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1. PURPOSE

This work provides a site-scale transport model for calculating radionuclide transport in the
saturated zone (SZ) at Yucca Mountain for use in the abstractions model in support of Total
System Performance Assessment (TSPA). The purpose of this model report is to provide
documentation for the components of the site-scal e saturated-zone transport model in accordance
with administrative procedure (AP)-SI11.10Q, Models. This report:

e Revises the analysissmodel report (AMR) Saturated Zone Transport Methodology and
Transport Component Integration (CRWMS M& O 2000 [146962]).

e Provides an update to the advection-dispersion transport model including matrix diffusion
(Sections 6.3 and 6.5).

e Provides adescription and validation of the transport model (Sections 6.3 and 7).
e Describes the numerical methods for simulating radionuclide transport (Section 6.5).

e Documents the parameters (sorption coefficient, Kq) and their uncertainty distributions
used for modeling radionuclide sorption (Attachment | and 111).

¢ Documents the parameters used for modeling colloid-facilitated radionuclide transport
(Table 4-1, Section 6.5.2.6, and Attachment 11).

e Describes aternative conceptual models (ACM) and their dispositions.

The intended use of this model isto simulate transport in saturated fractured porous rock (double
porosity) and aluvium. The particle-tracking method of simulating radionuclide transport is
incorporated in the FEHM computer code, Version (V) 2.20 (software tracking number STN:
10086-2.20-00 [161725]) and described in Section 6.5 of this report. FEHM is a
three-dimensional (3-D), finite-volume, finite-element, heat and mass flow-and-transport code.

This report documents the features and capabilities of the site-scale transport model for
calculating radionuclide transport in the SZ at Yucca Mountain in support of the TSPA.
Correlative flow-model calculations using FEHM V 2.20 (STN: 10086-2.20-00 [161725]) are
being carried out and documented in the model report Ste-Scale Saturated Zone Flow Model
(BSC 2003 [162649]). The velocity fields are calculated by the flow model independent of the
transport processes and supplied as a part of the output package from the flow model, which is
then used as inputs to the transport model.

The geohydrologic setting to be modeled is complex with multifaceted and diverse geochemical
interactions possible between the groundwater, solutes, and the geological materials. Also, the
intended use by the TSPA requires a computationally efficient model that is amenable to
repeated runs for stochastic simulations. The approach taken in this report is to construct a
plausible conceptual model of transport that represents the important SZ transport processes and
also supports the TSPA. Alternate conceptual models and the implications of these models for
transport predictions are evaluated relative to the base-case model. A number of relevant
features, events, and processes (FEPs) are included in this report (Section 6.2). The manner of
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their inclusion is described in various sections of thisreport. The excluded FEPs are discussed in
a separate report, Features, Events, and Processes in &Z Flow and Transport, which will be a
revision of CRWMS M&O (2001 [153931]).

The transport of chemical species in groundwater generally leads to retardation of the migration
of transported species with respect to the bulk movement of the groundwater. The radionuclide
transport times can be severa orders of magnitude longer than those for the bulk water.
The processes of importance to the SZ are radionuclide dispersion, diffusion into the rock matrix
and subsequent radionuclide adsorption onto matrix surfaces, and colloid-facilitated radionuclide
transport. These processes are included in the site-scale SZ transport model (Sections 6.3 and
6.5). The sorption of radionuclides onto fracture surfaces is not included in this model as a
conservative approach.

The process of radionuclide adsorption within rock matrix surfaces is represented using a
sorption coefficient (Kq) approach, which is presented in this report with justification for its use
(Sections 6.3, 6.4, 6.5, and Attachment I). Probability distributions for the Kq values for
radionuclides of interest are derived based on data from the field, laboratory, literature, and
models of sorption reactions. The probability distributions are designed to include expected
variations in environmental parameters that can influence the sorption behavior of the
radionuclides of interest. To make the transport calculations more efficient computationally, an
abstraction is developed in which two separate single-valued sorption coefficients are used to
calculate transport rates in both the volcanic and alluvial portions of the flow path inthe SZ. The
justification for this abstraction is provided in this report (Attachment I). Also, the process of
colloid-facilitated radionuclide transport is represented using the colloid sorption coefficient (Kc)
approach. This modeling approach and its justification are presented in this report (Sections 6.3,
6.4, 6.5, and Attachment I1).

The methodology for computing the transport of radionuclides within the SZ has been revised to
capture a variety of different processes with accuracy. This document presents a radionuclide
transport mathematical and computational model that satisfies the requirement of the Yucca
Mountain Project (YMP), which isto produce scientifically defensible transport predictions. The
numerical techniques required to implement the method are described in Section 6.5.

Model validation activities presented in this report provide increased confidence that the model
is areasonable representation of the transport likely to occur at Yucca Mountain in the vicinity of
the proposed repository site (Section 7). Due to the time and spatial scales involved and the fact
that radionuclides cannot be used as tracers in field experiments, confidence building activities
during model development as well as post-development validation are documented in this report.
Recognizing that the model is being used to perform probabilistic calculations in which
parameter uncertainties are propagated through the model, the intent of this validation is to
confirm that radionuclide parameters and processes included in the SZ site-scale transport model
are adequately represented with sufficient accuracy. Confidence building during model
development (Section 7.1) is carried out by a series of different approaches that include:
(1) comparisons to analog sites, (2) submodel-data comparisons, (3) model-data comparisons,
and (4) comparison with data published in refereed journals. The data used in confidence
building for the relevant transport parameters (e.g., sorption coefficients), submodel processes
(e.g., advection, sorption), and site-scale model processes (e.g., flow pathways, transit times)
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are based on laboratory testing, field tests, natural analog sites, and expert elicitations. Post-
development validation (Section 7.2) is carried out by comparison of model predictions with
inferences based on geochemical data. By demonstrating that the parameters and processes
selected have an experimental or observational basis, the model is validated for use in a
stochastic analysis that establishes ranges of potential behavior of the SZ transport system.

The technical output of this report is comprised of (a) the SZ site-scale transport model and
associated input and output files (base-case transport files); and (b) SZ Distribution Coefficients
(Kgs) data for U, Np, Pu, Cs, Am, Pa, Sr, Th, Ra, C, Tc, and | (Table 111-14). The output
breakthrough curves and travel times will be integrated into the SZ flow and transport
abstractions model for usein the TSPA calculations.

When using the SZ site-scale transport model for calculations, there are limitations that must be
noted with regard to the following:

e Input parameter valuesranges. The transport model is intended for use with stochastic
simulations using large uncertainty ranges for particular parameters such as specific
discharge, fracture spacing and aperture, diffusion coefficient, and sorption coefficients.
Care should be exercised in interpreting individual simulations for single sets of
parameter values. Also, care should be exercised if the parameters used fall outside the
range of parameter values (Table 4-2) or outside the range established by model
validation (Section 7.2).

e Useable path-line distances. The flow field underlying the SZ transport model is based
on the dual-porosity, effective-continuum approach requiring large grid blocks that
effectively average fracture, rock matrix, and aluvium properties. Also, the paralléel
fracture model used to model advection/diffusion in the volcanics is valid only for grid-
block sizes much larger than the expected flowing-interval spacing of 21 m. It is
recommended in the SZ flow model report (BSC 2003 [162649], Section 8) that to
produce meaningful results, the flow path should be long compared to the grid-block size.
Because the grid-block size is 500 m, a minimum distance of 2 kilometers is
recommended for path lines used in PA calculations.

o Sufficient number of input particles for particle tracking. Radionuclide transport is
implemented in the SZ transport model using particle tracking with a random walk
method (Section 6.5.2.3 and 6.5.2.4). In order to obtain reproducible results, sufficient
number of particles must be input to the model. The base case transport model utilizes
1000 input particles (Output Data Tracking Number (DTN): LA0306SK831231.001),
visually judged to be sufficient for the purpose of obtaining a smooth breakthrough curve
at the 18 km compliance boundary (Figure 6.6-1). However, a larger number of input
particles may be required depending on the purpose of the model use.

This model report is governed by the Office of Civilian Radioactive Waste Management
(OCRWM) Technical Work Plan For: Saturated Zone Flow and Transport Modeling and
Testing (BSC 2003 [163965], Work Package ASZM04). All activities listed in the technical
work plan (TWP) that are appropriate to the transport model are documented in this report.
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(Note: In thisreport, the six-digit numerical identifier in brackets next to each reference callout is
the YMP Document Input Reference System [DIRS] number, the purpose of which is to assist
the reader in locating a specific reference in the reference list in Section 9 and in the
DIRS database.)
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2. QUALITY ASSURANCE

Development of this model report and the supporting modeling activities have been determined
to be subject to the YMP quality assurance (QA) program (BSC 2003 [163965], Section 8,
Work Package ASZM04). Approved QA procedures identified in Revision (REV) 01 of the
technical work plan (BSC 2003 [163965], Section 4) have been used to conduct and document
the activities described in this model report. The technical work plan aso identifies the methods
used to control the electronic management of data (BSC 2003 [163965], Section 8).

This model report provides calibrated values for hydrologic properties of the saturated zone
natura barrier, which is important to demonstrate compliance with the postclosure performance
objectives prescribed in 10 CFR 63.113 [156605]. Therefore, the saturated zone is classified on
the Q-List (BSC 2003 [165179], Table A-2) as “SC” (Safety Category), reflecting its importance
to waste isolation, as defined in AP-2.22Q, Classification Analyses and Maintenance of the Q-
List. This report contributes to the analysis and modeling data used to support postclosure
performance assessment; the conclusions do not directly impact preclosure engineered features
important to safety, as defined in AP-2.22Q).
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3. USE OF SOFTWARE

3.1 SOFTWARE TRACKED BY CONFIGURATION MANAGEMENT

The computer software code used as the basis to model SZ transport in this report is FEHM
(Finite Element Heat and Mass Transport code) V 2.20 (STN: 10086-2.20-00 [161725]). This
version of the code includes the particle-tracking agorithm described in this report and was
obtained from Software Configuration Management. The other codes listed in Table 3-1 were

used in the analysis described in the Attachments.

All

were obtained from Software

Configuration Management, used only within the range of validation as required by AP-SI.1Q,
Software Management, and are appropriate for the application in this report. Input and output
files for this report are listed in Section 8.2.2 and identified in the respective discussions in
Sections 6, 7, and 8.

Table 3-1. Computer Software and Routines

Software Software Computer: Type,
Title/Version Tracking Code Usage Platform, and References
Number Number (STN) Location
FEHM V 2.20 10086-2.20-00 | Used for calculations throughout this Sun, PC LANL 2003
model report. SUN 0S 5.7 and [161725]
The FEHM V 2.20 application is based on | 5.8, Windows 2000,
a finite-volumef/finite-element heat- and Linux 7.1
mass-transfer code that simulates Location: Los
nonisothermal, multiphase, Alamos National
multicomponent flow and solute transport Laboratory (LANL).
in porous media.
cr8sptr.c 10927-2.0-00 Used to create an input file for sptr macro | Sun, Sun OS 5.7, SNL 2002
V20 in FEHM. Location: LANL [163836]
calc_cdf.c 10924-1.0-00 Used to calculate the cumulative Sun, Sun 0S 5.7, SNL 2000
V1.0 distribution function (CDF) of the Location: LANL [149117]
stochastic distributions of K.
gs2fehm.c 10923-1.0-00 Used to create an input file for the perm Sun, Sun 0S 5.7, SNL 2002
V10 macro in FEHM. Location: LANL [163837]
GSLIB 10398- Used to calculate a three-dimensional Sun, Sun 0S5.5.1, LBNL 2000
V1.0GAMV3V1. 1.0GAMV3V1. | (3-D) variogram of input data. Location: LANL [153099]
201 201-00
GSLIB 10098- Used to generate a stochastic Sun, UNIX, SNL 2000
V2.0MSISIMV2.0 | 2.0MSISIMV2. | distributions of parameters, such as Kgq Location: LANL [149114]
0-00 and permeability.
PHREEQC V 2.3 | 10068-2.3-00 Calculates surface complexation reactions | PC, Location: LANL | BSC 2001
for radionuclides. [155323]
FRACT_p V1.0 11009-1.0-00 Calculates data that correlate Sun, UNIX, LANL 2003
concentrations with time for transport in Location: LANL [164509]
the fractured media.
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3.2 EXEMPT SOFTWARE

Commercial, off-the-shelf software used in support of this model report is listed in Table 3-2.
This software is exempt from the requirements of AP-SI.1Q, Software Management.

Table 3-2. Exempt Software

Software
Name and Computer and
Version Platform
V) Description Identification
Microsoft The commercial software, Microsoft Excel, 2000, was used for preparing PC, Windows
Excel, spreadsheets of data and plotting graphs. No data analysis was done with 2000/NT
2000 this software. Only built-in standard functions in this software were used. No
software routines or macros were used with this software to prepare this
report. The output was visually checked for correctness.
FORTNER | The commercial software, FORTNER SUN PLOT, was used for plotting SUN with UNIX OS,
SUN PLOT | graphs. No data analysis was done with this software. Only built-in standard FORTRAN
functions in this software were used. No software routines or macros were
used with this software to prepare this report. The output was visually
checked for correctness.
SURFER The commercial software, SURFER V 6.03, was used for plotting and PC, Windows
V6.03 visualization of analysis results in figures shown in this report. No data 2000/NT
analysis was done with this software. Only built-in standard functions in this
software were used. No software routines or macros were used with this
software to prepare this report. The output was visually checked for
correctness.
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4. INPUTS
41 DATA AND PARAMETERS
This section identifies all input data and parameters that are used in this modeling activity.
4.1.1 Dataand Technical Information

The data providing input for the development of parameters used in the modeling activities
documented in this report are listed in Table 4-1. The base case flow model (DTN:
LAO0304TM831231.002 [163788]) forms the starting point data for this transport model. The
development of this flow model, including the conceptual model, various alternate conceptual
models, the choice of parameter values for base case flow model, and the appropriateness of data
and technical information used in this model are discussed in detail in BSC 2003 ([162649],
Sections 4, 5 and 6). For a number of parameters that are needed in the transport model, the
selection of ranges of values and uncertainty distributions are presented in BSC 2003 ([164870],
Section 6.5.2; DTN: SN0306T0502103.007 [163946]). Where available, sorption coefficient
data for radionuclides of interest on rock and water samples from Y ucca Mountain were used for
developing the Ky distributions that are used in this model report, as described in detail in
Attachment | of this report. These sorption coefficient data were augmented by technical
information available in the literature on systems with similar geochemical characteristics.
Mineralogic composition data are available on core samples taken from boreholes in the Y ucca
Mountain area. Since these data are site specific, they were considered to be the most
appropriate data for use in stochastic analysis of Ky distributions described in Attachment 111 of
this report. These input data and technical information, and their sources are given in Table 4-1.
Parameters needed for modeling colloid facilitated transport (Table 4-2) were obtained from
BSC (2003 [162729] Sections 6.4, 6.5, and 6.6) and BSC (2003 [161620] Tables 5, and 10).
Justification for the choice of data and technical information for selecting the range of values
(presented in Table 4-2) of al other parameters needed for the SZ transport model is given in
detail in (BSC 2003 [164870] Section 6.5.2). The qualification status of the input sources is
provided in the Technical Data Management System. A discussion of the selection of the range
of values for each model parameter using the available datais presented in Section 4.1.2.

Table 4-1. Input Data and Technical Information

Data and Technical Information for Uncertainty Distribution of Parameters

Data Description Source Data Tracking Number

Uncertainty distribution for BSC 2003 [164870], Section 6.5.2 SN0306T0502103.007 [163946]
parameters used in the SZ transport
abstractions model

Data and Technical Information for Base Case Flow Model

Data Description Source Data Tracking Number

FEHM V2.20 files for base case flow | BSC 2003 [162649], entire document | LA0304TM831231.002 [163788]
model
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Table 4-1 (continued). Input Data and Technical Information

Data and Technical Information for Sorption Coefficient Data

Data Description Source Data Tracking Number
Input data file (LLNL.DAT) for N/A MOO0309THDPHRLL.000 [165530]
thermodynamic data software code
PHREEQC, Version 2.3.
Input data file (PHREEQC.DAT) for N/A MOO0309THDPHRQC.000 [165529]

thermodynamic data software code
PHREEQC, Version 2.3.

Am, Pa, Pu, and Th sorption
coefficients on silica and surface
area for silica sample

Allard et al. 1983 [162982], pp. 6, 9,
10, 12; Allard et al. 1980 [104410], p.
478; Beall et al. 1986 [162983], entire
document.

Technical Information

Density of sorption sites,on the solid
surface, U and Np surface
complexation binding constants on
silica

Pabalan et al. 1998 [162987], p. 124;
Bertetti et al. 1998 [162984], entire
document

Technical Information

Cs, Sr, Ba, Ra, Am, Th, Pu, and Pa
sorption coefficients on Yucca
Mountain tuffs in J-13 water

Thomas 1987 [101361], entire
document

LAO00000000042.001 [162791]

Ba sorption coefficient on devitrified
tuff

N/A

LA0010JC831341.001 [162476]

Surface areas for Yucca Mountain
tuffs

Triay et al. 1996 [101023], p. 62

LA0311SK831341.001 [166195]

Np, U, Pu, Ba, Sr, Cs sorption N/A LA0010JC831341.002 [153321],

coefficients on Yucca Mountain tuffs LA0010JC831341.003 [153322],
LA0010JC831341.005 [153320],
LA0010JC831341.006 [153318],
LA0010JC831341.007 [153319],
LAO305AM831341.001 [163789],
LA0302MD831341.003 [163784],
LA0302MD831341.004 [163785]

Eh-pH field measurements on Nye N/A LA0206AM831234.001 [160051]

County EWDP wells

Geochemical field measurements on N/A LA0206AM831234.002 [163852]

Nye County EWDP wells.

The elutions of radionuclides
through columns of crushed rock
from the Nevada Test Site

Treher and Raybold 1982 [125967],
entire document

LA000000000010.001 [162788]

Transport of Np through

Triay et al. 1993 [144693], entire

LA000000000035.001 [162789]

Yucca Mountain tuffs document
Np retardation with tuffs and Triay et al. 1993 [125972], entire LA000000000035.002 [162790]
groundwater from Yucca Mountain document
Sorption of Np, Pu, and Am on rock N/A LA0004WS831372.002 [149399]
samples from Busted Butte, NV
Radionuclide retardation N/A LA0010JC831341.001 [162476]
measurements of sorption
distribution coefficients for Ba
Radionuclide retardation N/A LA0010JC831341.004 [153323]
measurements of sorption
distribution coefficients for Se
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Table 4-1 (continued). Input Data and Technical Information

Data Description

Source

Data Tracking Number

Np sorption onto clinoptilolite-rich
tuff in J-13 water under
atmospheric conditions

N/A

LAO012AM831341.002 [163042]

Uranium sorption coefficients for
minerals and tuffs under oxidizing
conditions in J-13 water

N/A

LA0101AM831341.001 [163043]

Static batch sorption coefficients
and retardation coefficients

N/A

LA0108TV12213U.001 [161525]

Adsorption of Np-237 in three types
of alluvium as a function of time
and stratigraphic position

N/A

LA0109MD831341.001 [156870]

Adsorption of Tc-99 in three types
of alluvium as a function of time
and stratigraphic position

N/A

LA0109MD831341.002 [156871]

Batch sorption coefficient data for
Ba on Yucca Mountain tuffs in
representative water compositions

N/A

LAO309AM831341.002 [165523]

Batch sorption coefficient data for
Cs on Yucca Mountain tuffs in
representative water compositions

N/A

LAO309AM831341.003 [165524]

Batch sorption coefficient data for
Np on Yucca Mountain tuffs in
representative water compositions

N/A

LA0309AM831341.004 [165525]

Batch sorption coefficient data for
Pu on Yucca Mountain tuffs in
representative water compositions

N/A

LAO309AM831341.005 [165526]

Batch sorption coefficient data for
Sr on Yucca Mountain tuffs in
representative water compositions

N/A

LAO309AM831341.006 [165527]

Batch sorption coefficient data for
U on Yucca Mountain tuffs In
representative water compositions

N/A

LAO309AM831341.007 [165528]

Water chemistry for J-13 water and
pH in p#1 water

N/A

MOO0007MAJIONPH.013 [151530]

Water chemistry for p#1 water

N/A

MOO0007MAJIONPH.010 [151523]

COs* and F~ data for p#1 water

Benson and McKinley 1985 [101036],
entire document

GS920408312321.003 [105937]

COs* and F~ data for J-13 water

Benson et al. 1983 [100727], entire
document

(GS930308312323.001 [145530]

Deprotonation constants and
binding constants for Al on silica

Dixit and Van Cappellen 2002
[162985], p. 2565

Technical Information

Binding constants for Na on silica

Marmier et al. 1999 [162986], p. 228

Technical Information

Binding constants for Np on silica

Turner et al. 1998 [162989], p. 264

Technical Information

Binding constants for K and Ca on
silica

Triay et al. 1997 [100422], p. 169

Technical Information

18-km regulatory compliance boundary

18-km regulatory compliance
boundary

10 CFR 63.302 [156605]

Technical Information
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Table 4-1 (continued). Input Data and Technical Information

Data and Technical Information for Stochastic Analysis Scaling for Kgq

Data Description

Source

Data Tracking Number

XRD data describing mineralogic
composition of core samples from wells

Chipera et al. 1995 [111081],

entire document

LA000000000086.002 [107144]

XRD data describing mineralogic
composition of core samples from wells

N/A

LAJC831321AQ98.005 [109004],
LADV831321AQ97.001 [107142],
LASC831321AQ98.001 [109047],
LADV831321AQ99.001 [109044]

XRD data describing mineralogic
composition of core samples from wells

Steinborn 2002 [160702], entire

document)

MOO0101XRDMINAB.001 [163796],
MOO0106XRDDRILC.003 [163797],
MO0101XRDDRILC.002 [163795]

Values of diffusion coefficients used for
scaling.

N/A

LA0003JC831362.001 [149557]

Hydraulic gradient used in stochastic
modeling on a 550 m block

CRWMS M&O 2000 [152259],

pp. 14, Sec. 5.2.

Product Output

Data and Technical Information for FEP
Data Description Source Data Tracking Number
LA FEPs list N/A MOO0307SEPFEPS4.000 [164527]

4.1.2 Parametersand Parameter Uncertainty

The range of values for each input parameter is presented in Table 4-2 and discussed in
Sections 4.1.2.1 through 4.1.2.18 and in Attachment | of this report. The ranges of sorption
coefficient values presented in Table 4-2 encompass all the radionuclides of interest since the
intent of this AMR isto present an SZ transport model that can be used by the TSPA with any of
these radionuclides. The distributions for individual radionuclides are presented in Table I11-14.
Base case values for most parameters were chosen to be the median values for the distributions
except for sorption coefficients, which were taken to be O to represent a nonsorbing radionuclide

such as *C.

