will be compared to actual experimental results. Results
from experiments of various scales will be used to study site-specific scale-up problems.

Both classes of experiments will be used for model validation. Successfully modeling experiments
run at various sites, at different scales, and under a variety of conditions will lend confidence to
the models. What constitutes successful modeling has yet to be determined but will evolve as
guidelines are established by the VOG and as validation exercises and technical reviews are
performed.

Another technique that is being considered as part of model validation is the use of numerical
simulations to investigate processes that are not explicitly described in the transport equations.
Unfortunately, not every possible long-term process that can act to modify transport from the
repository can be foreseen. However, quantitative analysis of such processes can be made by
performing a "hidden variable” analyses. 'Generic studies of “two-timing” analysis can be carried
out. For these analyses an unknown process is assumed to be in a particular category [e.g.,
diffusion, oscillatory (wave), first-order kinetics (chemical reactions), relaxation (strain relief), and
episodic (weather)] and to operate oa a very different time scale from the known processes. (The
unknown process may or may not be of small amplitude.) Each of these kinds of processes can
be described mathematically in a generic way. This is quite reasonable since the expression of
any hidden variable process will be controlled by pbysical laws, and these fall into a few general
classes. Well-established mathematical methods (Cole, 1968; Kreiss, 1979) can then be used to
investigate the conditions under which the unknown process will have a first-order impact on
transport, and even to determine what the nature of the effect will be. Decisions can then be
based on how likely these conditions are, or will be.

Proper scaling of the governing equations will reveal nondimensional parameters. This should
allow for experimeatal verification of this approach to studying the effect of processes operating
on different time scales. For example, a test can be devised in which the primary processes
operate on a fairly short time scale (¢.g., minutes or bours), and a known process characterized by
one of the categories mentioned above and operating on a considerably longer time scale (e.g.,
days or weeks) can be imposed. Successful validation of this approach would then give confideace
that it can be applied to Yucca Mountain through appropriate values of the nondimensional
parameters.

Equipment List

Equipment requirements for this study consist primarily of computer hardware to perform
sensitivity analyses and transport calculations. The Central Computing Facility (CCF) and the
Advanced Computing Laboratory at LANL, especially the Cray computers available on the CCF,
as well as a local area network of SUN work stations will be used for the calculations performed
for this study.

Accuracy and Precision

This study is affected by the numerical accuracy of the computer codes used and by the accuracy
of data gathered during site cbaracterization. Numerical accuracy is affected by factors such as
grid refinement, time-step size, solution technique, and solution and machine tolerances. This
topic will be handled for the individual codes as they undergo code verification (Section 3.23.2).
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Both the accuracy and quantity of data supplied to this study by site characterization activities will
affect the accuracy of the transport calculations produced to a certain extent. Sensitivity studies
and parametric analyses can help establish how performance measures are impacted by data
accuracy.

Accurate experimental data may be crucial to mode! validation activities as well as for
discriminating between alternative conceptual models. Nonlinear processes such as unsaturated
flow, which geaerally shows a strong power law relationship between effective permeability and
degree of saturation, and transport in fractures need to be understood. Experimentalists will nced
to be meticulous in providing reliable error bars on measurements used to validate these types of
highly nonlinear phenomena. Required accuracy limits for input data cannot be established

a priori, as this is a topic of rescarch within this study. However, through parametric studies,
seasitivity analyses and pre-experimeantal modeling, this study can belp define accuracy limits
required by various tests to achieve a desired level of reliability in site characterization.

Representativeness of Analysis

This study will attempt to describe’radionuclide retardation by all processes along flow paths to
the accessible environment. Conceptual models of these processes will be developed based on
data collected during site characterization and from other related studies. Seansitivity analyses will
be used to determine the appropriate level of detail required to describe the various processes
examined. For example, to study transport in unsaturated, fractured media, a single fracture may
first be modeled to determine tracer responses under various flow scenarios. Such responses may
thea be correlated to the flow scenarios to be used in larger-scale modeling studies where
modeling of single fraciures is not practical. The correlations would be validated by comparing
calculated results with results from experiments of various scales. This same method can be used
to determine the relative effects of various processes or parameter beterogencities under different
flow scenarios on transport calculations. The assumption is that by studying the sensitivity of
transport processes to differeat factors and at different scales that models will be developed that
adequately represeat the processes.