Table 4-2. Input Parameters and Range of Values for the SZ Transport Model

Base-Case | Uncertainty
Parameter Value(s) Range Units Variable Type Source/DTN

Specific disch BSC (2003 [164870])

mﬂftic")l'icer Loenarge 1° 1/30-10 - stochastic | SNO306T0502103.007
[163946]

Permeability horizontal c . SN0306T0502103.007

anisotropy ratio 4.2 0.05-20 ) stochastic [163946]
BSC (2003 [164870])

Bulk density in alluvium 1910 ¢ 1669-2151 ¢ kg/m3 stochastic SN0306T0502103.007
[163946]

Sorp.tlon coefficient in 0.0° 0-10000 mL/g stochastic Attachment | and Il

alluvium

MDL-NBS-HS-000010, REV 01 28 12/19/03




Table 4-2 (continued). Input Parameters and Range of Values for the SZ Transport Model

Base-Case | Uncertainty
Parameter Value(s) Range Units Variable Type Source/DTN
Effective porosity in the BSC (2003 [164870))
b .
alluvium, fraction 0.18 0. 02-0.3 - stochastic SN0306T0502103.007
[163946]
Colloid retardation BSC (2003 [162729])
factor in alluvium for 0°¢ 7.9-5188 - stochastic LA0303HV831352.004
irreversible colloids [163559]
Flowing interval BSC (2003 [164870))
. f —] - i
porosity, fraction ' 0.01 0.00001-0.1 stochastic SN0306T0502103.007
[163946]
A : b . SN0306T0502103.007
Flowing interval spacing 20 1.22-417 m stochastic [163946]
, - Assigned value | Bsc (2003 [164870))
Matrix porosity in 0.15-0.25 " N/A ) for each unit; not
volcanics, fraction ’ ’ a stochastic SN0306T0502103.007
parameter [163946]
. e ) BSC (2003 [164870])
Effective diffusion a1b | 5.0x10™- 2 .
coefficient in volcanics 5.0x10 5.0x 10™° m°/s stochastic SN0306T0502103.007
[163946]
Matrl_x sorption . 0.0° 0-10000 mL/g stochastic Attachments | & IlI
coefficient in volcanics
Colloid retardation BSC (2003 [162729])
factor in volcanics for 0°¢ 6.0-794 - stochastic LA0303HV831352.002
irreversible colloids [163558]
Groundwater g 10°-
concentration of colloids 0 25x10* g/mL NIA BSC (2003 [161620])
Sorption coefficient onto 09 10-10" | mu/g N/A BSC (2003 [161620))
colloids
Fraction of colloids g 0.00034- .
transported unretarded 0 0.0017 i stochastic BSC (2003 [162729])
Dispersivity, longitudinal 10.0 0.10-2000 m stochastic Section 4.1.2.16
Dispersivity, transverse, _ . .
horizontal 0.05 0.0005-10 m stochastic Section 4.1.2.17
Dlspersmty, transverse, 0.0005 0.000005- m stochastic Section 4.1.2.18
vertical 0.1

#The boundary fluxes, recharge rates and permeabilities were multiplied by this factor to vary the specific discharge,
which has a base case value of 0.67 m/yr from the repository to the 5-km boundary (BSC 2003 [162649] Section
6.6.2.3).

® Median value, given as the 0.5 probability value in the source DTN

¢ Median value, interpolated to the 0.5 probability from the data given in the source DTN
d Range derived from the normal distribution given in BSC (2003 [164870] Figure 6-16)
© Base case is taken to be the value for nonsorbing radionuclides.

" Base case value taken at 0.8 probability

9 Base case colloid parameters are set to 0 to simulate the base case of nonsorbing radionuclide.
"Each hydrostratigraphic unit was assigned a fixed value within this range.

i Flowing interval porosity is referred to as the “Fracture porosity in volcanic units” in SNO306T0502103.007 [163946].
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4.1.2.1 Specific Discharge Multiplier

Field values of groundwater specific discharge in the SZ have been estimated from the tracer
testing at the Alluvial Testing Complex (ATC) (BSC 2003 [162415], Section 6.5) to be in the
range of 1.2 m/yr to 9.4 m/yr. Thisinformation is combined with the recommendations from the
SZ expert elicitation project (CRWMS M&O 1998 [100353], pp. 3-43) to create a distribution of
the specific discharge multiplier in the range of 1/30 to 10 (DTN: SNO0306T0502103.007
[163946]). More details of this analysis are presented in BSC 2003 ([164870], Section 6.5.2.1).
All the permeabilities in the base-case flow model are multiplied by this factor, and all the
recharge values and boundary fluxes input to the model are also multiplied by this factor to
preserve the calibration of the base case SZ flow model (BSC 2003 [162649], Section 6.6 and
DTN: LAO304TM831231.002 [163788]). The effect of the range of uncertainty in this
parameter on the output breakthrough curves is presented in Section 8.3.2.1. The base case
multiplier for the SZ transport model is chosen to be 1, corresponding to the value used in the
base case SZ flow model.

4.1.2.2 Horizontal Anisotropy in Permeability

Field estimates of the horizontal permeability anisotropy ratio in the north-south/east-west
direction were obtained from the long-term pumping test conducted at the C-wells complex
(BSC 2003 [162415], Section 6.2.6). These data were used to obtain a distribution of the
anisotropy ratio in the range of 0.05 to 20 with a median value of 4.2 (DTN:
SN0306T0502103.007 [163946]). More details of this analysis are presented in BSC (2003
[164870], Section 6.5.2.10). The effect of the range of uncertainty in this parameter on the
output breakthrough curves is presented in Section 8.3.2.2. The base case ratio is chosen to be
the median value of 4.2.

4.1.2.3 Bulk Density in Alluvium

Borehole gravimeter data (DTN: MO0105GPLOG19D.000) [163480] from the well NC-EWDP-
19D1 was used in conjunction with laboratory grain-density measurements (USGS n.d.
[154495]) in estimating the uncertainty distribution of the bulk density. These data yielded a
normal distribution with a mean of 1910 kg/m® and standard deviation of 78 kg/m®
(SN0306T0502103.007 [163946]). More details of this analysis are presented in BSC (2003
[164870], Section 6.5.2.7) and are presented graphically in (BSC 2003 [164870], Figure 6-16).
From this graph, a lower bound of 1669 kg/m® and an upper bound of 2151 kg/m?® are estimated.
The effect of the range of uncertainty in this parameter on the output breakthrough curves is
preeeglted in Section 8.3.2.3. The base case vaue is chosen to be the median value of 1910
kg/m”.

4.1.2.4 Sorption Coefficient in Alluvium

Sorption coefficient measurements for Np and U on core samples from the alluvium to the south
of the Yucca Mountain are available (Section 1.8.3.3 and Section 1.8.9.3 of Attachment ). For
the radionuclides of Am, Cs, Pu, Pa, Ra, Sr and Th, the data on devitrified tuff samples from the
Y ucca Mountain area are used, since devitrified tuff makes up a major portion of the aluvium
(Sections 1.8.1.3, 1.8.2.3, 1.8.4.3, 1.8.5.3, 1.8.6.3, 1.8.7.3 and 1.8.8.3 of Attachment |). These data
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and the analysis to obtain stochastic uncertainty distributions for the sorption coefficient are
presented in detail in Attachment | of this report. Uncertainty distributions with wide ranges
were selected to account for the uncertainty in the sorption coefficient rising from the
uncertainties associated with the conceptual model (Section 6), geochemical conditions, and the
in situ rock mineralogy (Output DTN: LAO310AM831341.002). The sensitivity of the
breakthrough curves for each radionuclide to the uncertainty in its K4 valuesis presented in BSC
(2003 [164870], Section 6.6). In this report only the overall uncertainty range that encompasses
all the radionuclides, 0 to 10,000 mL/g (Table 4-2), is considered. The effect of the range of
uncertainty in this parameter on the output breakthrough curves is presented in Section 8.3.2.4.
A base-case value of 0 is chosen to represent the case of nonsorbing radionuclides.

4.1.25 Effective Porosity in Alluvium

The study of Bedinger et al. (1989 [129676], p. A18, Table 1) on the hydraulic characteristics of
alluvium within the Southwest Basin and Range Province appears relevant to the local basin fill
conditions and provides an uncertainty distribution for effective porosity. Further information is
available from the following sources: (1) single-point, site-specific, effective porosity data from
the well NC-EWDP-19D1 (BSC 2003 [162415], Section 6.5) with a vaue of 0.1; (2) tota
porosity data from the CAMBRIC study (Burbey and Wheatcraft 1986 [129679], pp. 23-24) with
an average value of 0.34; and (3) total porosity data from the DOE (1997 [103021], Tables 8-1
and 8-2) with values of 0.36 and 0.35. All these data are used as supporting information to
develop an uncertainty distribution with an upper bound of 0.3, median value of 0.18 and lower
limit of O (DTN: SNO306T0502103.007 [163946]) for the effective porosity. More details of this
analysis are presented in BSC (2003 [164870], Section 6.5.2.3). The lower limit given in this
work (Table 4-2 and Table 6.5-2) is 0.02, which is dlightly greater than 0. Thisis a conservative
choice and helps to avoid any potential numerical problems with the value 0. The effect of the
range of uncertainty in this parameter on the output breakthrough curves is presented in Section
8.3.2.5. The base case valueis chosen to be the median value of 0.18.

4126 Retardation Factor in Alluvium for Irreversible Colloids

The development of colloid retardation factors based on experimental data specific to Yucca
Mountain as well as field studies of bacteriophage transport in alluvial materia is presented in
BSC (2003 [162729], Section 6.5). An uncertainty distribution with arange of 7.9 to 5188 and a
median value of 33.9 is presented. More details of this analysis are presented in BSC (2003
[164870], Section 6.5.2.11). The effect of the range of uncertainty in this parameter on the
output breakthrough curves is presented in Section 8.3.2.6. The base case value is set to 0 to
simulate the transport of nonsorbing radionuclides.

4.1.2.7 Flowing Interval Porosity

At Yucca Mountain, aflowing interval is defined as the region in which significant groundwater
flow occurs at awell. The fracture porosity then characterizes these flowing intervals rather than
individua fractures. Datafrom tests in unsaturated tuff in the Exploratory Studies Facility (ESF)
using gas flow (BSC 2003 [161773], p. 42), water flow (BSC 2003 [161773], p. 64), cross-hole
tracer tests at the C-Wells complex (CRWMS M&O 1997 [100328], pp. 2 to 4 and 28),
Nevada Environmental Restoration Project tests (DOE 1997 [103021], pp. 5-14), and laboratory
measurements on core from the wells USW G-1, USW GU-3, USW G-4, and UE-25 &#1, where
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paralel-plate fracture geometry model is used (Wilson et al. 1994 [100191], Volume 1,
Chapter 7, Table 7-19, p. 7-30) were used to estimate the uncertainty distribution with a range of
0.00001 to 0.1 and a median value of 0.001 More details of this analysis are presented in BSC
(2003 [164870], Section 6.5.2.5). The flowing interval porosity enters the transport model
indirectly through the flowing interval aperture parameter, which is computed as a product of the
porosity and the spacing. The effect of the range of uncertainty in the flowing interval aperture
on the output breakthrough curves is presented in Section 8.3.2.8. The base case value of the
flowing interval porosity is taken to be .01, which is greater than the median value of the
distribution. This is because, as discussed in BSC 2003 [164870], Section 6.5.2.5, the median
value of .001 is at the lower limit of the values obtained from field data acquired after TSPA Site
Recommendations (SR) calculations were done—0.01 is more representative of the average of
this data.

4.1.2.8 Flowing Interval Spacing

An uncertainty distribution with a range of 1.22 m to 417 m and a median value of 20 m was
developed in BSC (2003 [164870], Section 6.5.2.4). The borehole flow meter survey data and
analysis presented in Probability Distributions for Flowing Interval Spacing (BSC 2001
[156965], p. 84) were used in the above referenced analysis. The flowing interval spacing enters
the transport model indirectly through the flowing interval aperture parameter, which is
computed as a product of the porosity and the spacing. The effect of the range of uncertainty in
the flowing interval aperture on the output breakthrough curves is presented in Section 8.3.2.8.
The base case value of the flowing interval spacing was taken to be the median of the
distribution, 20 m.

4.1.29 Matrix Porosity in Volcanics

The matrix porosity in volcanic units is treated as a nonstochastic parameter, although it is
allowed to vary from unit to unit (DTN: SNO306T0502103.007 [163946]). It is acceptable to
treat this parameter as a nonstochastic parameter because it enters the SZ transport model
through a combination with the distribution coefficient (Equation 57, Section 6.5.2.4.1 of this
report) or with the diffusion coefficient (Equations 64 and 74, Section 6.5.2.4.1 of this report),
and both these coefficients are being treated as stochastic variables with wide ranges (Sections
4.1.2.10 and 4.1.2.11 of thisreport). Vaues are assigned on a unit-by-unit basis. These values
areintherange 0.15to 2.5. Vaues were chosen based on the Rock Properties Model (BSC 2002
[159530], Table 13, p. 52) and porosity data from boreholes UE-25 p#1, USW H-3, USW SD-7,
USW G-3, USW H-1, USW G-4, USW H-5, and USW H-6 (DTN: SN0O004T0501399.003
[155045], MOO0109HYMXPROP.001 [155989], and MOO0010CPORGLOG.002 [155229]).
More details of thisanalysis are presented in BSC (2003 [164870], Section 6.5.2.18).

4.1.2.10 Effective Diffusion Coefficient in Volcanics

Matrix diffusion is a process in which diffusing particles move, via Brownian motion, through
both mobile and immobile fluids. Diffusion is a Fickian process, that is, diffusing species move
from high to low concentrations. It is dependent on the free water molecular diffusion
coefficient for individual constituents and the characteristics of the flow path in which the
diffusing species passes. Because diffusion through porous media is less than free water
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molecular diffusion, it is quantitatively defined as the effective diffusion coefficient, D.. The
variability in De in saturated media is caused by the variability in: 1) the individual constituents
size (atom, ion, or molecule) and charge; 2) fluid temperature; and 3) the unique properties of a
porous media’s lithology at a microscopic scale, including the tortuosity of the media.

Diffusion-cell measurements on numerous rock samples from the vicinity of Yucca Mountain
have been reported by Reimus et a. (2002 [162956], Tables 3-2 through 3-8; 2002 [163008],
Tables 2-4 and 2-5). These measurements give a correlation between the measured effective
diffusion coefficient, sample porosity, and sample permeability. The range of values is
corroborated by the site-specific values reported by Triay et al. (1993 [145123], Tables 1 and 2)
and Rundberg et al. (1987 [106481]). The correlation given by Reimus et al. (2002 [163008])
Equation 2.5, p. 2.25) was used to develop a range of values appropriate for the porosities and
permeabilities of various units as reported in Flint (1998 [100033], p. 89). These were scaled to
account for the uncertainty and variation in the effective diffusion coefficient based on the
species size and charge, leading to the final uncertainty range of 5 x 10% to 5 x 10™° m%s, with a
median value of 5.0 x 10 m%/sec (DTN: SN0O306T0502103.007 [163946]). Details of this
analysis are presented in BSC (2003 [164870], Section 6.5.2.6). The effect of the range of
uncertainty in this parameter on the output breakthrough curves is presented in Section 8.3.2.9.
The median value of 5.0 x 10°** m?%sec was taken to be the base case value.

4.1.2.11 Matrix Sorption Coefficient in Volcanics

Sorption coefficients were measured on devitrified and zeolitic tuff samples from the
YuccaMountain area for the radionuclides Am, Ba, Cs, Np, Pu, Pa, Ra, Sr, Th and U
(Attachment I). These data and analyses were used to obtain stochastic uncertainty distributions
for the sorption coefficients presented in detail in Attachment | of this report. These
measurements represent a spatial scale on the order of centimeters. A stochastic scaling
procedure was used to obtain from these distributions the uncertainty distributions on the scale of
500 m, which is the scale of the grid blocks used in the SZ transport model. This stochastic
analysisis presented in detail in Attachment I11 of this report. Stochastic anaysis was combined
with expert judgment (Attachment 111, Sec I11-2) to develop uncertainty distributions with wide
ranges. These were selected to account for the uncertainty in the sorption coefficient rising from
the uncertainties associated with the conceptual model (Section 6), geochemical conditions, and
the in situ rock mineralogy (Output DTN: LA0310AM831341.002). The resulting distributions
for individual radionuclides are given in Table 111-14 and Output DTN: LA0O310AM831341.002.
The overall uncertainty range that encompasses all the radionuclides is 0 to 10,000 mL/g (Table
[11-14). The effect of the range of uncertainty in this parameter on the output breakthrough
curvesis presented in Section 8.3.2.10. A base-case value of 0 was chosen to represent the case
of nonsorbing radionuclides such as C*“.

4.1.2.12 Retardation Factor in Volcanicsfor Irreversible Colloids

BSC (2003 [162729], Section 6.4) describes the development of colloid retardation factors for
fractured tuff from field and experimental data. More details of this analysis are presented in
BSC (2003 [164870], Section 6.5.2.11) leading to an uncertainty distribution with a range of 6 to
794 and a median value of 26 (DTN: LAO303HV831352.002 [163558]). The effect of the range
of uncertainty in this parameter on the output breakthrough curves is presented in Section
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8.3.2.11. Base case value for the SZ transport model is set to O to simulate the transport of
nonsorbing radionuclides.

4.1.2.13 Groundwater Concentrations of Colloids

The uncertainty distribution was developed in BSC (2003 [161620], Table 5). A range of 10° to
2.5 x 10* g/mL with a median value of 10" g/mL is given. This parameter enters the SZ
transport model indirectly through the coefficient for reversible sorption onto colloids (BSC
2003 [164870], Section 6.5.2.12). The effect of the range of uncertainty in this parameter on the
output breakthrough curves is presented in Section 8.3.2.12. The value of this parameter in the
base case transport model is set to 0 to simulate the transport of nonsorbing radionuclides.

4.1.2.14 Sorption Coefficient onto Colloids

The uncertainty distributions for the coefficient of sorption of Pu, Am, Th, Pa, and Cs onto
colloids were developed in BSC (2003 [161620], Table 10). A range of 10" to 10’ mL/g was
used with a median value of 0.5 x 10’ mL/g. More details are presented in BSC (2003 [164870],
Section 6.5.2.12). This parameter enters the SZ transport model indirectly through the
coefficient for reversible sorption onto colloids. The effect of the range of uncertainty in this
parameter on the output breakthrough curves is presented in Section 8.3.2.12. The value of this
parameter in the base case transport model is set to O to simulate the transport of nonsorbing
radionuclides.

4.1.2.15 Fraction of Colloids Transported Unretarded

A discussion of the fraction of colloids transported with no retardation isin BSC (2003 [162729],
Section 6.6). The range of uncertainty distribution of this fraction is taken to be 0.00034 to
0.0017 with a median value of 0.0005. This parameter is applied in the TSPA calculations after
the breakthrough curves are calculated from the SZ transport model; hence the influence of the
uncertainty in this parameter on the breakthrough curves is not discussed in this AMR. The base
case valueis set to 0 to simulate the transport of nonsorbing radionuclides.

4.1.2.16 Dispersivity, Longitudinal

As explained in BSC (2003 [164870], Section 6.5.2.9), the uncertainty distribution for
longitudinal dispersivity was taken to be truncated lognormal with the mean of 2 and the
standard deviation of 0.75 (in the log space) (DTN: SN0306T0502103.007 [163946]). The basis
used in BSC 2003 [164870] for this was expert dicitation (CRWMS M&O 1998 [100353], pp.
3-10, 3-11, and LG-12). Graphically the estimated range of this distribution is 1 m to 20000 m
with a median value of 100 m (BSC 2003 [164870]), Figure 6-18). As explained in BSC 2003
([164870Q]), Section 6.5.2.9 and Figure 6-19), these dispersivity values are on the scale of the SZ
transport model and correspond to dispersivity values smaller by a factor of 10 when represented
on the scale of 500 m, the scale of computational grid blocks. Hence the range of uncertainty for
this parameter given in Table 4-2 is 0.1 m to 2000 m. More details of this analysis are presented
in BSC (2003 [164870]), Section 6.5.2.9). The effect of the range of uncertainty in this
parameter on the output breakthrough curves is presented in Section 8.3.2.13. The base case
value is taken to be the median value on the 500-m scale, 10 m.
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4.1.2.17 Dispersivity, Transverse, Horizontal

As explained in BSC (2003 [164870], Section 6.5.2.9), the basis for computing the transverse
horizontal dispersivity values was determined by dividing the longitudinal dispersivity by a
factor of 200. The basis used in BSC (2003 [164870]) for this was expert elicitation (CRWMS
M&O 1998 [100353], pp. 3-11, LG-11, and LG-14). More details of this analysis are presented
in BSC (2003 [164870], Section 6.5.2.9). The range of values is 0.0005 m to 10 m. The base
case value is taken to be 0.05 m, calculated as the median value of the longitudinal dispersivity
(Section 4.1.2.16) of 10 m divided by 200.

4.1.2.18 Dispersivity, Transverse, Vertical

As explained in BSC (2003 [164870], Section 6.5.2.9), the basis for computing the transverse
vertical dispersivity values was determined by dividing the transverse horizontal dispersivity by
afactor of 100. The basis used in BSC (2003 [164870]) for this was expert elicitation (CRWMS
M&O 1998 [100353], pp. 3-11, LG-11, and LG-14). More details of this analysis are presented
in BSC (2003 [164870], Section 6.5.2.9). The range of valuesis 0.000005 m to 0.1 m. The base
case value is taken to be 0.0005 m, calculated as the base value of the transverse horizontal
dispersivity (Section 4.1.2.17) of 0.05 m divided by 100.

4.1.3 Accuracy, Precision, And Representativeness

The SZ site-scale transport model is a theoretical framework involving a number of transport
parameters that reflect the properties of the saturated zone, incorporated into a computer code
using numerical methods. This model is intended for making TSPA predictions using stochastic
methods with a wide range of values that reflect uncertainty in the input parameters. The
accuracy and precision of the output results depend upon the accuracy and precision of the input
parameter values, the theoretical model and the numerical model. As seen in Table 4-2, the
uncertainty ranges for al input parameters (except the matrix porosity in volcanics, which is a
deterministic value per each lithologic unit) are at least 25 % or more of the base case value, and
in most cases they are several orders of magnitude larger than the base case vaue. The
theoretical and mathematical methods selected for the computational transport model, as
described in detail in Section 6 of this report, are well established in the literature and are
sufficiently accurate to deal with these wide parameter ranges. The approach taken in this report
isto select arange of values for each input parameter as described in Section 4.1.2 of this report
and evaluate the propagation of this uncertainty range to the output breakthrough curves as
described in Section 8. Confidence in the representativeness of the model output is developed
through the validation activities of comparison against field data and independent models, and
other confidence building activities described in detail in Section 7 of this report.