The uncertainties related to this study are difficult to predict. Flow and transport through
unsaturated, fractured porous media are currently not well understood. Although studies
conducted during the site characterization phase and the confirmation period will greatly increase
the understanding of these processes, the time and length scales of the tests will be small
compared to those required for predicting repository performance. Processes that are not
observed or appear insignificant over shorter time periods or smaller length scales than those
associated with repository performance may become more significant as time and length scales
increase. This problem is probably the ceatral scientific issue associated with the YMP and,
unfortunately, is unresolvable. The method that will be used to decrease uncertainties related to
the modeling activities performed under these studies is as follows:

¢ thoroughly study and attempt to explain data collected during site characterization;

¢ incorporate this information into conceptual models of the transport processes thought to occur
at the site;

¢ study the sensitivity of the transport processes to various factors;
e validate these models to the extent possible; and

¢ test and modify, whea appropriate, the mode! assumptions during the repository confirmation
period.
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Although this method will not resolve the issuc of inappropriate scales, it is the most reasonable
method that can be used and emphasizes continued study throughout the conformation period.
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4.0 APPLICATION OF RESULTS

Resolution of Performance Issues

The results of this study will be used to satisfy SCP Investigation 8.3.1.3.7 (DOE, 1988) and to
partially guide the geochemical characterization needs described in SCP Section 8.3.1.3. The
results will also be used to test assumptions for the total system performance assessments used to
resolve Issue 1.1

Interfaces with Other Site Characterization Studies

Sensitivity Analvses Using a Geochemical Transport Model of Yucca Mountain and Integrated
Geochemical Transport Calculations

This activity serves to guide the characterization activities concerned with gathering geochemical
data for the Yucca Mountain site. The approach is to interact in an iterative fashion with the
geochemical program through seasitivity analyses based on transport modeling. As data are
incorporated, sensitivity analysis techniques will be used to provide quantitative direction to the

geochemical characterization activities (SCP Section 8.3.1.3) by identifying areas where further

work is required and by indicating where characterization is sufficient for the purposes of
transport modeling. Models will also be used to design and interpret geochemical
characterization experiments.

Further, the transport models developed as the basis of seasitivity analysis will also allow
quantitative assessment of the effects of assumptions made in higher-level total system
performance assessments (SCP Section 8.3.5.13). Finally, as data collection is completed and the
baseline set of model parameters are established, the model may be used to summarize the effect
of geochemical retardation on releases from the repository. These summary calculations will also
aid in demonstrating knowledge of the effectiveness of the geochemical barrier to radionuclide
migration for the purpose of resolving issues related to SCP Section 8.3.13.

Analysis of Physical /Chemical Processes Affecting Transport

This activity serves to partially guide geochemical characterization activities by investigating
processes that may have a significant effect on transport and thereby provides information that
may be used to restrict the scope of geochemical characterization to those processes and
parameters that most affect radionuclide transport. The activity will determine the most
appropriate computational representations for processes and will use them to assess the
importance of these processes to radionuclide transport by calculating the relative contributioas of
cach process to radionuclide transport to the accessible environment. The process models
developed under this sctivity will be used to improve the geochemical transport model of Yucca
Mountain. These models will be incorporated in the study described in Section 3.2.1.1.

Currently four broad categories of processes are being studied. These include (1) transport of
radionuclides in the form of colloids, (2) effects of geochemical processes on transport, (3) effects
of physical processes on transport, and (4) effects of coupled processes, in particular, the effects
of regional stress and heat on transport and geochemistry. Once a process has been shown to
have a significant effect on transport, the sensitivity of radionuclide transport calculations to
parameter changes in the process model will be assessed.
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Transport Models and Related Support

This activity will ensure that the codes applied in this study are compatible with the standards put
forth in NUREG-0856 (Silling, 1983) and the LANL Software Quality Assurance Plan for the
YMP (sce Appendix A). Principal among these requirements are documeatation, verification,
validation, and support of the YMP versions of the codes used in this study. The results of this
activity will be used in the two activities described above in Sections 3.2.1 and 3.2.2.
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5.0 SCHEDULE AND MILESTONES
The milestones for the study are listed in Table 3. A diagram of the schedule is presented in Figure 2.
This schedule also includes timing relative to the geochemistry program data collection activities, the most
crucial to the success of this study. Data from many other SCP activities are required by this study, in

particular, hydrologic and geologic data. Section 2.2 of this study plan lists the rest of the data gathering
activities that constrain this study. .



Milestone

R746
R344

P81
RS37
RS6S
RS38
R366
RS36
M390
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TJABLE 3

MILESTONES FOR RETARDATION SENSITIVITY ANALYSIS

Description

Interim report: Sensitivity analysis of integrated radionuclide transport
based on a three-dimensional geochemical /geophysical model

Interim report: Seasitivity analyses of integrated radionuclide transport
using an updated geochemical/geophysical model

Revised integrated transport calculations

Fina! report on significance of physical processes affecting transport
Final report on particulate transport

Final report on.significance of geochemical processes affecting transport
Final report on sensitivity analysis of integrated radionuclide transport
Final report on coupled phenomena

Issue final geochemical/geophysical model



SORPTION AS A FUNCTION FINAL REPORT:
OF VARIOUS FACTORS SORPTION
SORPTION (8.3.1.3.4)
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Figure 2. Milestones and Schedule for Retardation Sensitivity Analysis
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APPENDIX A
QUALITY ASSURANCE SUPPORT DOCUMENTATION

NOTE: A quality assurance grading report for the study’s WBS element will be prepared before the
start of work in accordance with applicable YMP Office guidance.