4.2 CRITERIA

The genera requirements to be satisfied by the TSPA are stated in 10 CFR 63.114 [156605].
Technical requirementsto be satisfied by the TSPA are identified in the Y ucca Mountain Project
Requirements Document (Canori and Leitner 2003 [161770]). The acceptance criteria that will
be used by the Nuclear Regulatory Commission (NRC) to determine whether the technical
requirements have been met are identified in the Yucca Mountain Review Plan (YMRP; NRC
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2003 [163274]).

in Table 4-3.

The pertinent requirements and criteria for this report are summarized

Table 4-3. Project Requirements and YMRP Acceptance Criteria Applicable to This Model Report

Requirement
Number®

Requirement Title®

10 CFR 63 Link"

YMRP Acceptance Criteria®

PRD-002/T-014

Performance Objectives for the
Geologic Repository After
Permanent Closure

10 CFR 63.113(a)
and 63.115(a)—(c)

Criteria 1 to 3 for System
Description and Demonstration of
Multiple Barriers

PRD-002/T-015

Requirements for Performance
Assessment

10 CFR 63.114
(2)—(c) and (e)—(g)

Criteria 1 and 2 for Radionuclide
Transport in the Saturated Zone

NOTE: # from Canori and Leitner (2003 [161770])

® from 10 CFR 63 [156605]
¢ from NRC (2003 [163274])

The acceptance criteria identified in Section 2.2.1.1, System Description and Demonstration of
Multiple Barriers, of the YMRP (NRC 2003 [163274] are given below, followed by a short
description of their applicability to this model report.

e Acceptance Criterion 1, Identification of Barriersis Adequate:

Barriers relied on to achieve compliance with 10 CFR 63.113(b), as demonstrated in the
total system performance assessment, are adequately identified and are clearly linked to
their capability. The barriersidentified include at least one from the natural system. This
model report describes the transport of radionuclides with the groundwater in the

saturated zone of the natural system.

e Acceptance Criterion 2, Description of Barrier Capability to Isolate Waste is Acceptable:

The capability of the identified barriers to prevent or substantially delay the movement of
water or radioactive materials is adequately identified and described.

1. The information on the time period over which each barrier performs its intended
function, including any changes during the compliance period, is provided. This
model report relates to the time period from the possible entry of the radionuclides
into the SZ via the unsaturated zone (UZ) to the possible release of the contaminants
at the compliance boundary. As shown in Sections 6, 7, and 8 of this report, this
period can range from several hundreds of years to tens of thousands of years or
longer after a potential release of the radionuclides.

2. The uncertainty associated with barrier capabilities is adequately described in
Section 8 of this report.
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Acceptance Criterion 3, Technical Basisfor Barrier Capability is Adequately Presented.

The technical bases are consistent with the technical basis for the performance
assessment. The technical basis for assertions of barrier capability is commensurate with
the importance of each barrier’s capability and the associated uncertainties.

The acceptance criteria identified in Section 2.2.1.3.9, Radionuclide Transport in the Saturated
Zone, of the YMRP (NRC 2003 [163274]) are given below, followed by a short description of
their applicability to this model report.

Acceptance Criterion 1, System Description and Model Integration are Adequate.

The description of the aspects of hydrology, geology, geochemistry, design features,
physical phenomena, and couplings that may affect radionuclide transport in the saturated
zone is adequate.

Acceptance Criterion 2, Data are Sufficient for Model Justification.

Geological, hydrological, and geochemical values used in the safety case are adequately
justified (e.g., flow path lengths, sorption coefficients, retardation factors, colloid
concentrations, etc.). Adequate descriptions of how the data were used, interpreted, and
appropriately synthesized into the parameters are provided.

4.3 CODESAND STANDARDS

No specific formally established codes or standards, other than those referenced in Section 4.2,
have been identified as applying to this modeling activity. This activity does not directly support
License Application (LA) design.
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5. ASSUMPTIONS

A list of the assumptions used in this model report is provided in Table 5-1. Subsections where
assumptions are used are identified in the table. The conceptual model of transport representing
the important transport processes in the SZ is presented in Section 6.3 of thisreport. Alternative
conceptual models and the implications of these models are discussed in Section 6.4. The
theoretical framework of this model and its computational implementation is presented in

Section 6.5.

The simplifications necessary to develop a model amenable to efficient

computations for stochastic simulations are also discussed in Sections 6.3 through 6.5.

Table 5-1. Assumptions

Number

Assumption

Rationale

Location in this Report

Sorption on individual
fracture surfaces is not
included in the SZ
transport model.

Sorption on individual fracture surfaces can result
in significant retardation of radionuclide transport
even for small values of fracture sorption
coefficients (Figure 6.7-1b; and Robinson 1994
[101154], Figure 7). However, the sorption
coefficient onto fracture surfaces is a strong
function of the minerals coating the fracture
surfaces. Due to the lack of sufficient data, there is
uncertainty about the nature of the fracture
coatings in the volcanics along the potential
transport pathways in the SZ. Hence, as a
conservative approach, no credit is taken for
sorption on individual fracture surfaces in the SZ.
This assumption requires no further justification.

Section 6.3

The derivation of the
probability distribution for
the absorption coefficients
assumes that conditions
are oxidizing in the
groundwater in the SZ.

Available measurements show that the waters in
the SZ at the Yucca Mountain (Attachment I; and
BSC 2003 [162657], Table 5) are in oxidizing
conditions or in transition between oxidizing-
reducing conditions. There is insufficient data to
completely characterize in detail the oxidation
state of the water along the expected transport
pathways in the SZ. Further, the assumption of
oxidizing conditions generally leads to predictions
of lower values of sorption coefficients. Hence, as
a conservative approach, it is assumed that
conditions are oxidizing in the groundwater in the
SZ. This assumption requires no further
justification.

Attachment I-Section 1.8

MDL-NBS-HS-000010, REV 01

39

12/19/03




Table 5-1 (continued). Assumptions

Number Assumption

Rationale

Location in this Report

For the radionuclides Am,
Cs, Pu, Pa, Sr, and Th,
sorption coefficients in
alluvium are assumed to
be those corresponding to
the values measured on
samples of devitrified
crushed tuff.

There is insufficient data on the sorption
coefficients of the radionuclides Am, Cs, Pu, Pa,
Sr, and Th in alluvium. Alluvium along the potential
transport pathways is composed largely of
disaggregated tuffaceous materials. Sources of
data on aquifer matrix compositions in the SZ are
provided in Table IlI-3. These data have been
incorporated into a site mineralogic model BSC
2002 [158730]. There are two dominant rock types
in the SZ along potential flow paths in volcanics to
the 18-km boundary: devitrified tuff and zeolitic tuff.
Because devitrified tuff makes up a major portion of
the volcanic units exposed at the surface, it should
be a major component in alluvium. In addition,
clays and other secondary minerals are enriched in
alluvial materials. These characteristics would
result in higher sorption coefficients for alluvial
materials compared to intact devitrified tuff. Also,
the sorption coefficients onto zeolitic tuffs are
higher than those on devitrified tuffs. Hence, as a
conservative approach, it is assumed that, for the
radionuclides Am, Cs, Pu, Pa, Sr, and Th, sorption
coefficients in alluvium are given by the
corresponding values measured on samples of
devitrified crushed tuff. This assumption needs no
further justification.

Attachment |-Section 1.8
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6. MODEL DISCUSSION

This section presents a discussion of the SZ site-scale transport model. Section 6.1 summarizes
the objectives of this modeling activity, a description of the problem, and model inputs and
outputs. Section 6.2 lists the included FEPs specifically addressed by this model report and their
disposition in the Total System Performance Assessment-License Application (TSPA-LA). Also
given in Section 6.2 are FEPs for which supporting information is provided in this report. The
base-case conceptual model is presented in Section 6.3. Alternative conceptual models are
discussed and evaluated along with their dispositions in Section 6.4. The mathematical
formulation of the base-case conceptual model is presented in Section 6.5, and the base-case
model results are given in Section 6.6. In Section 6.7, a description of the SZ as a barrier to
transport of radionuclidesis given.

6.1 MODELING OBJECTIVES

As summarized in Section 1 of this report, the objective of the SZ transport model is to simulate
the transport of radionuclides in the saturated, fractured volcanic rock and aluvium in the
vicinity of Yucca Mountain. The geohydrologic setting to be modeled is multifaceted with
complex and diverse geochemical interactions possible between the groundwater, solutes, and
the geological materials. Also, the intended use requires a computationally efficient model that
is amenable to repeated runs for stochastic smulations. The approach taken here is to construct
a plausible conceptual model of transport that incorporates the main SZ transport processes and
is amenable to efficient computation (Sections 6.3 and 6.5). Alternate conceptual models and the
implications of these models for transport predictions are evaluated relative to this base-case
model (Section 6.4). The relevant FEPs are included in this report (Section 6.2), and the
rationale for their inclusion and their dispositions are described. The excluded FEPs will be
discussed in a separate analysis report (Rev. 02) of CRWMS M& O 2001 [153931]).

This transport model takes the calibrated flow model (DTN: LA0304TM831231.002 [163788])
described in detail in BSC (2003 [162649] as the starting point and, using the steady-state flow-
velocity field supplied by the flow model, incorporates the transport processes of advection,
dispersion, diffusion, retardation, and colloid-facilitated transport to compute the downstream
radionuclide concentrations. Input parameters to the transport model are radionuclide release
locations, dispersivities in the volcanics, matrix porosity, matrix diffusion coefficient, the
sorption distribution coefficient Kq in the matrix, flowing interval porosity, flowing interval
spacing, retardation factor in the flowing interval, effective porosity of the alluvium,
dispersivities in the aluvium, and the K4 value in the aluvium. These are listed along with the
base case and range of valuesin Table 6.5-2 in Section 6.5.3 and in Table 4-2 in Section 4. The
output from the transport model consists of radionuclide breakthrough curves at the compliance
boundary for nonsorbing as well as reactive transport. The reactive transport includes agueous
and colloid-facilitated transport. Breakthrough curves for agueous species are calculated
including the retardation due to sorption onto rock surfaces (Section 6.5.2.5). Breakthrough
curves are generated for transport of radionuclides attached reversibly to the colloids using
modified transport parameters (Section 6.5.2.6.2). Breakthrough curves for the radionuclides
attached irreversibly to the colloids are generated using retardation factors for colloids (Section
6.5.2.6.1). A small fraction of colloids travels with the groundwater unretarded and is handled
using the same breakthrough curves as those for nonsorbing radionuclides.
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A variety of laboratory and field data supports the understanding of the transport processes of
importance included in the transport model. The cross-hole tracer tests conducted at the C-wells
complex support the use of a dual-porosity fracture flow and transport model of advection and
dispersion coupled with a matrix-diffusion and matrix-sorption model (BSC 2003 [162415],
Sections 6.3.5.6 and 6.3.5.8). Additionally, several laboratory-scale colloid-facilitated Pu
transport experiments conducted in fractured volcanic rocks support the use of a colloid-
facilitated transport model in the volcanics (Kersting and Reimus 2003 [162421], Chapter 7, and
DTNs LAO301PR831361.003 [162435] and LA0301PR831361.004 [162436]). The model of
transport in the aluvium with advection, dispersion, sorption, and colloid-facilitated transport is
validated by the single-well tracer tests at the Nye County ATC wells (BSC 2003 [162415],
Section 6.5). Laboratory column transport experiments in Yucca Mountain aluvium have
indicated that sorption is avalid process that should be included in the aluvium transport model
(BSC 2003 [162415], Section 6.5.6). Likewise, colloid-facilitated Pu transport experiments in
laboratory-scale columns packed with Y ucca Mountain alluvium (DTN: LA0301AA831352.001
[162433]) have indicated that colloid-facilitated transport is a valid process to include in the
alluvium transport mode. These models are supported also by information available from anaog
studies at the Nevada Test Site (NTS) (Sections 7.1.1.1 and 7.1.2.6.2 in this report). The overall
site-scale model is validated by comparison against transit times and flow paths deduced from
hydrochemistry data (Section 7.2).

The SZ site-scale transport model is used directly in the model report SZ Flow and Transport
Model Abstraction (BSC 2003 [164870]) for generating a set of radionuclide breakthrough
curves at the accessible environment for use in the TSPA simulations of radionuclide release to
the biosphere. The outputs from the transport model are transit times, flow paths, and
breakthrough curves at the compliance boundaries for various radionuclides of concern.
The results for the base case are given in Section 6.6.

6.2 FEATURES, EVENTS, AND PROCESSES FOR THISMODEL REPORT

A comprehensive list has been developed of FEPs potentially relevant to postclosure
performance of the potential Yucca Mountain repository based on site-specific information,
design, and regulations. The approach for developing an initial list of FEPs in support of the
Total System Performance Assessment for the Ste Recommendation (TSPA-SR; CRWMS M&O
2000 [153246]) was documented in Freeze et al. (2001 [154365]). The initial FEPs list
contained 328 FEPs, of which 176 were included in TSPA-SR models (CRWMS M&O 2000
[153246], TablesB-9-B-17). To support the TSPA-LA, the FEPs list was re-evaluated in
accordance with the Enhanced Plan for Features Events and Processes (FEPs) at Yucca
Mountain (BSC 2002 [158966], Section 3.2). The list of SZ-related FEPs addressed in this
report was extracted from the LA FEP list (DTN: MO0307SEPFEPS4.000 [ 164527]).

The included FEPs abstractions incorporated in the TSPA-LA model, which is implemented
through specific process models or input parameters, are presented as TSPA-LA dispositions and
are specifically addressed in SZ model reports (Table 6.2-1a). The rationale for excluding a FEP
from the TSPA-LA model will be given in the upcoming revision (REV 02) of Features, Events,
and Processes in SZ Flow and Transport (BSC 2003 [163128]). FEPs specifically addressed in
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this report and those only supported by the results of the work documented in this report are
listed in Tables 6.2-1b and 6.2-2, respectively. Theincluded FEPs that are specifically addressed
in this report, along with their dispositions, are given in Table 6.2-1b. The acronyms used in
Table 6.2-1b are defined in Table 6.2-1c.

Table 6.2-1a. Included FEPs for the Saturated Zone TSPA-LA
FEP Number FEP Name Responsible SZ Report
1.2.02.01.0A | Fractures SZ Flow and Transport Model Abstraction, MDL-NBS-HS-000021
(BSC 2003 [164870])
1.2.02.02.0A | Faults SZ Flow and Transport Model Abstraction, MDL-NBS-HS-000021
(BSC 2003 [164870])
1.4.07.02.0A | Wells SZ Flow and Transport Model Abstraction, MDL-NBS-HS-000021
(BSC 2003 [164870])
2.2.03.01.0A | Stratigraphy Site-Scale Saturated Zone Flow Model, MDL-NBS-HS-000011
(BSC 2003 [162649])
2.2.03.02.0A | Rock Properties of Host SZ Flow and Transport Model Abstraction, MDL-NBS-HS-000021
Rock and Other Units (BSC 2003 [164870])
2.2.07.12.0A | Saturated Groundwater Flow Site-Scale Saturated Zone Flow Model, MDL-NBS-HS-000011
in the Geosphere (BSC 2003 [162649])
2.2.07.13.0A | Water-Conducting Features SZ Flow and Transport Model Abstraction, MDL-NBS-HS-000021
in the SZ (BSC 2003 [164870])
2.2.07.15.0A | Advection and Dispersion in This report
the Sz
2.2.07.16.0A | Dilution of Radionuclides in SZ Flow and Transport Model Abstraction, MDL-NBS-HS-000021
Groundwater (BSC 2003 [164870])
2.2.07.17.0A | Diffusion in the SZ This report
2.2.08.01.0A | Chemical Characteristics of This report
Groundwater in the SZ
2.2.08.06.0A | Complexation in the SZ This report
2.2.08.08.0A | Matrix Diffusion in the SZ This report
2.2.08.09.0A | Sorption in the SZ This report
2.2.08.10.0A | Colloid Transport in the SZ SZ Flow and Transport Model Abstraction, MDL-NBS-HS-000021
(BSC 2003 [164870])
2.2.08.11.0A | Groundwater Discharge to SZ Flow and Transport Model Abstraction, MDL-NBS-HS-000021
Surface Within the (BSC 2003 [164870])
Reference Biosphere
2.2.10.03.0A | Natural Geothermal Effects Site-Scale Saturated Zone Flow Model, MDL-NBS-HS-000011
on Flow in the SZ (BSC 2003 [162649])
2.2.12.00.0B | Undetected Features in the SZ Flow and Transport Model Abstraction, MDL-NBS-HS-000021
Sz (BSC 2003 [164870])
3.1.01.01.0A | Radioactive Decay and SZ Flow and Transport Model Abstraction, MDL-NBS-HS-000021
Ingrowth (BSC 2003 [164870])
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Table 6.2-1b. FEPs Included in the TSPA-LA for Which This Model Report Provides the Technical Basis

FEP
Number

FEP
Name

Where
Disposition
Described

Summary of Disposition in TSPA-LA

2.2.07.15.0A

Advection
and
dispersion
in SZ

Sections 6.3
(Items 2 and
6), 6.5.2.2,
6.5.2.3,
4.1.2.1,
4.1.2.16

These processes are explicitly included in the conceptual and mathematical
models of transport and in the numerical implementation of the model FEHM
(V 2.20 STN: 10086-2.0-00) [161725] through the use of the dispersion tensor
and the random-walk particle-tracking method. The flow field and the
dispersion tensor input to this model are dependent on the nature of the
geologic material and the scale of the model.

FEHM generates a mean 3-D specific discharge (“advection”) flow field using
calibrated permeability as input. The mean specific discharge field is output
from the Site-Scale Saturated Zone Flow Model (BSC 2003 [162649], Section
6.6). The mean calibrated permeability field is scaled with the stochastically
sampled scaling parameters GWSPD and HAVO (BSC 2003 [164870],
Section 6.5.2.1) to produce 200 unique 3-D permeability fields. GWSPD
scales permeabilities in both the volcanic and alluvium units. The range for
the GWSPD scaling parameter is based on field-test analyses (discussed in
Saturated Zone In-Situ Testing (BSC 2003 [162415], Section 6.4.2), calibration
of the “mean” flow field to measured heads (discussed in Site-Scale Saturated
Zone Flow Model, BSC 2003 [162649], Section 6.6), and expert elicitation
(CRWMS M&O 1998 [100353], Section 3.2.3). The HAVO parameter
determines the degree of anisotropy in permeability for only the volcanic units.
HAVO is based on field-test analyses (discussed in Saturated Zone In-Situ
Testing, BSC 2003 [162415], Sections 6.2.4 and 6.2.6) and numerical analysis
(discussed in Site-Scale Saturated Zone Flow Model, BSC 2003 [162649],
Sections 4.1.1.2, 6.4.3.2 and 6.8.3). The scaled permeability fields are used to
generate 200 flow fields (advection fields). A more detailed discussion of
GWSPD and HAVO implementation is described in SZ Flow and Transport
Model Abstraction (BSC 2003 [164870], Section 6.5.2.1 and 6.5.2.10).

Uncertainty in the dispersion tensor is modeled by varying the input
longitudinal dispersivity value stochastically. This approach is done using the
longitudinal dispersion parameter, LDISP. The range for the LDISP parameter
is based on recommendations from the expert elicitation panel (CRWMS M&O
1998 [100353], pp. 3-10, 3-11, LG-12), which were used as the basis for
determining the bounds on the longitudinal dispersivity. The transverse
dispersion parameters are not varied independently but scaled from LDISP.
More details are presented in BSC (2003 [164870], Section 6.5.2.9).

2.2.07.17.0A

Diffusion
in the SZ

Sections 6.3
(Item 3),
6.5.2.4,
4.1.2.10

This FEP is meant to address diffusive transport (e.qg., fracture diffusion), such
as is modeled numerically as part of the hydrodynamic dispersion coefficient
(part mechanical dispersion, part diffusion). Matrix diffusion (which contributes
to retardation) is addressed in the FEP 2.2.08.08.0A later in this table. The

dispersion tensor D’ appearing in Equation 1 is the sum of the mechanical
dispersion tensor ( D ) for the flow system and the coefficient of molecular
diffusion ( Do) in porous media. The effects of molecular diffusion are

explicitly included also in the displacement matrix given by Equation 55. The
effects of molecular diffusion are thus explicitly included in the SZ transport
model. These effects are significant only at low flow velocities (Bear 1972
[156269], p. 581). The specific discharge value of 0.67 m/yr reported in BSC
(2003 [162649] Section 6.6.2.3) leads to fluid velocities on the order of 107 to
10 mi/s. Combining this with the lower limit of the longitudinal dispersivity of
0.1 m given in Table 4-2, this leads to a lower limit of dispersion coefficient in
excess of 10-®> m%/s. The upper limit of effective diffusion coefficient for
volcanics given in Table 4-2 is 5x10-'° m?/s. Thus, the effects of molecular
diffusion are overshadowed by advection and dispersion.
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Table 6.2-1b (continued). FEPs Included in the TSPA-LA for Which
This Model Report Provides the Technical Basis

FEP
Number

FEP Name

Where
Disposition
Described

Summary of Disposition in TSPA-LA

2.2.08.01.0A

Chemical
characteristics
of groundwater
in the SZ

Section 6.3
(Items 4 and
7);
Attachment |
(1.4 and 1.8)

Variations in temperature, pH, Eh, ionic strength, and major ionic
concentrations in the groundwater affect sorption of radionuclides onto
the rock surface and colloids, which in turn, affects the sorption
coefficient Kq and, thus, the retardation factor R for each radionuclide.
These coefficients are entered directly in Equations 56 and 57

(Section 6.5.2.4.1), which describe reactive transport through porous
media. The effects of THC and dissolved gases within the SZ are
implicitly included in the variations in temperature, pH, Eh, ionic
strength, and major ionic concentrations in the groundwater.
Appropriate ranges and distributions of values for Kq are chosen based
on expert elicitation (CRWMS M&O 1998 [100353], Section 3.2.8) and
laboratory and field studies for the sorption coefficient Kq (Attachment
1). The parameter ranges incorporated in the model abstraction through
the Kq variables are KDNPVO, KDRAVO, KDSRVO, KDUVO, KDNPAL,
KDRAAL, KDSRAL, KDUAL, KD_AM_VO, KD_CS_VO, KD_PU_VO,
KD_AM_AL, KD_CS_AL, KD_PU_AL, and effective colloidal retardation
factors (CORAL and CORVO) (SZ Flow and Transport Model
Abstraction, BSC 2003 [164870], Section 6.5.2.8).

Regarding the spatial and temporal dependencies of Kg, geochemical
analysis indicates current SZ groundwater under the proposed
repository and along the SZ transport path is paleoclimate recharge
water (BSC 2003 [162657], Section 6.7.6.6). Spatial variability in the
composition of the ground water reflects, in part, temporal variability in
recharge when data from the Fortymile Wash are included. Uncorrected
c™ groundwater ages range from a few thousand years in vicinity

of the Fortymile Wash to values greater than 15,000 years under
portions of the Yucca Mountain (BSC 2003 [162657], Table 16). Using
the reasonable approach that spatial variability within the recharge
domain brackets the temporal variability expected to occur at a given
location within the domain, the observed variability in geochemistry
among the wells in the model area brackets the temporal variations
expected to occur in the water composition. Additionally, as discussed
in Attachment V and BSC (2003 [162649], Section 6.4.5), significant
water table rise is expected to have occurred under paleoclimatic
conditions. Thus, the large influx of paleoclimate recharge waters, now
underneath the proposed repository and along the transport path,
include interactions with rock types overlying the current water table as
well as the rock types along the expected transport pathways.
Consequently, the range in each radionuclide Kq and effective colloidal
retardation factor bracket the temporal and spatial variations in water
composition.

2.2.08.06.0A

Complexation
in the SZ

Sections
6.5.2.4.1,
6.5.2.5,
6.5.2.6;
Attachments
1(1.8,1.9)
and Il

Organic complexing agents, such as humic and fulvic acids, as well as
inorganic complexing agents, such as carbonates, can affect sorption of
radionuclides onto the rock surface and colloids. The sorption
coefficients Kg and K. enter the SZ transport model via Equations 57,
77, and 78-81 (Sections 6.5.2.4.1 and 6.5.2.5), which describe reactive
transport through porous media. These effects are included in the
model by choosing appropriate ranges of values for the sorption
coefficients Kq and K. as described in Attachments | and Il respectively.
Available data are summarized in this model report, and Kq and K¢
distributions are developed on the basis of these data.
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Table 6.2-1b (continued). FEPs Included in the TSPA-LA for Which
This Model Report Provides the Technical Basis

FEP
Number

FEP Name

Where
Disposition
Described

Summary of Disposition in TSPA-LA

2.2.08.08.0A

Matrix diffusion
in the SZ

Sections 6.3
(Item 3),
6.5.2.4,
4.1.2.10

Matrix diffusion is the process by which radionuclides transported in
the SZ move into the matrix of the porous rock. This process can be
a very effective retarding mechanism and is explicitly included in the
conceptual model of transport in the mathematical model transport
Equations 56 and 57, Section 6.5.2.4.1, and in the numerical
implementation of the model FEHM (V 2.20 STN: 10086-2.0-00])
[161725] through the use of the diffusion coefficient and the
random-walk particle-tracking method with a semianalytical solution.

Matrix diffusion is included in the SZ transport model (SZ Flow and
Transport Model Abstraction, BSC 2003 [164870], Table 6.8) through
the matrix diffusion parameter DCVO. The semianalytical matrix
diffusion equation obeys Fick’s law and incorporates concentration
gradients and the temporal and spatial changes in the gradient along
the transport pathway. Matrix diffusion is modeled only in the matrix
portion of the volcanic units (BSC 2003 [164870], Section 6.5.2.6).
The cumulative distribution function (CDF) for the DVCO is based on:

o field and laboratory diffusion experiments performed in and
on volcanic tuffs located within the Yucca Mountain vicinity

e aleast-squares linear empirical equation fit to diffusion
experiment results and measured values for matrix porosity
and permeability.

The effective matrix diffusion coefficients for diffusing radionuclides
are stochastically sampled from this same CDF. A related FEP is
2.2.07.17.0A—Diffusion in the SZ.

Given the inhomogeneous nature of the alluvium, flow could
preferentially occur through high-permeability regions and matrix
diffusion could potentially occur into the low permeability regions of
the alluvium. Data is available only from single-hole tracer tests
conducted at the Alluvial Testing Complex (ATC) (BSC 2003
[162415], Section 6.5.4, Figures 6.5-18 through 6.5-20). Based on
this available data, as a conservative approach no credit is taken for
diffusion into low-permeability regions within the alluvium.

2.2.08.09.0A

Sorption in the
Sz

Sections 6.3
(Items 4 and
7),6.5.2.4,
6.5.2.5;
Attachments
1(1.8, 1.9)

Sorption of radionuclides onto rock surfaces can occur both in the
volcanic rocks and the alluvium. This process is modeled through a
suite of partitioning coefficients Kq (BSC 2003 [164870], Section
6.5.2.8) for the radionuclides Am, Cs, Np, Pa, Pu, Ra, Th, and U
(Attachment I). In the volcanic rocks, sorption in the matrix is
explicitly included in the retardation coefficient R’ in Equations 56b
and 57 (Section 6.5.2.4.1). Sorption within individual fractures is not
included in the conceptual model as an extreme case; however,
sorption can occur within flowing zones due to the rubblized matrix,
and this effect is included in the retardation coefficient R in Equation
56a. Sorption in the alluvium is described in Equation 77.
Radionuclides modeled as entrained “irreversible” colloids in Waste
Form and In-Drift Colloids-Associated Radionuclide Concentrations:
Abstraction and Summary (BSC 2003 [161620], Section 6) are
sorbed as well.
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Table 6.2-1b (continued). FEPs Included in the TSPA-LA for Which
This Model Report Provides the Technical Basis

Where
FEP Disposition
Number FEP Name Described Summary of Disposition in TSPA-LA
2.2.08.09.0A Each developed radionuclide Kq distribution brackets the regional
(continued) variability in Kg values due to variations in pH, Eh, water composition

(representative of J-13 and UE-25 p#1 waters), mineralogy, and the
number of rock sorption sites. Additionally, Ky distributions encompass
the potential nonlinear behavior of the sorption processes. The
distributions are biased towards lower values to account for localized
areas where flow rates may be fast enough for reaction rates to be a
factor for radionuclides such as Pu that have slower kinetics, thus
accounting for sorption kinetics (Table 6.4-1, Attachment |, and
Attachment 1V).

The volcanic units are primarily composed of zeolitic and devitrified
tuffaceous materials. The alluvium is largely composed of
disaggregated tuffaceous material, mixed with clays and other
secondary minerals. Because radionuclides have a greater sorption
affinity onto clays and secondary minerals than tuffaceous materials,
alluvium Ky values can be slightly higher than those for the volcanic
units. Available measurements in alluvium samples for Np and Pu were
used to develop Ky distributions (Attachment 1.8). For Am, Cs, Pu, Pa,
Ra, Sr, and Th, data were not available on alluvium samples; hence the
Kg distributions developed for devitrified Tuff were used (Attachment
1.8). Table I-4 summarizes SZ sorption model parameters.

Sorption Between Aqueous and Solid Phase: In the volcanic units,
Np, Ra, Sr, and U sorption between the aqueous phase and the solid
phase (host rock) is modeled in the FEHM flow and transport code
using the sampled parameters KDNPVO, KDRAVO, KDSRVO,
KDUVO, respectively (BSC 2003 [164870], Section 6.5.2.8); sorption
for the same radionuclides in the alluvium is modeled through the
parameters KDNPAL, KDRAAL, KDSRAL, and KDUAL.

Sorption Between Colloidal, Aqueous, and Solid Phase—
Reversible Colloids: Equilibrium sorption between aqueous and solid
phases and a colloidal phase is modeled for the radionuclides Am, Cs,
Pa, Pu, and Th (Attachment | ]. The sampled parameters Kd_Pu_Col
and Kd_Cs_Col model Pu and Cs partitioning between the aqueous
and colloidal phases, respectively. Partitioning between the aqueous
and colloidal phase for the radionuclides Am, Th, and Pa is modeled
through the sampled parameter Kd_Am_Col. Partitioning between the
colloidal and aqueous phase is the same in both the volcanics and the
alluvium. Partitioning between the aqueous and solid phase (host rock)
for each species differs between the volcanic and alluvial units. In the
volcanic units, Pu and Cs aqueous- and solid-phase partitioning is
modeled through the sampled parameters Kd_Pu_Vo and Kd_Cs_Vo,
respectively. For Am, Th, and Pa, the same partitioning is modeled
through the single sampled parameter Kd_Am_Vo. In the alluvium, Pu
and Cs partitioning between aqueous and solid phases is modeled with
the sampled parameters Kd_Pu_Al, Kd_Cs_Al; for Am, Pa, and Th, itis
modeled through the parameter Kd_Am_Al (BSC 2003 [164870],
Section 6.5.2.12.

Sorption of Irreversible Colloids: In the volcanic units, the dispersed
“advectively” transported Pu and Am colloids (BSC 2003 [162729],
Section 6.4 and BSC 2003 [161620], Section 6.3.3.2) sorb onto fracture
surfaces through a colloid retardation factor CORVO (BSC 2003
[164870], Section 6.5.2.11). In the alluvium, these same colloids are
effectively sorbed via a sampled retardation factor CORAL (BSC 2003
[164870], Section 6.5.2.11).
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Table 6.2-1c: Definition of Parameters Appearing In Table 6.2-1b

Parameter Name Parameter Definition
KDNPVO Neptunium sorption coefficient in volcanic units
KDNPAL Neptunium sorption coefficient in alluvium
KDSRVO Strontium sorption coefficient in volcanic units
KDSRAL Strontium sorption coefficient in alluvium
KDUVO Uranium sorption coefficient in volcanic units
KDUAL Uranium sorption coefficient in alluvium
KDRAVO Radium sorption coefficient in volcanic units
KDRAAL Radium sorption coefficient in alluvium
KD_Pu_Vo Plutonium sorption coefficient in volcanic units
KD_Pu_Al Plutonium sorption coefficient in alluvium
KD_Am_Vo Americium sorption coefficient in volcanic units
KD_Am_Al Americium sorption coefficient in alluvium
KD_Cs_Vo Cesium sorption coefficient in volcanic units
KD_Cs_Al Cesium sorption coefficient in alluvium
FISVO Flowing interval spacing in the volcanic units
CORAL Colloid retardation factor in the alluvium
CORVO Colloid retardation factor in the volcanic units
HAVO Ratio of horizontal anisotropy in permeability
LDISP Longitudinal dispersivity
Kd_Pu_Col Plutonium sorption coefficient onto colloids
Kd_Am_Caol Americium sorption coefficient onto colloids
Kd_Cs_Col Cesium sorption coefficient onto colloids
Conc_Col Groundwater concentration of colloids
DCVO Effective diffusion coefficient in volcanic units
GWSPD Groundwater specific discharge multiplier
FPVO Flowing interval porosity

Source: BSC 2003 [164870], Table 6-8

The included FEPs that are not specifically addressed in this report but are supported by its
results are given in Table 6.2-2 along with the analysis or model report that addresses them.
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Table 6.2-2. Saturated Zone Included FEPs Supported by the Results of This Report

Supporting Sections of
FEP Number FEP Name This Report Model Report That Addresses FEP
SZ Flow and Transport Model Abstraction,
1.2.02.01.0A | Fractures 6.3,6.5.1.2.4 BSC (2003 [164870], Section 6.2)
1.2.02.02.0A | Faults 6.3,6.5.1.2.1,6.5.1.2.4 SZ Flow and Transport Model Abstraction,
BSC (2003 [164870], Section 6.2)
2.2.03.02.0A | Rock Properties of Host 6.5.1.2.1,6.5.1.2.4, SZ Flow and Transport Model Abstraction,
Rock and Other Units 6.5.1.2.6 BSC (2003 [164870], Section 6.2)
2.2.07.13.0A | Water-Conducting 6.3 SZ Flow and Transport Model Abstraction,
Features in the SZ BSC (2003 [164870], Section 6.2)
2.2.07.16.0A | Dilution of Radionuclides 6.5.1.2.4 SZ Flow and Transport Model Abstraction,
in Groundwater BSC (2003 [164870], Section 6.2)
2.2.08.10.0A | Colloidal Transportin the | 6.5.1.2.6, Attachment Il SZ Flow and Transport Model Abstraction,
Sz BSC (2003 [164870], Section 6.2)

6.3 BASE-CASE CONCEPTUAL MODEL

The transport of chemical species in the groundwater involves a variety of processes such as
advection, dispersion, diffusion, sorption and colloid-facilitated transport. These processes, in
general, lead to retardation of the migration of transported species with respect to the bulk
movement of the groundwater. Hence, the radionuclide transport times can be several orders of
magnitude longer than the transport times computed taking the fluid velocity to be the effective
radionuclide migration velocity.  Given the complex geohydrologic setting and the
computational constraints imposed by the TSPA methodology, the approach taken here is to
construct a plausible conceptual transport model that incorporates the main SZ transport
processes and is amenable to efficient computation. Alternate conceptual models and the
implications of these models for transport predictions are evaluated relative to this
base-case modd.

The base-case conceptual model of SZ transport begins in the neighborhood of the repository
footprint at the water table and ends at the compliance boundary downstream from this footprint.
The flow path from the potential repository to the proposed compliance boundary begins in the
volcanic tuffs but ends in the alluvium, and different transport processes operate in the volcanic
tuffs and the alluvium. The components of the conceptual model are: (1) radionuclides enter the
SZ viafluids percolating through the UZ below the proposed repository site. Within the Sz, they
are transported with the groundwater that flows subhorizontally in a southerly or southeasterly
direction; (2) the radionuclides advect and disperse with the groundwater through the fractured
portions of the tuffs near the water table; (3) fluid flow occurs preferentially within the flowing
intervals, whereas stagnant fluid resides in the rock matrix. Solutes diffuse in and out of fluid
within the rock matrix that is essentially stagnant; (4) sorption reactions occur in volcanics
between the rock matrix and some of the radionuclides, tending to retard the transport of these
radionuclides; (5) radionuclides can undergo colloid-facilitated transport in the volcanics; (6) the
radionuclides advect and disperse with the groundwater through the alluvium; (7) sorption
reactions occur in aluvium between the rock and some of the radionuclides, tending to retard the
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transport of these radionuclides; and (8) radionuclides can undergo colloid-facilitated transport in
alluvium. These are schematically illustrated in Figure 6.3-1.
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For illustration purposes only.

NOTE: For the sake of clarity, the following processes are not explicitly indicated in this figure: dispersion and
colloid-facilitated transport in the volcanics; and advection, longitudinal dispersion, sorption and colloid
facilitated transport in the alluvium.

Figure 6.3-1. A Schematic lllustration of the Conceptual Model of Transport Processes in the
Volcanic Tuffs and the Alluvium, YM Site

Each of these model componentsis discussed below:

1. Radionuclides enter the SZ via fluids percolating through the UZ below the proposed
repository site.  Within the SZ, they are transported with the groundwater that flows
subhorizontally in a southerly or southeasterly direction. The exact nature of transport
through the UZ is not expected to exert a great effect on the conceptual model of
site-scale SZ transport, and thus, the SZ transport component of the site-scale SZ model
can be developed independently from a transport model for the UZ. As shown in
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Section 6.6.2.2 of BSC (2003 [162649]), the general flow direction starting at the
repository footprint is to the south and southeast. The flow lines remain shallow and
subhorizontal within the SZ. Thus, fluid flow occurs within the fractured volcanics
immediately downstream of the repository, entering the aluvium further downstream,
and continuing through the alluvium to the compliance boundary.

2. The radionuclides advect and disperse with the groundwater through the fractured
portions of the tuffs near the water table. Flow occurs within the fractured portions of
the tuffs near the water table. Flow intervals identified in well tests correlate with
fracture locations (Erickson and Waddell 1985 [105279], p. 18), the extent of fracturing
correlates reasonably well with the degree of welding (Waddell et al. 1984 [101064],
p. 26), and the degree of welding is one of the criteria used to define the submembers
within alithologic unit. In the SZ flow model, such lithologic members are represented
as single zones, each with its equivalent porosity and permeability (i.e., Bullfrog, Tram,
and Prow Pass units in Table 6.6-2 of BSC 2003 [162649]). This representation is also
used in the transport model; however, the influence of heterogeneities within a member is
incorporated into the model via dispersion and matrix diffusion as discussed below.
A distinction must be made between fracture zones and individual fractures. Fracture
zones are typically spaced tens of meters apart, with thicknesses on the order of meters,
and contain broken-up matrix blocks and many intersecting fractures that are conduits to
flow and to diffusion and retardation. Individual fractures, on the other hand, tend to be
gpaced as close as a meter or less, have thicknesses on the order of fractions of
millimeters, and may or may not contribute to the flow of groundwater. The conceptual
model is that high-permeability regions are offset by low-permeability regions due to the
extensive faulting and fracturing observed in the volcanics (Luckey et al. 1996 [100465],
pp. 8 to 12) in the model domain. These low-permeability regions effectively will act as
large-scale heterogeneities that give rise to large-scale macroscopic dispersion due to the
tortuous nature of flow over the scale of hundreds of meters to kilometers. Field studies
of transport and dispersion at a variety of length scales (from meters to kilometers)
(BSC 2003 [162415], Figures 6.3-79 and 6.3-80; Neuman 1990 [101464], Figure 1) show
atrend toward larger apparent dispersion coefficients for transport over longer distances.
The estimates of dispersivities from the C-wells tracer tests (BSC 2003 [162415], Section
6.3) fal within the range of values from other sites, suggesting that transport in the
fractured tuffs exhibits similar dispersive characteristics. In an equivalent-continuum
dispersion model, hydrogeologic features likely to be present at scales smaller than the
size of a typical grid cell are smulated as averages. The equivalent-continuum model
averages the concentration variations within a grid block into a single value for the block.
Concentration differences at scales smaller than the grid cell, if present, are not resolved.
Whether this distinction is important depends on specific performance criteria and
scenarios for exposure to humans or plants. Because the site-scale SZ flow and transport
model is used to predict concentrations for a well-withdrawal scenario (DOE 2002
[155943], Section 4.2.10.31.1; 10 CFR 63.312 [156605]), the above approach is
considered adequate.

3. Fluid flow occurs preferentially within the flowing intervals, whereas stagnant fluid
resides in the rock matrix. Solutes diffuse in and out of fluid within the rock matrix that
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is essentially stagnant. Current hydrologic evidence supports the model of fluid flow
within fracture zones in the moderately to densely welded tuffs of the SZ (e.g., Waddell
et al. 1984 [101064], Table 2, pp. 17 to 22). Hydraulic conductivities measured for core
samples in the laboratory are orders of magnitude higher when the sample is fractured
(Peters et a. 1984 [121957], p. 60). Also, there generally is a positive correlation
between fractures, identified using acoustic televiewer or borehole television tools, and
zones of high transmissivity (Erickson and Waddell 1985 [105279], Figure3;
Karasaki et al. 1990 [148309], p. 811). The fluid travels preferentially within regions of
large apertures with large sections of the fracture surface containing stagnant fluid or no
fluid where the faces are in contact. Matrix materials conduct no fluid under natural
groundwater flow conditions but are physically connected to the fracture fluid through
the pore network. When a dissolved species travels with the fluid within a fracture, it
may migrate by molecular diffusion into the stagnant fluid in the rock matrix. Within the
matrix, the fluid velocity is effectively zero; hence the advection of the solute along the
fracture is effectively zero. The Brownian motion of the solute molecules becomes
dominant, and the effect of advection resumes when the solute re-enters the fracture. The
result is adelay of the delivery of the solute to a downgradient location from what would
be predicted if the solute had remained in the fracture. Severa theoretical, |aboratory,
and field studies have demonstrated the validity of the matrix-diffusion model. Sudicky
and Frind (1981 [148342], pp. 161-163) developed a model of flow in an agquifer with
diffusion into a surrounding aquitard to show that the movement of *C can be much
dower than predicted if only movement with the flowing water is considered.
Maloszewski and Zuber (1985 [148312], pp. 353-354) reached a similar conclusion with
a model for *C transport that consists of uniform flow through a network of equally
gpaced fractures with diffusion into the surrounding rock matrix between the joints.
Maloszewski and Zuber present analyses of several interwell tracer experiments that
show that their matrix diffusion model can be used to provide simulations of these tests
that are consistent with the values of matrix porosity obtained in the laboratory and
aperture values estimated from hydraulic tests. In all cases, the results are superior to
previous analyses that did not include matrix diffusion effects. Finally, a data set of great
relevance to the SZ beneath Yucca Mountain is the C-wells reactive tracer test
(BSC 2003 [162415], Section 6.3.5), which demonstrated that models incorporating
matrix diffusion provide more reasonable fits to the tracer experiment data than those that
use a single continuum. The calculated transport times of SZ fluids determined from **C
data (BSC 2003 [162657], Table 19) are on the order of hundreds to thousands of years.
As demonstrated in Figures 6.7-2a, 6.7-2b, 6.7-3a, and 6.7-3b of this report, model transit
times without matrix diffusion are only on the order of severa hundred years but become
comparable with transit times estimated from the geochemical data when retardation due
to matrix diffusion is included in the model. Thus, the old **C ages are consistent with
the conceptual model of interchange of solutes between fractures and matrix found in the
matrix diffusion model. Matrix diffusion is characterized using an abstracted model of
uniform flow and transport in equally spaced, paralel fractures. This treatment
represents a considerable simplification of the complex fracture network observed in
volcanic rocks. It isacceptable because the particle-tracking model isintended to be used
in large-scale smulations. The size of atypical computational grid block in the SZ flow
and transport model is 500 m by 500 m. Average flowing intervals are subvertical with
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an average spacing of 20 m, orders of magnitude smaller than the grid block size. In such
circumstances, the use of an abstracted dual-porosity model with equally spaced, parallel
fractures to capture the transport behavior is reasonable. In numerical modeling studies,
such uncertainties are commonly addressed through the use of simpler conceptua
models, such as this one, combined with sensitivity analyses to assess the importance of
the uncertain parameters to the final model result. Therefore, a broad range of flowing
interval spacings is used (Table 4-2), and the influence on the fina results is
quantified (Section 8).

4. Sorption reactions occur in volcanics between the rock matrix and some of the
radionuclides, tending to retard the transport of these radionuclides. Radionuclide-rock
interactions potentially can occur on the surfaces of fractures and within the rock matrix.
Sorption reactions are chemical reactions that involve the distribution of chemical
constituents between water and solid surfaces. M easurements show that the waters in the
SZ at the Yucca Mountain (Table I-2) are in oxidizing conditions or in transition between
oxidizing-reducing conditions. Further, oxidizing conditions generaly lead to lower
values of sorption coefficients (Attachment 1). Hence this conceptual model takes the
geochemical conditions aong the entire flow path to be oxidizing. Although the
radionuclide-rock reactions can be complex in detail, they are represented in the transport
model by a constant called the sorption coefficient Ky (Freeze and Cherry 1979 [101173],
p. 403, Equation 9.13). The use of the Kq model requires that the reactions must be in
equilibrium, instantaneous (kinetics), and reversible. The validity of these requirements
a Yucca Mountain and their implications for the transport model are discussed in
Section 6.4 on aternate conceptual models. The surface-area to fluid-volume ratio and
the mineral distributions probably are different in the fractures as compared to the matrix.
As a conservative approach, sorption on individual fracture surfacesis not included in the
transport model. Maloszewski and Zuber (1985 [148312], pp. 353-354) show that, at
several sites, better agreements with the field data are obtained by including the effect of
chemical exchange reactions in the matrix. Of particular relevance to Yucca Mountain,
the lithium tracer in the C-wells reactive tracer experiment (BSC 2003 [162415],
Section 6.3.5; Robinson 1994 [101154], pp. 86-93, Figures 5 and 8) was modeled using a
matrix diffusion model with the sorption coefficient as an additional adjustable
parameter. The fact that the early lithium response had the same timing as that of the
nonsorbing tracers, but with a lower normalized peak concentration, is consistent with
matrix diffusion coupled with sorption in the matrix (Robinson 1994 [101154], Figure 7).