YMP-LANL-SP 8.3.1.3.7.1, RO

LE A-

APPLICABLE NQA-1 CRITERIA FOR SCP STUDY PLAN 8.3.1.3.7.1

AND HOW THEY WILL BE SATISFIED

NQA-1 Criteria

Page 2 of 4
Appendix A

——

Documents Addressing These Requirements

T Date of Issue

(Anticipated) “

1. Organization

The organization of the Office of Civilian Radioactive
Waste Management (OCRWM) program is described in
Section 8.6 of the SCP. The LANL QA organization is

described in the LANL-YMP-QAFPP.

TWS-QAS-QP-01.1 Interface Control 03/19/90 "

TWS-QAS-QP.01.2  Stop Work Control 02/20/89 n

TWS-QAS-QP-01.3 Conflict Resolution 03/04/89

2. QA Program The LANL QA program is described in the LANL-YMP-

QAPP and includes a program description addressing

each of the NQA-1 criteria. An overall description of

the YMP QA program for gite characterization activities

is described in Section 8.6 of the SCP. The LANL QA i

program contains quality implementing procedures (QP)

TWS-QAS-QP-02.3 - Readiness Review 03/19/90

TWS-QAS-QP-02.4 Management Assessment 06/05/89

TWS-QAS-QP-02.5  Selection of Personnel 03/02/90 ||

TWS-QAS-QP-02.6 Personnel Orientation and 08/17/90
Indoctrination

TWS-QAS-QP-02.7 Personnel Training 08/17/90

TWS-QAS-QP-02.9 Personnel Proficiency 03/02/90
Evalustions J

3. Design and Scientific | This study is a scientific investigation. The following
Investigation Control | QPs apply:

TWS-QAS-QP-03.2 Preparation and Technical and 05/09/89
Policy Reviews of Technical
Information Products

TWS-QAS-QP-03.3 Preparation and Review of an 05/24/89
SCP Study Plan

TWS-QAS-QP-03.5 Documenting Scientific

Investigations

03/10/89 “
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AND HOW THEY WILL BE SATISFIED
(continued)
r—_— — —
q Date of Issue
NQA-1 Criteria Documents Addressing These Requirements (Anticipated) Li
TWS-QAS-QP-03.7 Peer Review 05/24/89
LANL-YMP-QP-03.17 Reviews of Software and 01/25/91
Computational Data
LANL-YMP-QP-03.18 Creation, Management, and Use 01/25/91
of Computational Data
LANL-YMP-QP-03.19 Documentation of Software and 01/25/91
Computational Data
LANL-YMP-QP-03.20 Software Configuration 01/25/91
Management “
LANL-YMP-QP-03.21 Software Life Cycle 01/25/91
LANL-YMP-QP-03.22 Verification and Validation of 01/25/91
Software and Computational
Data
4. Procurement LANL-YMP-QP-04.4 Procurement of Commercial- 12/10/90
Document Control Grade Items and Services il
LANL-YMP-QP-04.5 Procurement of Noncommercial- 12/10/90
Grade Items and Services
5. Imstructions, Applicable parts of this criterion are covered in Item 6.
Procedures, Plans,
6. Document Control LANL-YMP-QP-06.1 Document Control 11/16/90 4‘
LANL-YMP-QP-06.2 Preparation, Review, and 10/10/20
Approval of Quality
Administrative Procedures
LANL-YMP-QP-06.3 Preparation, Review, and 10/10/90
Approval of Detailed Technical
Procedures
Applicable parts of this criterion are covered in Item 4.
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AND HOW THEY WILL BE SATISFIED
(concluded)
Date of Issue
NQA-1 Criteria Document Addressing These Requirements (Anticipated)
8. Identification and TWS-QAS-QP-08.1  Identification and Control of 10/10/89
Control of Samples Samples
and Data
TWS-QAS-QP-08.2 Control of Data 08/23/89
9. Control of Processes This criterion has been determined to be inapplicable to
the scope of work of the LANL YMP.
10. Inspection This eriterion has been determined to be inapplicable to
the scope of work of the LANL YMP. |
11. Testing This criterion has been determined to be inapplicable to
the scope of work of the LANL YMP.
12. Control of Measuring | The control of instrument calibration and data
and Test Equipment collection is described in the technical procedures
referenced in Section 3 of the LANL-YMP-QAPP. The
following QPs also apply:
TWS-QAS-QP-12.1 Control of Measuring and Test 02/20/90
“ Equipment
13. Handling, Shipping, | TWS-QAS-QP-13.1 Handling, Storage, and Shipping 11/03/89
and Storage Equipment
14. Inspection, Test, and | This criterion has been determined to be inapplicable to
Operating Status of the scope of work of the LANL YMP.
Engineered Items
15. Control of TWS-QAS-QP-156.2  Deficiency Reporting 04/03/90
Nonconformances
16. Corrective Action TWS-QAS-QP-16.2 Trending 06/20/89
17. Records LANL-YMP-QP-17.3 Records Management 01/11/1
18. Audits LANL-YMP-QP-18.1 _Audits 03/01/91 #I
TWS-QAS-QP-18.2 Surveys 05/30/90

TWS-QAS-QP-18.3  Auditor Qualification

05/30/90
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