5. Radionuclides can undergo colloid-facilitated transport in the volcanics. Colloids are
microscopic particles that are much larger than solute molecules. Solute molecules can
absorb onto the colloid particles and be transported along with them. Because the
colloidal particles are much larger in size and mass than the radionuclides that sorb onto
them, the radionuclides do not affect the transport of the colloid particles. The
irreversibly sorbed radionuclides are taken to transport identically to the colloids to which
they are sorbed. A discussion of colloid-facilitated transport is found in Attachment Il of
this report and BSC 2003 ([162729] Section 6.4). The colloids in the SZ can be of several
types including natural colloids (typically clay or silica), waste-form colloids resulting
from degradation of spent fuel or glass, and iron-oxyhydroxide colloids resulting from
degradation of the waste container. The transport of colloids themselves in groundwater,
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as well as the mechanisms of sorption of radionuclides onto these colloid particles, needs
to be included in the transport model for the SZ. Mechanisms for transport of colloid
particles in groundwater are distinct from those appropriate for the solute molecules and
are being considered in detail in BSC (2003 [162729], Section 6.4). In the transport,
movement of colloids is taken to occur within fractures only. Due to the relatively large
size of the colloids, matrix diffusion of these particles is taken to be negligible. Colloid
attachment and detachment to fracture surfaces is modeled by first-order rate expressions,
which is approximated as a retardation factor for equilibrium conditions at large length
scales. The radionuclides that are reversibly absorbed onto colloids are modeled using
the K. model, which represents the equilibrium partitioning of radionuclides between the
agueous phase and the colloidal phase with the distribution coefficient K. (CRWMS
M& O 1997 [100328], Equation 8-10, pp. 8-35). Based on the estimated rate constants
and the range of transport times being considered for transport through saturated
fractured tuffs, it was shown (BSC 2003 [162729], Section 6.7) that the equilibrium
partitioning is valid for al but the shortest transport times and overestimates transport
mobility of radionuclides for the shortest transport times. The distribution coefficient K.
is modeled as a function of radionuclide sorption properties, colloid substrate properties,
agueous chemistry, and colloid concentration but not with any of the properties of the
immobile media through which transport occurs. The radionuclides that are irreversibly
absorbed onto the colloids are modeled to transport in a manner identical to the colloids
onto which they are sorbed (Attachment 11). The transport of the colloids is simulated
using the advection-dispersion equation. As a conservative approach, diffusion of colloid
particles into the matrix is not included in this conceptual model. Several field
observations have suggested that a small percentage of colloids transport with essentially
no retardation in groundwater (Kersting et al. 1999 [103282], p. 56, 58; Penrose et al.
1990 [100811], p. 228), whereas the majority undergo either reversible or irreversible
filtration, which can be described by a retardation factor. In this analysis, filtration is
defined as the net effect of chemical sorption of the colloid onto the rock surface and the
physical remova of colloids from the advective flow due to sieving and settling. The
retardation factor is dependent on several factors such as colloid size, colloid type, and
geochemical conditions (e.g., pH, Eh, and ionic strength). Details are presented in
BSC (2003 [162729], Section 6). Colloid-facilitated transport is set to zero in the
basecase SZ transport model because it represents the extreme case of
non-sorbing radionuclides.

6. The radionuclides advect and disperse with the groundwater through the alluvium.
Alluvium is valley-fill material consisting of heterogeneous deposits of sand and gravel
interbedded with mud and clay-sized materials (Waddell et al. 1984 [101064], p. 27).
This material is not well consolidated and tends to exhibit a more porous, less-fractured
nature. Due to the heterogeneous nature of the medium, flow occurs through the more
permeable regions within the aluvium, and the lower-permeability regions act as flow
barriers. This characteristic tends to reduce the amount of porosity actually available to
flow and transport as compared to the total large-scale porosity of the alluvium. To
account for this, the effective flow porosity of the aluvium is considered to be a
stochastic variable with a range of input values (BSC 2003 [164870], Section 6.5.2.3).
Dispersion is caused by heterogeneities at all scales, from the scale of individual pore
gpaces to the scale of the thickness of individual strata and the length of structural
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features such as faults. The spreading and dilution of radionuclides that result from these
heterogeneities could be important to the performance of the proposed repository. The
largest heterogeneities are represented explicitly in the site-scale SZ flow and transport
model (BSC 2003 [162649], Figures 16 and 19, Table 6.5-4). For dispersion at smaller
scales, the convective-dispersion model is used with dispersion characterized using a
dispersion coefficient tensor.

7. Sorption reactions occur in alluvium between the solid surfaces and some of the
radionuclides, tending to retard the transport of these radionuclides. In contrast to the
fractured tuffs, there are no cross-hole, field-scale tracer transport tests in the alluvium
south of Yucca Mountain to confirm the in situ sorption characteristics. However, the
transport of sorbing solutes in porous media that is not controlled by fractures has been
well studied (e.g., Freeze and Cherry 1979 [101173], Chapter 9, pp. 385 to 457).
Sorption coefficients onto alluvium from the Nye County wells have been measured for a
few key radionuclides. For the remaining radionuclides, sorption coefficients have been
estimated based on the corresponding values measured for crushed tuff (Attachment I).
Radionuclides could also precipitate in the saturated zone, forming solid phases on the
rock surfaces. The most credible mechanism for this effect to occur is through a different
redox condition in the saturated zone. If the conditions were significantly more reducing,
the valence states of actinides, such as Np, U, and Pu, and fission products, such as
Tcand I, could be lowered. Typicaly, in these groundwaters, this situation results in
much lower solubilities of the radionuclides and hence, precipitation. This effect is an
extreme form of retardation that renders the bulk of the radionuclide plume virtually
immobile. The base-case model takes the conditions to be oxidizing, which results in
higher solubilities and lower sorption coefficients than would be the case if reducing
conditions were selected. Therefore, the base-case model produces more rapid transport
of some radionuclides in that the use of lower valence states for these radionuclides
would yield aless mobile species.

8. Radionuclides can undergo colloid-facilitated transport in alluvium. The conceptual
model for colloid-facilitated transport in the aluvium is essentially the same as in
fractured tuffs in that colloids are modeled as transported only by advective water (no
diffusion into stagnant water or into grains), and colloid attachment and detachment onto
alluvial surfaces are described by first-order rate expressions. Because the colloidal
particles are much larger in size and mass than the radionuclides that sorb onto them, the
radionuclides do not affect the transport of the colloid particles. The irreversibly sorbed
radionuclides are taken to transport identically to the colloids to which they are sorbed.
A discussion of colloid-facilitated transport is found in Attachment |1 of this report and in
BSC 2003 ([162729], Section 6.5). Laboratory site-specific data for colloid transport in
the alluvium aong with literature data are used to obtain distributions and bounds for
attachment and detachment rate constants (BSC 2003 [162729], Table 8). Based on the
estimated rate constants and the range of transport times being considered for transport
through saturated fractured tuffs, it was shown (BSC 2003 [162729], Section 6.7) that the
equilibrium partitioning is valid for all but the shortest transport times and overestimates
transport mobility of radionuclides for the shortest transport times.
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6.4 ALTERNATIVE CONCEPTUAL MODELS

Credible alternatives to the conceptual model of SZ transport presented above (Section 6.3 of
this report) were evaluated in regards to their impact on the radionuclide transit times from the
potential repository footprint to the compliance boundary. The key components of each ACM,
the screening assessment of each ACM and the basis for the screening assessment are presented

in Table 6.4-1.
Table 6.4-1. Alternative Conceptual Models Considered
Alternative
Conceptual Key Screening
Model components Assessment Basis
Fluid flow in The matrix This alternative | There are three situations possible: (1) flow occurs from the
matrix blocks | material in the | conceptual fractures into the matrix, (2) flow occurs from the matrix into the
intervening model leads to | fractures, and (3) flow occurs independently within matrix blocks.
space between | transit times In the first case, flow out of the fractures into the matrix would
the flowing greater than enhance the effects of the matrix diffusion, leading to transit

intervals in the
volcanics has

those
calculated by

times greater than those calculated by this model. In the second
case, considering the steady-state nature of the flow system

significant the Sz (BSC 2003 [162649], Sections 5 and 6), if some flow is occurring
permeability transport out of the matrix into the fractures, then equivalent flow must
and transmits model. also occur from fractures into the matrix blocks. Thus, the matrix
significant diffusion effects will be negated in some areas and enhanced in
amounts of others, and the overall effect on the effective diffusion coefficient
fluid by can be expected to be small. In the third case, an effective
advection for porosity would have to be used that is larger than that being
the flow used for the fractured flowing intervals, thus leading to transit
conditions times greater than those calculated by this model.
likely to occur
in the SZ.
Irreversible Rate of This alternative | Sorption reactions that are not fully reversible result in rates of
sorption desorption of conceptual transport that are slower than would be the case for fully

radionuclides
from the rock
surfaces is
slower than the
rate of
absorption.

model leads to
transit times
greater than
those
calculated by
the SZ
transport
model.

reversible reactions. Therefore, for radionuclides that sorb
irreversibly, using a sorption coefficient would result in
diminished total radionuclide mass breakthrough from the
saturated zone. A potential scenario for which this simplification
could lead to longer transit times is when deposition of
radionuclides takes place under the ambient geochemical
conditions, and later, because of geochemical changes, the
deposited radionuclides re-enter the aqueous phase and are
transported downstream as a pulse. On the basis of available
geochemical and mineralogical data, this situation is not
considered to be likely. Itis being addressed as a FEP in the
revision (Rev. 02) of CRWMS M&O 2001 [153931].
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Table 6.4-1 (continued). Alternative Conceptual Models Considered

Alternative
Conceptual Key Screening
Model components Assessment Basis
Sorption Reaction rates | This Among the radionuclides of concern, Pu has the slowest reaction
reactions are | for sorption alternative kinetics (Attachment ). Calculations of the Damkdéhler number
not kinetics are conceptual (Da) (Attachment 1V]) for reaction rates of Pu indicate that, for
instantaneous | slow compared | model is typical travel times through the SZ, the local equilibrium approach
to the rates of implicitly is valid (Attachment IV of this report; DTN: LA0302HV831361.001
solute included in the | [163783]). However, in localized areas, flow rates may be fast
transport. SZ transport enough for kinetic limitations to be a factor for Pu (Attachment I).
model through | The possibility of the sorption reaction rate being slow relative to
the range of the flow rate is handled by biasing the sorption-coefficient
uncertainty in distributions downward for the radionuclides of interest that appear
the sorption- to have slow sorption kinetics (Attachment ).
coefficient
values.
Radionuclide | Radionuclides | This Thermodynamically, chemical species in supersaturation, with
precipitation could alternative respect to solid phases, possess a driving force that favors the
precipitate in conceptual formation of these solid phases. The result for a radionuclide

the saturated
zone, forming
solid phases
on the rock
surfaces.

model leads to
transit times
greater than
those
calculated by
the SZ
transport
model.

would be an extreme form of retardation that renders the bulk of
the radionuclide plume virtually immobile. Given that most
radionuclides reaching the SZ would need to transport there in
aqueous solution, thermodynamic conditions along the flow path
would have to change (relative to the UZ) for species to precipitate.
The most credible mechanism for this to occur would be through a
different redox condition in the SZ. If the conditions were
significantly more reducing, the valence state of actinides, such as
Np, U, and Pu, and fission products, such as Tc and |, could be
lowered. Typically, in these groundwaters, this condition would
result in much lower solubilities of the radionuclides and hence,
precipitation. There are insufficient measurements and data
concerning the redox behavior of these radionuclides to warrant
including redox behavior in model calculations. In all cases, the
radionuclides in question have been assigned to their highest
valence state, which results in higher solubilities and lower sorption
coefficients than would be the case if the lower valence state were
selected.

A potential scenario for which this simplification could be less
straightforward is when deposition of radionuclides takes place
under the ambient geochemical conditions, and later, because of
geochemical changes, the deposited radionuclides re-enter the
aqueous phase and are transported downstream as a pulse. On
the basis of available geochemical and mineralogical data, this
situation is not considered to be likely. It is being addressed as a
FEP in the revision (Rev. 02) of CRWMS M&O 2001 [153931].
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Table 6.4-1 (continued). Alternative Conceptual Models Considered

Alternative
Conceptual
Model

Key
Components

Screening
Assessment

Basis

Water table
rise

Future water
table rise could
elevate the
water table,
leading to
radionuclide
transport
through
geological
horizons
currently
considered
outside of the
SZ.

This
alternative
conceptual
model leads to
transit times
greater than
those
calculated by
the Sz
transport
model.

Wetter, glacial climatic conditions could occur in the future at
the Yucca Mountain site within the 10,000-year period of
regulatory concern (CRWMS M&O 2000 [153246], Section
1.8.4.3). These changes in the climate relative to present
conditions would affect groundwater flow in the SZ by
significantly increasing the amount of recharge to the regional
groundwater flow system. These regional and local increases
in recharge will tend to increase the groundwater flux through
the SZ system and lead to a rise in the water table beneath
Yucca Mountain. In previous analyses, the effect of this on the
SZ breakthrough curves was modeled using a scaling factor
representing the alternative climate state (BSC 2001 [157132],
Section 6.4.2). The scaling factor used in this approach is the
ratio of average SZ groundwater flux under the future climatic
conditions to the flux under present conditions. However, this
approach uses the same flow path for radionuclide transport
through the SZ under wetter climatic conditions of the future.
Alternatively, the rise in the water table due to climatic changes
could be included in the model with potentially different flow
paths through different hydrogeologic units in the SZ.

BSC 2003 [162649], Section 6.4.5 presents a modeling
exercise that adapts the SZ site-scale flow model to include the
effects of estimated water table rise. The results of particle-
tracking simulations using this adapted model to the simple flux-
scaling approach are presented in Attachment V. The results
presented in Figure V-1 and V-2 indicate that the model with the
higher water table results in longer simulated transport times for
both the nonsorbing species and for neptunium. The simplified
approach of scaling the breakthrough curves from the SZ site-
scale flow model with the present water-table elevations is,
thus, an acceptable representation of transport in the SZ under
wetter, glacial climatic conditions relative to the adapted model
that incorporates water-table rise associated with future
conditions. The reason for the longer travel times using the
water-table-rise model relates to the hydrogeologic units
encountered by a radionuclide plume arriving at the water table.
Transport must occur through lower-permeability confining
units, and the flow-path distance through the alluvium is
predicted to be longer for the water-table-rise model.

Nonlinear
sorption

Sorption
reactions have
to be modeled
using nonlinear
isotherms.

This
alternative
conceptual
model is
implicitly
included in the
SZ transport
model through
the range of
uncertainty in
the sorption-
coefficient
values.

The Kq model is based on treating the concentration of the
radionuclides absorbed onto the rock surface as a linear
function of the concentration of that species in the aqueous
solution. This treatment is valid at low concentrations, but at
higher concentrations, as absorption sites start getting
saturated, the absorbed concentration starts falling below the
value predicted by this linear relationship. This effect results in
a lower apparent value of Kq at higher concentrations, which is
accounted for in the model by biasing the Ky distributions at low
values (Attachment I). The use of low Kqvalues could lead to
underestimating the long-term tail of the breakthrough curve;
however, since the long-term tailing generally does not occur
during the 10,000-year regulatory period, such biasing is
acceptable.

MDL-NBS-HS-000010, REV 01

58 12/19/03




Table 6.4-1 (continued). Alternative Conceptual Models Considered

Alternative
Conceptual Key Screening
Model Components Assessment Basis
Locally Sorption This alternative | The approach taken in this model report is to use linear transport
varying parameters are conceptual equations with transport parameters appearing in the equations
sorption strong functions | model is being treated as “effective” stochastic variables appropriate for
parameters | of local water implicitly the model scale. This approach is consistent with the current
chemistry, rock included in the | level of available data. Transport parameters such as the Ky
mineralogy, and | SZ transport coefficients depend on type and concentration of the species,
solute model through | rock mineralogy, and groundwater pH and Eh. In the present
concentrations. the range of model, broad distributions have been developed for effective Kgs
The properties uncertainty in (Attachments 1, II, and Ill). No credit is being taken for sorption
have to be the coefficient onto zeolites, and the Kq distributions presented in Attachment |
calculated values for are based on silica surfaces. Given the current level of data
locally at each sorption onto available, water pH data are being treated as spatially random
node along the the rocks and along the transport path, and oxidizing conditions are taken as a
travel path. colloids and for | conservative approach, as justified in Section 6.3 of this report.
colloid To evaluate the effect of scale on the Kq distributions,
retardation calculations were performed to capture the effect of spatial
factors. variability of rock types and variability in water chemistries on
effective Ky (Attachment Il). The effect of variability in water
chemistry was captured in the input Kq distributions that were
used for effective Ky calculations. It was observed that the
effective Kq distributions calculated for a single 500-m x 500-m
grid block were narrower than the input Ky distributions. During
performance assessment (PA) modeling studies, calculations will
be made through multiple runs, each with a distinct K4 value
sampled from the above-mentioned effective Ky distribution.
This approach will be more approximate than assigning Kg
values on a node basis, as the latter approach will lead to
breakthrough behavior that can be described by an even
narrower distribution than the effective Kq distribution.
Channeling | Inalluvium, high | This alternative | The conceptual model presented in this model report uses the
in alluvium permeability conceptual effective-continuum approach, using effective values averaged
channels exist model is over the grid block sizes on the order of 500 m x 500 m x 50 m
that can provide | implicitly for the parameters of interest, such as porosity. The effective
preferential included in the | porosity being used in the TSPA-LA calculations (BSC 2003
pathways for SZ transport [164870], Section 6.5.2.3) is represented by a normal distribution
flow and model through | with the expected value of 0.18 and a value of 0.027 at 3
transport. the range of standard deviations below the mean. Thus, the PA calculations
uncertainty in allow for the eventuality that all the flow is concentrated within a
the effective small fraction of the alluvium, corresponding to the low effective
porosity porosity of 0.027. The conceptual model presented in this model
values. report is appropriate for these ranges of values.
Diffusion Within alluvium, This alternative | This phenomenon was not observed to occur in the single-hole
into low- solutes can conceptual tracer tests conducted at the Alluvial Testing Complex (ATC)
permeability | diffuse into low- model leads to | (BSC 2003 [162415], Section 6.5.4, Figures 6.5-18 through 6.5-
zones permeability transit times 20). On a larger scale, this scenario will lead to lower
zones, later greater than concentrations at breakthrough and longer times for reaching

diffusing out into
the flow, which
leads to a long
tail for the
radionuclide
breakthrough
curve.

those
calculated by
the SZ
transport
model.

50% breakthrough concentrations. Thus, the conceptual model
presented in this model report is acceptable.
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6.5 MODEL FORMULATION OF BASE-CASE CONCEPTUAL MODEL
6.5.1 Overview of Model Formulation

The mathematical model formulation of the conceptual model presented in Section 6.3 is
described below. The advection-dispersion equation is stated in Section 6.5.2.1, and the
development of a general form of the dispersion tensor for axisymmetric media is given in
Section 6.5.2.2. A random-walk particle-tracking method for implementing advection-dispersion
in anumerical code is presented in Section 6.5.2.3. A mathematical formulation to treat matrix
diffusion in volcanics is presented next in Section 6.5.2.4, followed by a mathematical
description of sorptive transport in aluvium in Section 6.5.2.5 and colloid-facilitated transport in
Section 6.5.2.6. The computer implementation of the mathematical models in the code FEHM
(V 220 STN: 10086-2.0-00) [161725] is verified with a suite of example problems using
published examples, analytical and semi-analytical solutions and examples run with different
codes. These are documented in the verification report for FEHM (V 2.20 STN: 10086-2.0-00)
[161725].

6.5.2 Mathematical Model Description
6.5.2.1 Advective Dispersive Transport

The fundamental mass transport equation for transport of a nonreactive, dilute species in a
saturated porous medium (with no sources or sinks) has the form (e.g., Bear 1972 [156269],
p. 617, Equation 10.5.2):

i—?+V-(\7C)—V-(D’VC)zO (Eq. 1)
where
C  denotesthe solute concentration in units of moles per liter
t istime
V  designates the solute average pore-water velocity vector
D’ denotes the dispersion tensor.

This equation serves as the starting point for al subsequent development below. The dispersion
tensor D’ appearing in Equation 1 is the sum of the mechanical dispersion tensor (D) for the
flow system and the coefficient of molecular diffusion (D,) in porous media. The effects of
molecular diffusion are significant only at low flow velocities (Bear 1972 [156269], p. 581). The
following discussion deals with D for the sake of simplicity. The effects of molecular diffusion
can be accounted for by adding in the term D, to the diagonal components of the displacement

matrix as in Equation 55.

Generdly the pore-water velocity and the dispersion tensor vary spatially and temporally.
Experimental studies of transport in groundwater have determined the nature of the dispersion
tensor and the appropriate values of the dispersivity parameter. Gelhar (1997 [145122], p. 164,
Figure 8) showed that distinct values of the longitudinal dispersivity, the transverse dispersivity
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in the horizontal direction, and the transverse dispersivity in the vertical direction can be
identified based on available field transport studies. The general conceptual model underlying
the use of these three terms is one of horizontal flow with tortuous fine-scale flow through
heterogeneous media. The details of transport through the heterogeneous media give rise to the
spreading of solute in the direction of flow and, to a lesser extent, transverse to the direction of
flow. Of course, groundwater flow, though generally horizontal, exhibits vertical velocities
locally in regions of upward or downward gradients, such as in areas of recharge or discharge or
when the flow is subject to variability in hydraulic conductivity that diverts water vertically.

In practice, it is difficult, from available data, to propose more complex forms of the dispersion
process and to determine the alternate dispersivity values from field observations. Nevertheless,
it is quite possible that more complex forms are more representative, given the complexity and
variety of different heterogeneities present in nature. Animportant conclusion from the available
field datais that longitudinal dispersion is a strong function of scale, that is, the travel length of a
solute plume in the medium (e.g., Neuman 1990 [101464], Figure 1). In atypical groundwater
flow model at the scale of a flow basin, characteristic flow distances of tens to hundreds of
meters vertically may be present, compared to hundreds to thousands of meters horizontally.
Given the difference in scale, it is not clear that the longitudinal dispersivity in the vertical
direction should be set equal to that in the horizontal direction. In addition, in stratified porous
media containing heterogeneities such as irregularly-shaped beds or clay lenses, the
characteristic scale of the heterogeneity encountered by a solute will be different in the
horizontal and vertical directions, yielding potentially different values for longitudinal
dispersion. Therefore, one motivation for the development of the theory in this section is to
propose a dispersion tensor that can be used to handle these more general scenarios.

6.5.2.2 General Form of the Dispersion Tensor for Axisymmetric Media

An axisymmetric medium is one that displays rotational symmetry about an axis. For example, a
medium composed of horizontal layers of different geological materials, each of which is
uniform within the layer, is an axisymmetric medium with the axis of symmetry being vertical.
Consider a porous medium that, at the macroscale, exhibits an axis of symmetry A; that is,
physical processes are invariant under rotations about 4. To be considered a tensor, the
collection of coefficients making up the dispersion tensor must satisfy certain transformation
rules upon changing from one coordinate system to another. It can be shown that the most
general, symmetric, second-order tensor that can be constructed from these the vectors 4 and
the average macroscale pore velocity V is given by the dyadic (Poreh 1965 [163847], p. 3911,
Equation 8):

D=aM + a2¥ T+ avad+ % o, (70 + 1) (Eq. 2)

where

I represents the unit tensor
v denotes the magnitude of the solute velocity (v =3 Vv?)
the coefficients ¢, are scalar quantities with the dimension of length.
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Symmetry isimposed on the dispersion tensor. While traditionally thisis taken to be the case for
the dispersion tensor (Bear 1972 [156269], p. 611), it is not a fundamental requirement. In this
expression for the dispersion tensor, and in what follows, the contribution of molecular diffusion
isnot explicitly indicated for smplicity. It may be easily added to the diagonal elements.

The four coefficients ¢; that appear in Equation 2 are, in general, functions of the scalar
quantities v and A -V, which may be functions of time and space for a variable velocity field,
such as encountered in heterogeneous media, for example. V is an eigenvector of D provided
that the coefficients o, and ¢, arerelated to each other through the relation:

7.9
o, =—200s0c, = —ZAT oy (Eq. 3-9)

where @is the angle between the symmetry axis and the velocity vector.
Using Equation 3-a, Equation 2 becomes

cosd

D= alvl_+a2%+a3v(zz—T(/T\‘/+\7/T)) (Eq. 3-b)

When Equation 3 holds, the coefficients ¢ may be related to their more conventional
designations in terms of longitudinal and transverse dispersivity corresponding to eigenvaues of
D associated with principa axes paralel and perpendicular to the direction of flow,
respectively. In this case, two distinct longitudina and transverse dispersivities can be defined.
These correspond to flow paralel and perpendicular to the axis of symmetry and may be

assigned as o, and of &/, respectively. The superscripts V and H, designating
“vertical” and “horizontal,” are defined in relation to the axis of symmetry with V paralel and
H perpendicular to the symmetry axis 4 .

For a genera axisymmetric medium, it is possible that the principal axes are not aligned with the
direction of flow. Let ® denote the angle between the maor principa axis of the dispersion
tensor and the flow velocity. When @ %0, the terms longitudinal and transverse are
not meaningful.  There is some precedent for ® =0 in heterogeneous porous media
(de Marsily 1986 [100439], p. 250). Both Gelhar and Axness (1983 [107296], pp. 166-170) and
Neuman et a. (1987 [147577], pp. 460-462) have demonstrated theoretically that, in genera,
® =0 is based on a stochastic analysis of transport in heterogeneous media. However, there is
disagreement among the authors as to the sign of the angle ®. At present, there does not exist
experimental or field confirmation of the situation when ® =0, which appears difficult at
best to establish.

If Equation 2 holds so that one of the principal axes is aligned with the direction of flow, then
(Lichtner et a. 2002 [163821], Equation 19a and 19b):

o, = o, +a, +cos’ u, (Eq. 4a)
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and
a; = a, +(1-cos’ 6)a, (Eq. 4b)
where, ¢ isthe longitudinal dispersivity and ¢ isthe transverse dispersivity, respectively.

Thus, when 6=7x/2,

o =a =a+a, (Eq. 4c)
and
o= = o+ a (Eq. 4d)
When =0,
o =a =o+a,+a, (Eq. 4e)
and
o=ap =a, (Eq. 4f)

Solving 4a, 4c, and 4f for the ¢; yields theinverse relations:

o =0y, (Eq. 58)
cos’ 6
%=0 —or —— (o —ar) (Eq. 5b)
o= L0 (Eqt. 56)
* 1-cos’0 '
With these results the dispersion tensor can be written in dyadic form as
— - cos’ @ W
DZCYEVI‘F OtL—OtTH—m( —a:—_')—
il JM—COSQ G+ VA Eq. 6
T cogo | @ )J (Ea.6)

The longitudinal and transverse dispersivities, ¢, and ¢, can be arbitrary functions of the scalar
quantities v and 8. Whether or not this four-parameter representation of the dispersion tensor
provides an adequate description of flow at an angle to the symmetry axis, it needs to be verified
by direct comparison with field observations.
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6.5.2.2.1 Special Cases of the Dispersion Tensor

In this section, specia cases corresponding to an isotropic medium and an axisymmetric medium
with flow paralel and perpendicular to the symmetry axis are considered in more detail.
Although not all of these special cases are used explicitly in the SZ transport model, they arise
from the general form for extreme values of the parameters 4 and €. It is useful to consider
them for comparative purposes.

| sotropic Media

For the special case of an isotropic medium, 4 =0 since there is no preferred axis of symmetry,
and it follows that the general form of the dispersion tensor reduces to the well-known form
(Poreh 1965 [163847], Equation 15):

- v
D=aV + azT (Eq. 7)

To relate the coefficients ¢, and o, to the usua longitudinal and transverse dispersivity
coefficients ¢, and o, notethat v isan eigenvector of D with eigenvalue ¢, + ,, and

D-V=(+a, W (Eq. 8)

Thus, it follows that o, =, +a,. The remaining two eigenvectors represented by ¢,
orthogonal to V, belong to the degenerate eigenvalue a,v. Hence, it follows that

D Zi = a_LVZi (Eq. 9)
Thus, o =y, and o, =4 — ;.

The resulting dispersion tensor for an isotropic porous medium has the form (Bear 1972
[156269], p. 613, Equation 10.4.16):

D=Vl + (o, -, )%
2
v vV, vV, )
| GV (@ —on )71 (o — o )% (@ —on )f |
| V.,V V5 v,V |
:|(aL_aT) = aTV+(aL_aT)72 (aL_aL) i/s | (Eg. 10)
V.,V V,V A
L(aL -0y )% (o, —on )% oV + (o, — o )73J

Axisymmetric Medium: Flow Parallel to Symmetry Axis

For an axisymmetric medium with flow along the axis of symmetry, it follows that
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V=vi (Eq. 11)
and D becomes
D=aM +(a,+ o, +o, Vil (Eg. 12)

It is apparent that V (and A1) is an eigenvector belonging to the eigenvalue (g +o,+a,+a,)v,
and the eigenvalue ¢ is degenerate with eigenvectorsin the plane normal to .

Introducing the notation ¢’ for longitudinal dispersivity along the axis of symmetry and «;' for
horizontal transverse dispersivity, the dispersion tensor can be written as

= - W
D=ag Ml + (e — oy )7 (Eq. 13)

with o = and o, +a,+ o, = — ' . Thisform of the dispersion tensor has the same form
as that for an isotropic medium. Thus, v is a principa direction of the dispersion tensor
satisfying

D-V=a'Ww (Eq. 14)
with
o =+ a,+o,+a, (Eq. 15)

The remaining two eigenvectors are orthogonal to v but otherwise arbitrary, belonging to the
degenerate eigenvalue o'v.

Axisymmetric Medium: Flow Perpendicular to Symmetry Axis

For the special casewhen V and 4 are orthogonal and cosf =0, it follows that
D-V=(o+ o, WV +—;a4v22 (Eq. 16a)
and
— - 1 _ -
D-4 =+ (o + VA (Eq. 16b)

From these relationsiit is apparent that, in general, neither v nor A are eigenvectorsof D unless
2, =0, inwhich case both vectors Vv and A are eigenvectors satisfying the eigenval ue equations

D-V=(q+a, WV (Eg. 17q)

H, -
=o' W
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and

D-1=(o,+a VA (Eq. 17b)

In this case there are two transverse dispersivities, horizontal and vertical, denoted by o' and
o . Longitudinal dispersivity is denoted by o' because, in general, it may be different from o]
for flow in the direction parallel to A.

Noting that ¥ x A is an eigenvector belonging to the eigenvalue oy, which may be identified with
o, it follows that

o =of (Eq. 183)
=0 —o (Eq. 18b)

and
a,=oy —of (Eq. 18¢)

Generdly, a,>>a, since «, involves the difference between longitudinal and transverse
dispersivities, whereas ¢, is proportional to the difference in transverse dispersivities.

6.5.2.2.2 New Form of the Dispersion Tensor for Axisymmetric Media

To construct aform of the dispersion tensor that could apply to flow at any arbitrary angle to the
axis of symmetry and still honor tensorial transformation properties, the appropriate functional
form of the coefficients ¢, and o, on the direction of flow must be determined. Two limiting
cases must be met for flow parallel and perpendicular to the axis of symmetry. For flow parallel
to the symmetry axis, longitudina dispersion should reduce to the vertical longitudinal
dispersivity o', and transverse dispersion should be isotropic with dispersivity described by o .
For flow perpendicular to the axis of symmetry, longitudinal dispersion should reduce to the
horizontal longitudinal dispersivity o', with transverse dispersion described by the two
coefficients, 7 and o7 . Clearly, it is not possible to deduce a priori the form of the dispersion
tensor for flow at an angle to the symmetry axis without additional information. It would be
expected that the dispersion tensor would depend on the specific properties of the porous
medium and even head differences. Without additional information, it is taken that the
longitudinal and transverse dispersivities have the forms

o, =G_(cosg e o) (Eq. 19a)
and

o =G, (cosg; oy ,01") (Eq. 19b)
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where the only dependence is on the scalar cosé in addition to the dispersivity parameters. The
functions G, satisfy the end member conditions

GL(O;a‘L’,a[')za\L’ (horizontal flow) (Eq. 20a)
G 0oy .05 )=04" (horizontal flow) (Eq. 20b)
G (Lo .o )=a (vertical flow) (Eq. 20c)
G (Loy.oq )=0f (vertical flow) (Eq. 20d)

but are otherwise arbitrary. To determine the functional form of G, , it would be necessary to

compare predictions based on a specific form of the dispersion tensor with actual field
observations or to carry out numerical experiments involving heterogeneous media.

For the new form of the dispersion tensor proposed here, the following dependency on cosé is
chosen

G =a +cos O — ') (Eq. 21a)
and
G =0y +cos 0o — 7)) (Eq. 21b)

With this choice of G, the desired behavior is obtained that is at least correct for the end

member cases of flow parallel and perpendicular to the axis of symmetry. However, clearly an
infinite number of functional forms are possible that satisfy the conditions of Equations 20a—d.
In what follows, it is taken that the transverse horizontal dispersivity ¢ has the same value for
flow parallel and perpendicular to the axis of symmetry. However, it is not apparent that this
necessarily must be the case, which would complicate the formulation.

To obtain expressions for the coefficients ¢ in terms of the set o, 0, and o, the
expressions for longitudinal and transverse dispersion given by Equations 4a and 4b are equated
to the desired forms given by

a, = o, +a, +cos’ Oa,

=o' +cos’ () — o) (Eq. 22a)

and

o = o5+ (1-cos’ O,
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=0y +cos Oy — o ) (Eq. 22b)

As can be seen from these relations, the eigenvalue for longitudinal dispersion varies between
the horizontal and vertical longitudinal dispersivities as the flow direction varies from
perpendicular to parald to the symmetry axis of the medium. Similarly, the eigenvalue for
transverse dispersivity varies between the vertical and horizontal transverse dispersivities.

The coefficient ¢ istaken to be given by
o =of (Eq. 23)

independent of the direction of the flow velocity relative to the symmetry axis. To seethat thisis
reasonable, define the vector @ as

|

vV
2

w=1-

v (Eq. 24)

Then it is seen that the vector £, = Vx @ is an eigenvector of the dispersiontensor D , and @ is

always perpendicular to the symmetry axis A and the flow velocity v with eigenvalue oV, and,
hence, it should reflect only horizontal transverse dispersion. Equations 22a and 22b provide
two eguations for the two coefficients o, and ¢;. It follows that

=o' —of +cos O —a +of —af) (Eq. 25 a)
= -+ oy
and
o, =oy —of (Eq. 25b)
with ¢, given by Equation 3.

In these relations, ¢, is seen to be independent of the angle 6. This behavior is intuitively

correct because the vector 2“3 always remains perpendicular to the symmetry axis and the
direction of flow, and, hence, the eigenvalue should always be equal to the horizontal transverse
dispersivity. In addition, as expected, the eigenvalue corresponding to the eigenvector @ varies
from transverse vertical to transverse horizontal as the vectors V. and @ range from
perpendicular to paraldl.

In terms of individual matrix elements with 1=(0,0,1), the dispersion tensor becomes
(Lichtner et a. 2002 [163821], Equations 47a-47f)

2 2 2 2 2

V. V. V. \VARY,

D=0, *+of 2|1+ =2 |+, =2 (Eq. 26a)
11 L T 2 2 T 2 2
v v vV VOV V2
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D, =o' Vvl(u vaTszv;j +aLV—E+ aTva Vf\fV§ (Eq. 26b)
D, = o LV +a, A (Eq. 26c)

\% V
Dlz—[aL o (1+ f\fvij 3 Vf‘fvg}"f/’ - (Eq. 26d)
D= (o - aT)Vl—\\:"’ (Eq. 266)
Dy = (01, — 0&)% (Eq. 26f)

Intheserelations «; and ¢, arefunctions of cosé as given by Equations 22a and 22b.

According to this formulation, the dispersion tensor can be expressed in terms of the four
dispersivity coefficients " and '". By appropriately choosing ¢, one of the principal axes
can aways be lined up with the direction of flow. Only through comparison with field data will
it be possible to determine the correct form of the coefficients ¢; in terms of the invariants
6 and v.

In principle, at the laboratory scale the coefficients ;"¢ ,c' , and ¢ could be estimated by
conducting experiments on suitably oriented cores. One approach would be to estimate ;" and
o by measuring tracer breskthrough curves on a core sample oriented normal and parallel,
respectively, to the axis of symmetry. Transverse dispersivities o', oy could then be estimated
by performing two-dimensional flow experiments on rock slabs, for example. Such results
would be of significant theoretical interest. However, it is well known that dispersivity values
are a strong function of scale; hence, it is necessary to estimate the dispersivity coefficients at a
larger scale using field experiments. In the most general flow situation, the coefficients ¢, «,,
a,, and o, could be estimated from field data using a numerical model in conjunction with
nonlinear parameter estimation by fitting an observed 3-D plume. If a tracer test can be
conducted in a portion of the aquifer where the fluid velocity is unidirectional and horizontal
coinciding with the principa axis of the dispersion tensor (as often is the case), the parameter
estimation procedure can be simplified considerably. In this case, the dispersion tensor
simplifiesto

D,=a'v, Dy=0ofv, Dy=ayv (Eq. 27)
with zero off-diagonal terms.

With appropriately spaced observation wells, the coefficients o, of and, if enough 3-D
information is available, oy as well, can be estimated. Note that in this particular case, no
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information is available about ). To obtain this coefficient, another test would have to be
conducted in a portion of the field where the fluid velocity has a significant vertical component.
If the spread of a plume can be measured in such a case, then Equations 26a— can be used to
estimate the value of the coefficient o and, perhaps, ¢/ . Once the dispersivities are estimated
for horizontal and vertical flow, the 8 dependence of the dispersivity coefficients for flow at an
angle to the symmetry axis could be tested.

6.5.2.2.3 Dispersion Tensor Proposed by Burnett and Frind

Burnett and Frind (1987 [130526, Equations 6a-6f) proposed a dispersion tensor for
axisymmetric media, hereafter designated as D,- and referred to as the BF-dispersion tensor.
The BF-dispersion tensor involves only three independent parameters. These refer to
longitudinal dispersion «, , and transverse horizontal ¢' and vertical ¢f dispersion. Burnett
and Frind (1987 [130526], Equations 6a-6f) derived the form of the dispersion tensor from the
form for isotropic media to account for different transverse dispersivities in the horizontal and
vertical directions as observed in natural stratified media with flow along the bedding plane
(Anderson 1979 [104397]). For example, Zheng and Bennett (1995 [154702], pp. 45 to 46) have
used the Burnett-Frind tensor to model dispersion in axisymmetric media.

Burnett and Frind (1987 [130526], Equations 6a-6f) write the dispersion tensor as a matrix of
coefficientsin the form:

2 2 2
v, V. V. vV A"
PR ] (0,L o )172 (O,L Y )173
v v v v v
2 2 2 (Eq. 28)
)v v v, V. V. V,V,
DBF — (0(|_ _a_IH 2V1 a_:_" 71+a|—72+a_\|_/73 (aL _a_\r/ )ﬁ
v v v v v
2.2 2
A, VA, Vi V. V.
(“L—a¥ )VL (“L—“¥ )ﬂ oy 1240 2
v v v v

The diagona elements may be written in a form similar to the isotropic case given in
Equation 10 as

2

V. V.
(Dge )11 =0Vt (aL —or )Tl"' (04/ —ag )73 (Eq. 299)
H N Y A
(D )22 =0 V+ (aL — 0 )7 + (aT — O )7 (Eq. 29b)
v v V§
(Dge )y =05V + (o — )7 (Eq. 29¢)
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To determine the tensorial properties of the BF-dispersion tensor, it is first noted that BBF be
interpreted as referring to a particular coordinate system in which the symmetry axis of the
medium lies along the z-axis. A=(0,01). Then v, can be written as the scalar product
v, =vcosd=4-V. With thisin mind, the matrix D, can be expressed as

Dy = [ +cos? A — ot Vi + (o _aﬁ)¥+ @ o'\ |72 _&5‘9 (Zwv?z)} (Eq. 30)
valid for any orientation of the coordinate system relative to the symmetry axis. Accordingly,
Dg- is atensor by construction. Comparing Equation 30 with Equation 5a,b,c and Equation 3

leads to the following identification of the coefficients ¢ :

o =0 +cos ey — o) (Eq. 31)
=0 —af (Eq. 31b)
a,=oy —of (Eq. 31¢)

and
a, =—2cosé(cy — oy )=-2cos6u, (Eq. 31d)

It follows that Equation 3 is satisfied for the BF-dispersion tensor and, thus, both v and @ are
eigenvectors belonging to eigenvaues ¢ v and o;'v, respectively, according to Equations 17a
and 17b:

Dge V= VvV (Eq. 328)
and
Dy - @ = Ve (Eq. 32b)

The eigenvector ¢, 5, orthogonal to V and @ , belongs to the eigenvalue «,

Der 473 = [OKTH +COS‘9(05¥ ~og )] V?s (Eq. 32¢)

There are certain limitations with the form of the BF-dispersion tensor. The relation for the
generalized dispersion tensor given in Equation 23, in whiche, is independent of the angle &,
differs from that of D, given in Equation 31a, in which ¢ isafunction of cos@. Similarly, the
generalized relation for ¢, in Equation 25a is different from that obtained for the BF-dispersion

tensor given in Equation 31b. In addition, for the BF-dispersion tensor, there is only one
coefficient for longitudina dispersion, which is, therefore, the same for flow in both the vertical
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and horizontal directions, i.e., parallel and perpendicular to the axis of symmetry, contrary to
what one would expect for nonisotropic porous media.

However, for flow perpendicular to the axis of symmetry, the BF-tensor agrees with the more
general form. And for small values of vertical velocity v,, the generalized form of the dispersion
tensor reduces to the form given by Burnett and Frind (1987 [130526], Equations 6a-6f). Hence,
in situations where the axis of symmetry is vertica and the flow fields are horizontal to
subhorizontal, as is the case at Y ucca Mountain (BSC 2003 [162649], Section 6.6), this form of
the dispersion tensor is adequate. This is the form that is used in the calculations presented
in this report.

6.5.2.3 Random-Walk Particle-Tracking Method

Given a steady-state velocity field generated, for example, for an arbitrary permeability field, a
random walk is superimposed on the flow field to describe dispersion and molecular diffusion.
The general approach used in particle tracking is to replace the partial differential equation for
the solute concentration C, generally expressed by Equation 1, with random-walk displacements
defined in differential form by the Langevin equation (Gardiner 1997 [145116], p. 80):

dx = A(x,t)dt + B(x,t)dW(t) (Eq. 33)

for position vector x(t). The matrix A represents the deterministic background displacement
determined by v and, in addition, contains contributions from the dispersion tensor. The
displacement matrix B refers to a stochastic random-walk process that incorporates molecular
diffusion and dispersion. The differential dW(t) represents a Wiener process describing
Brownian motion with the properties:

<dw>=0 (Eq. 34)
and
<dW(t)dw(t) >= Idt (Eg. 35)
where the angular brackets represent the ensemble mean.

The equivalent Fokker-Plank equation corresponding to the Langevin equation (Equation 33) for
the conditional probability P(x,t|x,,t,) isgiven by (Gardiner 1997 [145116], p. 97):

Z=-V-[AX)P]+V: VE BﬁP} (Eq. 36)

where B represents the transpose matrix. The Fokker-Plank equation may be written in the form
of the transport equation by rearranging Equation 36 to obtain:

P__v _1v.eB 11gB
o \Y HA(x,t) 2V BB)P}LV LBBVP} (Eq. 37)
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Comparing this modified Fokker-Plank equation with the continuum-based transport equation
given in Equation 1 yields the identifications.

P(X,t | X, 1) :%C(x,t), (Eg. 38)

where N represents the number of particles and N, denotes Avogadro’s number,

A(x,t)=v+V-D (Eg. 39)
and
1 ~
> BB=D (Eq. 40)

Therefore, it is necessary to obtain the displacement matrix B based on the dispersion tensor D.
To do this, the approach used by Tompson et al. (1987 [145195], Appendix A) is followed in
which a transformation that diagonalizes the dispersion tensor is carried out. By construction,
the eigenvectors of the dispersion tensor depend only on the components of the flow velocity but
not on the dispersivity values themselves. One eigenvector always points in the direction of the
flow velocity. The other two eigenvectors are perpendicular to the direction of flow. The
eigenvalue problem for D reads:

De, = 18, (Eq. 41)

with eigenvalue A and eigenvector €,. Because the dispersion tensor is symmetric (Bear 1972

[156269], p. 611), there exists an orthogonal transformation U that diagonalizes D (Tompson
et al. 1987 [145195], p. 106, Equation A-3):

UDUUe, = AUe, (Eq. 42)
where U isthe transpose of U, with
UDU =D (Eq. 43)
where D isadiagonal matrix, and U satisfies the relations:
Uu =UU =1 (Eq. 44)
Expressing D intheform
D=QQ (Eq. 45)

with Q diagonal, then gives

MDL-NBS-HS-000010, REV 01 73 12/19/03



2D = 2UDU =2UQQU =2uQUQ = BB (Eq. 46)

From this relation it follows that the displacement matrix B is given by (Tompson et al. 1987
[145195], p. 107, Equation A-10):

B=+2UQ (Eq. 47)

The implementation of the particle-tracking model requires a finite difference form of
Equation 5 at time step n, which in thismodel is given by:

xin — xinfl_i_ AAt'i‘\/EZ B”ZJ (Eq 48)
j
with
dw, =Z, /At (Eq. 49)

for atime step At, where Z; represents arandom number. In matrix notation,

X" = X"+ AAt ++/AtBZ (Eq. 50)

Sampling Z from a uniform distribution (Tompson et al. 1987 [145195], p. 40) leads to the
expression:

Z =23z (Eq. 51)

with Z occurring with unit probability over the interval — to Z. Then,

<Z7Z>=12<7'7'>=1 (Eq. 52)
since
<Z'Z'>= l/jZZ'de'z 1 (Eqg. 53)
12

-1/2

The final step in the derivation is to determine the form of the displacement matrix B.
Tompson et al. (1987 [145195]) derived the expression for an isotropic system, but the
equivalent derivation for an anisotropic dispersion model was not available and, hence, is given
below for an axisymmetric medium (Lichtner et al. 2002 [163821], Equation 62). The
eigenvalues are distinct, and there exist three unique normalized eigenvectors. The matrix U has
the form:

MDL-NBS-HS-000010, REV 01 74 12/19/03



v ViV, Vv

VooV VRV
U= Vo VoV v

v V2 + V2 W +V5

v, 1

= SV O

v

In this case the displacement matrix B isgiven by

Vv +v:

V,Var 200V + D VA2 v+ D
j£% Z(Q’LV+DO) Vs (T o) V2 (T o)
1%

VVi + Vi
2 2
1% +
—V3 \2(e,v+Dy) \/2 4! v2V2 (e;v+Dy)

V,Vsy2av+D Vi 20 v+D
B=|Y2 /2(0!,_V+D0) _VaVs (o o) 1 2o 0)
14

(Eq. 54)

(Eg. 55)

In summary, the particle trajectory is computed by a finite difference technique expressed in
Equation 33. The first displacement term of this equation (AAt) is deterministic, with
A defined in Equation 39. This expression captures the movement of particlesin the streamlines
defined by the flow field. The term V- DAt is required to reproduce the transport equation
correctly for cases in which there are gradients in velocity or dispersion coefficient. It reducesto
zero for uniform flow fields and constant dispersivity. What is retained in this case is transport
along the flow streamline governed by the flow field. The second term in Equation 33 is a
stochastic random-walk term to simulate dispersion, with the form of the matrix B derived for

an anisotropic dispersion coefficient tensor in Equation 55.
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Determination of the advection portion of the deterministic term AAt requires that the velocity

at the particle location be determined. In this version of the code FEHM (V 2.20 STN: 10086-
2.0-00) [161725], the method is restricted to orthogonal finite-element grids. This simplification
means that the control volume associated with each grid point is a brick-shaped element.
Veocity interpolation within a cell is then determined quickly and easily using the velocity
interpolation scheme first derived by Pollock (1988 [101466], Eqg. 4a5c). Using that scheme,
the code determines, for a given particle at a given location within the cell, the time required to
exit the cell and the location where it leaves. If this time is greater than the time step At, the
particle location within the cell is computed. If the time isless than the time step At, the particle
is forced to stop at this location and then proceed in another step within the adjoining cell. This
process is repeated until the ending time At is reached. At the end of this time step, the term
V- DAt is used to move the particle deterministically to correct for gradients in the dispersion
coefficient. A differencing scheme on the finite-element grid using a trilinear interpolation
analogous to the method described by LaBolle et al. (1996 [105039], pp. 587 to 588) is used to
compute these terms, with the modification that the interpolated quantity is the local Darcy flux
rather than the fluid velocity. This modification yields smoother results in situations such as
those encountered at volcanic rock-alluvium interfaces, where local porosity can change by
several orders of magnitude from a node to its neighbor. Finally, the random-walk term is
applied (thefinal term in Equation 33) using the B matrix derived above (Equation 55).

For this method to work properly, the time step must be selected such that, on average, a particle
takes several time steps within each cell. In a system with large variations in pore-water velocity
due to permeability and porosity differences from cell to cell, the appropriate time step can vary
greatly throughout the domain. In FEHM, this factor is accounted for by dynamicaly
determining the characteristic time step in an approach similar to that developed by Wen and
Gomez-Hernandez (1996 [130510], p. 137). In agiven cell, the magnitude of the velocity in the
cell isused to scale the time step. The time required to traverse the cell completely in each of the
three coordinate directions is computed, and the minimum is determined. Then a user-defined
parameter called the Courant factor is multiplied by this minimum time to obtain the time step
for the particle within the cell. This approach ensures that several steps are taken by a particle
within a cell but minimizes computational time by tailoring each time step to the characteristic
velocities within the cells.
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Applying the random-walk method on grids and flow fields, such as the saturated-zone flow
model, it was found that the theoretically simple inclusion of the V-D term to correct for
velocity gradients may not be sufficient to account for regions with highly variable velocity
fields. In short, computation of V-D on the scale of the finite-element grid may not be
sufficient to capture the magnitude of this term adequately. For example, in high-permeability
zones immediately adjacent to confining units of low permeability, the gradient is not captured
sufficiently accurately to prevent the artificial meandering of a small number of particlesinto the
low-permeability region. As aresult, some particles are held up for an unredlisticaly long time
in these zones, resulting in a nonconservative tailing of the solute breakthrough curve at a
downstream location. To correct this problem, a user-defined velocity-scaling parameter can be
defined to prohibit particles from entering the low-velocity domain by random-walk processes.
If the ratio of the velocity before and after the random-walk jump is less than this parameter, the
code prohibits the jump, and the particle is returned to the original position where another jump
is taken with a different set of random numbers. This simple correction serves the same purpose
as the V-D term but is more foolproof in maintaining a physically meaningful set of
random-walk jumps.

To report the results of a particle-tracking simulation, two options are available. The first
requires the definition of a zone consisting of a set of finite-element grid points representing a
portion of the model domain where transport results are desired. For example, a “compliance
boundary,” which is a given distance from the repository, can be defined by listing al of the
nodes in the boundary. Then the code determines the first arrival time of each particle at any
node in this fence and reports the cumulative arrival time distribution for all particles. This
arrival-time distribution can then be converted to a pumping-well concentration, and the
resulting curve can be used as the input to the the PA analysis. Alternatively, the concentration
of particles at any cell in the finite-element domain can be reported as the number of particles
residing in the cell divided by the fluid mass in the cell. Concentrations computed in this way
represent the in situ concentration in response to the injection of a pulse of solute at time zero.
To obtain the cumulative breakthrough curve, we may perform atime integration of these results,
yielding the in situ concentration breakthrough curve at the node in response to a step changein
concentration. Both pulse and step response curves can be obtained in the FEHM particle-
tracking code.

6.5.2.4 Matrix Diffusion in Fractured Geological Media

To incorporate the influence of sorption and matrix diffusion, the residence time transfer
function (RTTF) particle-tracking method outlined in the FEHM models and methods document
(Zyvoloski et al. 1997 [110491], pp. 41 to 42) has been adapted to the particle-tracking
algorithm. In this method, adjustmentsto the travel time of a particle are made to account for the
influence of physicochemical processes such as sorption and matrix diffusion. During its path
along a streamline, the particle travel time is governed by a transfer function describing the
probability of the particle spending a given length of time on that portion of its path. For a
cumulative probability distribution function of particle residence times, the travel time of a
particle along this portion of its path is computed by generating a random number between 0 and
1 and determining the corresponding residence time. On average, if alarge number of particles
travel through this portion of the model domain, the cumulative residence time distribution of
particles will reproduce the shape of the transfer function. The form of the transfer function is
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derived from an analytical or numerical solution to capture the appropriate processes
being considered. A suite of type curves were generated for numerically implementing the
transfer function.

6.5.24.1 Mathematical Description of Matrix Diffusion and Sor ption

In this particle-tracking agorithm, the schematic model depicted in Figure 6.5-1 is used to
provide a transfer function for the case of fracture flow and diffusion between equally spaced
fractures. Inthis model:

isthe spatial coordinate along the fracture
isthetime

isthe fracture aperture

is the mean fracture spacing

isthe linear groundwater velocity in the fracture
isthe porosity of the matrix

isthe diffusive flux from fracture to matrix
isthe distribution coefficient in the fracture
isthe distribution coefficient in the matrix
isthe retardation factor in the matrix

isthe retardation factor in the fracture
isthe bulk density of the matrix

isthe density of water

isthe matrix effective diffusion coefficient
is the dispersion coefficient in the fracture
isthe concentration at z along the fracture

is the source concentration at z = z,.
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Figure 6.5-1. Schematic of the Matrix Diffusion Submodel

The equations describing the radionuclide transport in the fractures are (Robinson 1994
[101154], p. 81, Equations 1 and 2):

2
@JrK@_Ea_ngi:o (Eq. 56a)
ot Rdz Ro0Jz" bR

and in the matrix:

oc D’ 9% _

—————= Eq. 56b
at R/ aXZ ( q )

The distribution coefficient and the retardation factor are related by (Freeze and Cherry 1979
[101173], p. 404, Equation 9.14):

R=1+- (Eq. 57)
e'pw

The transient solution for contaminant transport with D = 0 in paralld fractures, for c =¢, at the

inlet end with z=0, and d¢/ox=0 at the center line between the fractures at x=B
(Figure 6.5-1) is given by (Sudicky and Frind 1982 [105043], p. 1637, Eq.28):

£ _oT°<0 (Eq. 58)
CO
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é:iexk o Ryt CE )[exp( aT ){ sin(&,”) — Acos(e, )}

2
+‘% sin(Q|°)+/1(:os(Q,°)}dg, T°>0

where A isafirst-order decay constant, € isan integration variable, and

To T2
Vv

Lo _g( sinh(og) - sin(oe)
R cosh(oz) + cos(cz)/

Lo T _@(gnh(ag)mn(ag)\
T2 cosh(oe) + cos(oe)/

Qo_@[sinh(ag)+sin(ag)\
"~ 2 \cosh(o¥) + cos(ce)/

with

_H(RD')?z
- bv

o=(R/D)"*(B-b)

Using the transformation variables:

A
0y

/2
£ = €1y

Equations 58 through 67 can be rewritten as:

L _0T1<0
C

0

c 1

—== RA _—1

G, ”eXp( To)_[ Pr 2 /4
{:'f . 0 0 —| 0

+—2 sn(Q,") + Az, cos(L, )Jdgl, T >0
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(Eq. 60)

(Eg. 61)

(Eq. 62)

(Eq. 63)

(Eq. 64)

(Eqg. 65)

(Eq. 66)

(Eq. 67)

(Eq. 68)

eXp(gR )LeXp( AT, ){ SII’](El )— Az, cos(g, )}

(Eq. 69)
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where

T’=—-R (Eq. 70)
TO
Lo__08 ( sinh(c,¢,) - sin(o,¢,) J (Eq. 71)
R 2 \cosh(o,g,) + cos(0,¢,)
£°= g1’ _wg [ sinh(o,¢,) +sin(o,¢,) J (Eq. 72)
2 2 \cosh(o,&,) +cos(o,€,)
QI0 _ & [ sinh(o,&,) +sin(o,¢,) J (Eq. 73)
2 \cosh(o,&,) +cos(o,&,)
with
1 1/2
o, = % (Eq. 74)
R
0,=(5 )" (B-b) (Eq. 75)
TO
For the case of no radioactive decay (4 =0):
é - i :?21 exp(ed)[sin(e) + sn@,°) ke, (Eq. 76)

Therefore, to implement this model, the algorithm requires the input of transport parameters
defined in Equations 74 and 75. With the transport parameters and the unretarded travel time z,
within a given portion of the path known from the advection part of the particle, values of @,
and o, are computed, thereby fully defining the transfer function for this portion of the particle’s
travel path. Given these parameters, the model returns a value of the delayed travel time of the
particle from Equation 70 that is consistent with the matrix diffusion model. To implement this
model in FEHM, a series of type curves were generated (Output DTN: LAO302RP831228.001)
at specified values of @, and o, using acode FRACT_p V1.0 (STN: 11009-1.0-00; LANL 2003
[164509]). For given values of the parameters, the code performs a linear interpolation between
the nearest type curves to obtain the result. This approach of tabulating the results of the
analytical solution is much more computationally efficient than computing the values through
integration at run time. Under limiting conditions of low diffusion and/or large fracture spacing,
the infinite spacing solution of Tang et al. (1981 [101160], p. 559, EQ.35) implemented in the
cell-based particle-tracking algorithm of FEHM can be used instead of the finite spacing model.
A provision in the code allows the Tang solution to be invoked in this particle-tracking model as
well, but it should be used only when the characteristic diffusion time to the centerline between
the fractures (of order B?/ D’) ismuch greater than the time of the simulation.
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The final step of the model development is to integrate the matrix diffusion moded with the
random-walk transport model developed in Section 6.5.2.3. Specifically, the time intervals over
which the time delays are applied must be set in a manner that allows for computationally
efficient and accurate solutions to be obtained. In this model, the time delay is applied to a
particle at the time at which it exits a cell, after having determined the cumulative time the
particle spent in advective transport through the cell. Within a cell, the transport properties of
diffusion and sorption are, by definition, uniform, so that a unique set of transport dimensionless
parameters can be defined. Alternatively, the time delay could be applied at each segment of the
particle path, resulting in potentially many time delays for a particle within each cell as it is
transported by advection and random-walk dispersion. However, in initial prototype testing
using this approach, it was determined that the technique, although theoretically equivaent to the
application of time delay once per cell, showed that practical limitations of reduced accuracy and
reduced computational efficiency resulted. Therefore, the code was developed with the time
delay applied only at the time the particle exits the cell, which can occur either by advection or
by random-walk dispersion.

To apply the time delay, the particle is held at that location until the time of the ssmulation run
catches up to the time of that particle, after which the particle is allowed to resume its transport.
Finally, it is noted that for sorption without matrix diffusion, the time delay is computed
deterministically by computing a retardation factor based on the sorption coefficient Kqy, but
otherwise, the method is identical to the matrix-diffusion method. Alternatively, this particular
case could have been handled through a simple adjustment of the transport velocity, but the
implementation using the time-delay method was simpler because it is consistent with the
matrix-diffusion method just described.

6.5.2.5 Mathematical Description of Sorptive Transport in Alluvium

Equation 1 for advective-dispersive transport can be generalized to include sorption onto the
rock surfaces as follows (Freeze and Cherry 1979 [101173], Equations 9.9 and A10.14):

IC P 3S

E+V .(VC)-V-(DVC) = (Eq. 77)

w

where Sis the mass of the transported species adsorbed on the solid per unit bulk dry mass of the
porous medium. For linear, reversible, equilibrium sorption, the Ky model can be used, and
Sand C arerelated as follows (Freeze and Cherry 1979 [101173], Equation 9.12):

S=K4C (Eq. 78)
6.5.2.6 Colloid-Facilitated Transport
Radionuclides can attach to the colloids either reversibly or irreversibly. The radionuclides that
are attached to the colloids reversibly are partitioned between the colloids and the agueous phase.

On the other hand, the radionuclides that are irreversibly attached to the colloids stay attached to
the particles for the entire duration of the transit through the SZ to the compliance boundary. The
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colloid-facilitated transport of the radionuclides follows different mechanisms for the two
different types of attachments, which are summarized in Table 6.5-1 and described below.

Table 6.5-1. Colloid-Facilitated Transport of Radionuclides

Radionuclides Attached
Reversibly to Colloids

Radionuclides Attached Irreversibly to Colloids
(transport in a manner identical to colloids)

Radionuclides spend part of the
time attached to the colloids and
part of the time in the aqueous
phase.

Radionuclides are embedded in the colloids, mostly those derived
from the waste form degradation. This is discussed in BSC (2003
[162729], Section 6.6). The radionuclides travel in a manner identical

to the colloids themselves.

Normal

Fast

Radionuclides are treated in the
SZ transport model using
equations similar to those for
aqueous phase transport
(Attachment II) but with modified
parameters.

The diffusion coefficient in
volcanics is reduced with respect
to that for aqueous transport.
This is given by Eq. 80a in
Section 6.5.2.6. The equation is
derived in BSC (2003 [164870],
Section 6.5.1.1). The sorption
coefficient is modified and given
in Eq. 81, Section 6.5.2.6 and
derived in BSC (2003 [164870]
Section 6.5.1.1). K. needed in
Eq. 80a and 81 is given in Eq.
80b.

The groundwater concentration
of colloids and the sorption
coefficient onto colloids are
summarized in Table 4-2 and
taken from BSC (2003 [161620],
Table 5).

Section 7.1.2.5.2 gives
confidence-building arguments
for this process based on
laboratory data and theoretical
considerations from literature.

The transport of these
radionuclides is simulated in the
SZ transport model using the
same approach as the agueous
species but with modified
diffusion coefficient and Ky as
described above.

The colloids undergo “reversible
filtration.” This is discussed in
BSC (2003 [162729], Section
6.4) where field and laboratory
data are analyzed to get
“attachment rate constants” and
“detachment rate constants.”
These lead to a retardation factor
for the colloids (Eq. 79).

The same retardation factor
applies to the fraction of
radionuclides absorbed
irreversibly onto colloids. The
range of values for this fraction is
given in BSC (2003 [161620],
Table 10).

Section 7.1.2.5.1 gives
confidence-building arguments
for “colloid filtration” based on
C-wells data.

The transport of these
radionuclides is simulated in the
SZ transport model using the
same approach as the agueous
species but with zero diffusion
coefficient and colloid retardation
factor as explained above.

A small fraction of colloids travels
with the groundwater without any
retardation. The radionuclides
sorbed onto this fraction also
travel without any retardation.
The travel times for this fraction
are the same as those for non-
sorbing radionuclides.

The range of values of this
fraction is given in Table 4-2 and
discussed in BSC (2003
[161620], Table 10).

Section 7.1.1.1.3 gives
confidence-building arguments
for the occurrence of this process
based on Nevada Test Site
(NTS) data.

The breakthrough curves for
these radionuclides are identical
to those without sorption.
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6.5.2.6.1 Radionuclides Attached Irreversibly tothe Colloids

These radionuclides are embedded in the colloids and travel in a manner identical to the colloids
themselves. The majority of the colloid particles undergo filtration during transport through the
SZ, however a small fraction travels along with the movement of the bulk water without any
retardation. The transport of colloid particles is included in the SZ transport model using the
process of reversible filtration (BSC 2003 [162729] Sections 6.4.1 and 6.5.2). The transport of
the colloids is simulated using the advection-dispersion equation, and colloids are taken not to
diffuse. Filtration of the colloids can be described by a retardation factor, R, . In this analysis

filtration is defined as the net effect of chemical sorption of the colloid onto the rock surface and
the physical removal of colloids from the advective flow due to sieving and settling. The value
of R, is dependent on severa factors such as colloid size, colloid type, and geochemical
conditions (e.g., pH, Eh, and ionic strength) (BSC 2003 [162729], Section 6.3). These factors
are folded into the distribution of R, that has been developed from field and experimental data
collected under varying geochemical conditions with different colloid types and sizes (BSC 2003
[162729], Tables 7 and 8). Attachment rate constants, k,, , and detachment rate constants, K ,

of colloids to the rock matrix have been measured, and R, distributions have been developed
for the fractured volcanics and for the aluvium. The relationship between R, k,,, and Kk, is

given by:
R = 14 K (Eq. 79)
kdet
The attachment rate constant is also used to determine the fraction of the colloids that transport
with no retardation. Specifically, colloids for which one over the attachment rate constant is
smaller than the travel time through the system will transport with no retardation. The fraction
of colloids that transport unretarded is documented in BSC (2003 [162729], Table 9).

6.5.2.6.2 Radionuclides Attached Reversibly to the Colloids

Radionuclides cannot diffuse into the matrix while attached to colloids because the colloid
particles themselves cannot diffuse into the matrix (Section 6.3). Hence, the fraction of
radionuclides that are attached irreversibly onto colloids does not experience any matrix
diffusion and is transported at the same rate as the colloid particles. The fraction of
radionuclides that are reversibly attached onto the colloids experiences a reduction in the
diffusion process because this fraction can diffuse into the matrix only while unattached to the
colloids. In the volcanics, this is implemented through a reduction in the effective diffusion
coefficient for the radionuclide, given by the following equation (BSC 2003 [164870], Section
6.5.1.1):

. D
padusied _ __ Ze Eq. 808
e (1+ kc )2 ( q )

where
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D9 is the effective diffusion coefficient of the radionuclide adjusted for the effect of

reversible attachment to colloids,
D, isthe effective diffusion coefficient of the radionuclide in the matrix, and

kc is the distribution parameter expressing the relative amount of radionuclide residing on the
colloids with respect to that in the aqueous phase, given by (Attachment Il of this report):

ke =Cor ke (Eq. 80b)

where
C.isthe colloid concentration in the groundwater, and

K, . isthe sorption coefficient for the radionuclide onto the colloids.

In the aluvium, diffusion is not an issue; however, the sorption coefficient for the radionuclide
onto the rock surface is modified due to the competition with the colloids as follows (BSC 2003
[164870], Section 6.5.1.1):

new _ kgriginal E . 81
K 1+ k) (Eq. 81)

where
k"™ s the sorption coefficient for the radionuclide in the alluvium in the absence of
colloids, and
k;* is the sorption coefficient for the radionuclide in the aluvium in the presence of
reversible attachment to colloids.

6.5.3 Base-Case Model Inputs

The base-case flow model (BSC 2003 [162649], Section 6.6; DTN: LA0304TM831231.002
[163788]) was used directly as an input to the base-case transport model. The flow model
provides the numerical grid with geometric coefficients and the groundwater flow velocity field,
which are used by the transport model. Modifications were made to the input file to include
base-case transport parameter values. These modifications do not impact the results of the flow
calculations. The parameters modified are rock bulk density, rock bulk porosity, effective
porosity in aluvium, flowing-interval porosity, matrix porosity in volcanics, effective diffusion
coefficient in the volcanic matrix, and flowing-interval spacing in volcanics and alluvium. Table
6.5-2 provides a list of input parameters for the base-case transport model. This table gives the
parameter name, its description and intended use, base-case value, type of uncertainty and the
source DTN. Additional parameters that are not included in the base-case model but are needed
for the abstractions analysis and subsequent feed to TSPA (BSC 2003 [164870]) are listed in
Table 6.5-3. The values of al of these parameters involve uncertainties. For each parameter, the
rationale for the selection of the range of value, probability distribution, and expected value is
summarized in Section 4.1.2 and details are given in Attachment | and in BSC (2003 [164870]
Section 6.5.2). The transport base case reported in this section focuses on providing, as output, a
single case of the transport model calculations. The ranges of input uncertainties are listed in
Table 4-2. For most parameters, the base-case value was chosen to be the median of the
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uncertainty distribution, except for the sorption coefficient, which was assigned a value of O for
the base case, which leads to faster transit times for the base case than the stochastic
simulations. The propagation of the uncertainties to the output breakthrough curves
(Output DTN: LA0309SK 831231.001) is documented in Section 8.

Table 6.5-2. Base-Case Model Inputs

Input Name Base-
(name of the variable in Input Description and Case Type of
the FEHM V 2.20 code) Intended Use Value Units | Uncertainty Source/DTN
DENRD in the control Bulk density in alluvium 1910 kg/m3 Epistemic * | BSC (2003 [164870])
statement “rock” needed for retardation SNO0306T0502103.007
calculations in Equations [163946]
76 and 77.
Kq in the control Sorption coefficient in 0.0 mL/g Epistemic Attachment .
statement “sptr” alluvium needed for Output DTN:
retardation calculations in LAO310AM831341.002
Equations 77 and 78.
PSD in the control Effective porosity in the 0.18 - Epistemic BSC (2003 [164870])
statement “rock,” alluvium needed for SN0306T0502103.007
fraction converting Darcy flux to [163946]
fluid velocity and
retardation calculations in
Equations 77 and 78.
Enters indirectly via the | Flowing interval porosity 0.01 - Epistemic BSC (2003 [164870])
Flowing Interval needed for converting
Aperture through the Darcy flux to fluid velocity
relation, fraction ° and retardation
Porosity = calculations in Equations
(Aperture/Spacing) 56a and 56b.
Enters indirectly via the | Flowing interval spacing 20 m Epistemic SNO0306T0502103.007
Flowing Interval needed for converting [163946]
Aperture through the Darcy flux to fluid velocity
relation ° and retardation
Porosity = calculations in Equations
(Aperture/Spacing) 56a and 56b.
APERTURE in the Flowing interval aperture 0.2 m Epistemic Obtained as the product
control statement needed for converting of flowing interval
“sptr” b Darcy flux to fluid velocity porosity and flowing
and retardation interval spacing given
calculations in Equations this table.
56a and 56b.
POR_MATRIX in the Matrix porosity in 0.15- - Epistemic BSC (2003 [164870])
control statement “sptr,” | volcanics, needed for 0.25 SNO0306T0502103.007
fraction diffusion and retardation [163946]
calculations in Equations
56b and 57.
DIFM in the control Effective diffusion 5.0x10™ | m?/s Epistemic | BSC (2003 [164870])
statement “sptr” coefficient in volcanics, SN0306T0502103.007
needed for diffusion [163946]
calculations in Equation
57b.
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Table 6.5-2 (continued). Base-Case Model Inputs

Input Name Base-

(name of the variable in Input Description Case Type of
the FEHM V 2.20 code) and Intended Use Value Units Uncertainty Source/DTN
Kg in the control Matrix sorption 0.0 mL/g Epistemic Output DTN:
statement “sptr” coefficient in LA0310AM831341.002

volcanics, needed for

retardation

calculations in

Equation 56a and 57.
AL in the control Dispersivity, 10.0 m Epistemic Section 4.1.2.16
statement “sptr” longitudinal, needed

for dispersion

calculations in

Equation 1 and 56a.
ATH in the control Dispersivity, 0.05 m Epistemic Section 4.1.2.17
statement “sptr” transverse,

horizontal, needed for

dispersion

calculations in

Equation 1.
ATV in the control Dispersivity, 0.0005 m Epistemic Section 4.1.2.18
statement “sptr” transverse, vertical,

needed for dispersion

calculations in

Equation 1.

Source: Output DTN: LA0306SK831231.001

% Epistemic uncertainty is defined as uncertainty in the parameter space of a conceptual model for which some

knowledge is obtainable (BSC 2002 [158794], Section 4.1.1).

b Input listed in Table 4-2 for flowing-interval porosity was multiplied by flowing interval spacing to obtain flowing

interval aperture.
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Table 6.5-3. Additional Parameters Needed for Abstraction Analysis

Input Name
(variable name and the

control statement where Base
it appears in the FEHM Case Type of

V 2.20 code) Input Description Value(s) Units Uncertainty Source/DTN
Multiplying factor® for Specific discharge 1 - Stochastic | BSC (2003 [164870])
SKD in control multiplication factor SN0306T0502103.007
statement “flow” [163946]
SCALEX, SCALEY in Permeability 4.2 - Stochastic | SN0306T0502103.007
control statement “fper,” | horizontal anisotropy [163946]
ratio
RD_FRAC in the control | Colloid retardation 0 - Epistemic Table 4-2
statement “sptr,” ratio factor in volcanics for

irreversible colloids

Needed in Equations 79 | Groundwater 0 g/mL Epistemic Table 4-2
and 80 for calculating concentration of
the relative colloids
concentration of
radionuclide on colloids,
needed for colloid
facilitated reversible
transport
Needed in Equations 79 | Sorption coefficient 0 mL/g Epistemic Table 4-2
and 80 for calculating onto colloids
the relative
concentration of
radionuclide on colloids,
needed for colloid
facilitated reversible
transport
In TSPA calculations, Fraction of colloids 0.0005" - Epistemic BSC 2003 ([162729],
used for post transported Section 6.6)
processing the unretarded
breakthrough curves
generated by the
transport model, fraction
Used for calculating Colloid retardation 0 - Epistemic Table 4-2

colloid sorption
coefficient using
Equation 57, which is in
turn input as the
variable Kq in the
control statement “sptr,”
ratio

factor in alluvium for
irreversible colloids

® Base-case permeabilities and recharge and boundary fluxes are multiplied by this factor to vary specific discharge
without affecting the flow calibration.
® This value is different from the base case value given in Table 4-2. This parameter does not enter the base case
transport model directly. It is used in TSPA calculations for post-processing the breakthrough curves output from

this report.
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6.6 BASE-CASE MODEL RESULTS

The base case model results (Output DTN: LA0306SK831231.001) are discussed in this section.
The conceptual and mathematical model described in Sections 6.3 and 6.5 of this report was
implemented in the numerical code FEHM V 2.20 (STN: 10086-2.20-00) [161725]. The FEHM
V 2.20 application is based on a finite-volume/finite-element heat- and mass-transfer code that
simulates non-isothermal, multiphase, multi-component flow and solute transport in porous
media. The details of this code, its usage and verification example are given in the Validation
Test Plan (VTP) for the FEHM Application Version 2.20 (LANL 2003 [164150]). The calibrated
base-case SZ site-scale flow model (DTN: LA0304TM831231.002 [163788]), which is described
in detail in the SZ flow model report (BSC 2003 [162649]), was used as the starting input.

The purpose of this model report is to provide a base-case model to be used as the starting point
for the SZ abstractions model (BSC 2003 [164870], Section 6.3) for use in the TSPA
calculations to assess various exposure scenarios. For this purpose, a single base-case transport
model is presented here along with its outputs. The propagations of uncertainties in the input
parameters to the output breakthrough curves are presented in Section 8 by documenting the
breakthrough curves at the 18-km compliance boundary (10 CFR 63.302 [156605]) for minimum
and maximum values of the various parameters. The barrier capabilities of the SZ transport are
presented in Section 6.7 of this report, where the influence of key parameters on the radionuclide
breakthrough is discussed.

The input transport parameter values and the sources for these values for the base-case model are
given in Table 6.5-2. Particle source locations were chosen to cover the anticipated repository
footprint at the water table. Calculations were performed for an instantaneous release of
particles at the source location. The breakthrough curve at the 18-km compliance boundary was
calculated by starting 1000 particles distributed over the repository footprint and by outputting
the cumulative number of particles crossing an east-west vertical plane across the entire width
and depth of the model. Output of this model is shown in Figure 6.6-1 where normalized
cumulative mass is plotted on the y-axis and the time in years on the log scale on the x-axis.

MDL-NBS-HS-000010, REV 01 89 12/19/03



18 km boundary

.50

Cumulative MMass Fraction
—_

0.00 — — —
1e+01 1e+07 Te+035 Te+04 1e+05
Time (years) since radionuclide entered saturated zone
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Figure 6.6-1. Breakthrough Curve at the 18-km Boundary for the Transport Base Case

The breakthrough curve plotted in Figure 6.6-1 corresponds to a breakthrough time at 50%
concentration of 705 years. A similar model calculation was performed where the number of
input tracer particles was changed (from 1000 in the base case) to nine particles spread over the
repository footprint, and the output option was changed to produce detailed particle tracks as
they moved from the source location to the 18-km compliance boundary. These are plotted
against a shaded relief map of the SZ site scale model area in Figure 6.6-2. Note that there is
very minimal transverse spreading of the flow paths due to the small value of transverse
dispersivities (Table 6.5-2). The flow paths in Figure 6.6-2 appear to converge towards the
southern portion of the model due to the large-scale heterogeneities that are explicitly included in
the hydrologic framework model (BSC 2003 [162649], Table 6.5-4).
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Figure 6.6-2. Particle Tracks Resulting from the Base-Case Transport Model

6.7 BARRIER CAPABILITY
6.7.1 Introduction

This section presents transport model calculations designed to illustrate the function of the
saturated zone barrier. These simulations explore in greater detail some of the key aspects of the
system, important uncertain model parameters, physical properties, and boundaries to illustrate
the functioning of the saturated zone as a barrier to radionuclide migration. Combined with the
validation section (Section 7) and the analysis of model uncertainties (Section 8.3), this section
describes the technical basis for the saturated-zone barrier in the context of the Yucca Mountain
waste disposal system.

In its simplest form, the saturated zone performs two functions in its role as a barrier to
radionuclide migration: (1) it delays the transport of radionuclides from beneath the proposed
repository to the compliance boundary, and (2) it attenuates the concentration of radionuclidesin
the mobile water. By examining the processes of matrix diffusion, advection, and dispersion for
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various ranges of parameters, the role of various processes on the delay and dilution of
radionuclides is presented. Also presented are intermediate breakthrough curves at the contact
between the fractured vol canic tuffs and the alluvium to assess the relative importance of the two
key hydrostratigraphic rock types. Because all parameters are estimated rather than known with
certainty, a few key parameters in this section are varied to complement the results from
Section 8.3. Finaly, transport simulations for the fraction of radionuclides bound to colloids are
also examined because of the importance of this process to radionuclide transport predictions in

the saturated zone.

The base-case simulation is presented in Section 6.6 of this report. This case serves as a
reference point for exploring the role of processes and features of the system in subsequent
simulations. The solid black curve in Figure 6.7-1a shows the breakthrough curve at the 18 km
boundary, which can aso be thought of as an arrival time distribution for transport through the
saturated zone. The base-case simulation (solid black curve) is the breakthrough curve for a
conservative, nonsorbing radionuclide in the absence of radioactive decay. Breakthrough times
on the order of hundreds of years are predicted for the bulk of the mass arriving at the water
table, with travel times extending into the thousands of years for the slowest moving 20% of the

mass (Figure 6.7-1b is discussed below).

18 km houndary
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n
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Time (years) since radionuclides entered saturated zone

Output DTN: LA0307ZD831231.001

Figure 6.7-1a. Breakthrough Curves for the Base Case, Conservative Radionuclides
and Sorbing Radionuclides: 18-km Boundary
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Figure 6.7-1b. Breakthrough Curves for the Base Case, Conservative Radionuclides and Sorbing
Radionuclides: Volcanic/Alluvium Boundary

6.7.2 Saturated Zone Subsystem Performance: Saturation in Volcanicsand Alluvium

Most radionuclides are expected to sorb to the rock, which should delay their arrival at the
compliance boundary. Figure 6.7-1a also shows severa simulations of sorbing radionuclides.
The curve labeled “Fracture sorption” allows sorption in the fracture continuum of the volcanic
tuffs and reflects a small matrix sorption coefficient of 1.3 mL/g. Including only this process
yields a breakthrough curve similar to the base case breakthrough curve but with significantly
delayed travel times. A fracture retardation factor of 1.5 is used, which is a relatively small
value meant to represent a weakly sorbing radionuclide. The final two curves in the figure show
the influence of sorption in the aluvium (either with or without sorption in the fractured
volcanics). Travel times largely in excess of 10,000 years are predicted in the saturated zone
alone for a sorption coefficient of 6.3 mL/g, meant to fall in the range of K4 values for weakly
sorbing radionuclides such as neptunium. It is seen from these curves that sorption in the
alluvium can increase the transport time by orders of magnitude of even the weakly sorbing
radionuclides such as neptunium. Thus for the base case SZ transport model with the inclusion of
sorption in the alluvium, these results demonstrate that the saturated-zone barrier provides a
travel time delay on the order of the regulatory time scale of interest for the repository for all but
the conservative or very weakly sorbing radionuclides.
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6.7.3 Saturated-Zone Subsystem Performance: Fractured Volcanic Tuffsand Alluvium

To illustrate in more detail the function of the saturated zone, breakthrough curves were
computed at an intermediate location in the model at a boundary defined by the transition from
fractured volcanic tuffs to alluvium. Figure 6.7-1b shows breakthrough curves for the base case
and fracture sorption scenarios at the volcanic/alluvium boundary, which is approximately 10 km
south of the southern boundary of the repository footprint. Comparing these simulations to the
equivalent curvesin Figure 6.7-1a, it is observed that the early parts of the breakthrough curves
differ from each other, but the latter parts are very close to each other. This shows that alluvium
plays asignificant role for short transport times. By contrast, the tails of the breakthrough curves
are due primarily to transport through fractures and matrix diffusion. Therefore, while the
fractured volcanic tuffs are expected to provide significant delay for a fraction of the mass, the
fastest moving portion of a radionuclide is controlled by transport through the aluvium. The
reason for this result is that aluvium transport is expected to be characterized by continuum flow
and transport through the bulk medium, in contrast to the fracture transport expected in the
volcanics. Finaly, based on the fracture sorption breakthrough curve in Figure 6.7-1b, sorption
in the fractured tuffs is expected to provide significant travel-time delays, even without
considering the subsequent transport through the alluvium.

6.7.4 Saturated-Zone Sensitivity Analyses: Advection, Diffusion, and Dispersion

The processes of advection, dispersion, and diffusion into the rock matrix all play key roles in
the prediction of saturated-zone barrier performance. In this section, the importance of these
processes isillustrated by examining breakthrough curves for a variety of scenarios in which one
or more parameters are changed to isolate a particular process. These results are presented in the
context of saturated-zone transport barrier performance, focusing on results relevant to the
arrival times and dispersion of radionuclides. Figures 6.7-2a (18-km boundary) and 6.7-2b
(volcanic/aluvium contact) show the breakthrough curves for a conservative radionuclide for the
base case, a case with matrix diffusion but no hydrodynamic dispersion (referred to hereafter
simply as diffusion and dispersion, respectively), and a case with dispersion but no diffusion.
Both diffusion and dispersion result in the spreading of breakthrough curves at the 18-km
boundary (or the volcanic/aluvium contact). The implication for radionuclide dilution is that
any sharp pulse of high concentration reaching the saturated zone would be attenuated due to
diffusion and dispersion by the time that mass reached the compliance boundary. Additional
discussion of this point is provided in Section 6.7.6.
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Regarding the relative importance of diffusion and dispersion in spreading the arrival time
distribution, Figures 6.7-2a and 6.7-2b suggest that as long as diffusion in volcanics matrix
occurs, the additional spreading afforded by a dispersion mechanism is very small (note the close
similarity of the base case and “no dispersion” curves). By contrast, the no-diffusion
breakthrough curve deviates significantly from the base case, showing the role of diffusion both
for dispersing the mass and delaying the arrival times. One important factor to consider is that
the dispersion being examined in this sensitivity analysis is only the hydrodynamic dispersion
that occurs at scales smaller than the model grid block, as parameterized with the random-walk
dispersion model. Larger-scale heterogeneities (e.g., hydrostratigraphic units of contrasting
permesabilities, faults) are explicitly incorporated in the model. Therefore, because these large-
scale dispersion mechanisms are “built into” the model, they are not turned off in the no-
dispersion simulations presented here. Nevertheless, the breakthrough curve comparisons show
the importance of diffusion as a mechanism for both delaying the travel times and spreading the
distribution of the arrival times. Small-scale dispersion is relatively unimportant.

Another factor requiring examination is the spatial distribution of the contaminant source term.
These breakthrough curves have been generated for a distributed release of contaminants,
simulated by distributing a patch of particles throughout the repository footprint. There is a
possibility that some of the spreading of arrival timesis caused by the different starting locations
of the particles, especidly if there is a wide range of permeabilities and fluid fluxes directly
beneath the repository. In contrast, if the radionuclide source term occurs due to the failure of
only one or a few waste packages, the source term at the saturated zone would more closely
resemble a point source. Figures 6.7-3a and 6.7-3b examine the role of the contaminant source
in controlling the breakthrough curve by comparing the distributed source with one in which all
particles are introduced at a single location near the center of the repository footprint. The
breakthrough curve at the 18-km boundary (Figure 6.7-3a) for the case without diffusion is
sharper than the one for the base case, and the difference between the curves is more pronounced
at later times. This suggests that the spreading at early arrival times for nondiffusive transport is
caused by the distributed source. However, diffusion into the rock matrix tends to mask this
effect at later times. For example, in Figure 6.7-3b, a comparison of the base-case curves (solid
black—distributed source; dashed green—point source) shows that apart from a slight difference
in the first arrival times, the breakthrough curves track each other closely, suggesting that the
details of the release location(s) at the repository footprint should have a relatively minor effect
on the predicted breakthrough curve.

Regarding advection, it is expected that specific discharge is one of the most important uncertain
parameters in the SZ transport model, owing to its first-order influence on solute velocity and the
fact that available data and models provide relatively wide bounds on its estimated value.

Figures 6.7-4a (18-km boundary) and 6.7-4b (volcanic/aluvium contact) show the predicted
breakthrough curve for a conservative radionuclide over a broad range of values of specific
discharge. Thiswide range of fluxes (Table 4-2 of thisreport) covers both the uncertainty in the
specific discharge and the anticipated increases in groundwater flux caused by the changeto a
future, wetter climate. As expected, the groundwater flux controls the travel-time distribution,
suggesting that future characterization and modeling efforts focusing on reducing uncertainties in
specific discharge are most likely to reduce overall uncertainties in the behavior of the
saturated-zone barrier.
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6.7.5 Colloid-Facilitated Transport in the Saturated Zone

In the final set of simulations of this section, calculations are presented that illustrate the
performance of the saturated-zone barrier to retard the migration of radionuclides bound to
colloids. Given that the most deleterious colloid-related effect on saturated-zone performance is
likely to be the mobility of otherwise immobile radionuclides via colloids, the focus of this
section is on that process. Furthermore, attention is restricted here to radionuclides irreversibly
attached to colloids (termed “irreversible colloids’ in the figures). These radionuclides do not
diffuse into the volcanic matrix due to the large size of the colloids. Thus the matrix diffusion
coefficient is set to 0 in this simulation. Retardation occurs due to the reversible filtration of the
colloids themselves in the aluvium and in the fractures within the volcanic units. The colloid
retardation factor distributions for the volcanics and the aluvium were constructed from
numerous laboratory and field experiments. The construction of these distributions is described
in detail in BSC (2003 [162729], Sections 6.4 and 6.5). Median values given in BSC (2003
[164870], Section 6.5.2; DTN: SN0O306T0502103.007 [163946]) for the colloid retardation factor
in aluvium of 33.9 and in the volcanics of 26 are used in the smulation. Figure 6.7-5a shows the
expected behavior of colloidal-species transport compared to the base-case aqueous species
transport. First arrivals are predicted to be dlightly less than 10,000 years, with most of the
inventory arriving at the compliance boundary with arrival times greater than 10,000 years.
However, note that if larger specific discharge values are used, as would be the case for a future,
wetter climate, the entire breakthrough curve would shift to travel times of less than 10,000
years. The difference between the agueous and colloid breakthrough curves is attributable to
reversible filtration of the colloids, which are modeled using a retardation factor that will be
treated as a stochastic parameter in TSPA calculations. Thus, the modeling suggests that for the
fraction of the radionuclide inventory that reaches the saturated zone within the compliance time
period, the saturated zone is expected to impart a significant travel-time delay, but perhaps not
sufficient to prevent some of these radionuclides from reaching the biosphere. Finally,
comparison of the colloid breakthrough curves of Figures 6.7-5a and 6.7-5b shows that transport
of colloid-bound radionuclides in the volcanics accounts for about one fourth of the total travel
time through the system.
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6.7.6 Discussion of Saturated-Zone Barrier Performance

The two functions of the saturated-zone barrier, which are the ability to delay the arrival and
attenuate the radionuclides via the mechanisms of dispersion and diffusion, have been
demonstrated in this section through a series of model simulations. It is seen that sorption in the
alluvium can increase the transport time by orders of magnitude of even the weakly sorbing
radionuclides such as neptunium. Thus for the base case SZ transport model with the inclusion of
sorption in the aluvium, travel timesin excess of 10,000 years are expected within the saturated
zone for al but the most weakly or nonsorbing radionuclides. For nonsorbing species, travel
times on the order of 1000 years are expected. Radionuclides irreversibly bound to colloids may
be delayed by several thousand years, but the actual value is quite uncertain due to the
multiplicative impact of uncertainties in the specific discharge and the effective filtration
retardation factor of colloids. Travel times for radionuclides irreversibly bound to the fast
fraction of colloids are expected to be on the order of 1000 years, the same as those for the
nonsorbing case. In essence, the saturated-zone barrier provides a travel-time delay on the order
of or greater than the regulatory time period of interest for many radionuclide, but not those
expected to travel without significant retardation due to sorption or colloid filtration.

To understand the role played by the saturated-zone barrier in attenuating radionuclides, the
spread of arrival times at the compliance boundary in the form of cumulative arrival-time
distributions was examined rather than simulating the in situ concentrations. The justification for
this approach relates to the regulatory framework in which the modeling is being performed.
Radionuclide mass flux is calculated by assuming that the entire annua radionuclide mass
reaching the accessible environment is captured (10 CFR 63.332 (b)(2) [156605]). The
concentration is then calculated by assuming that this mass is uniformly distributed in the
representative volume of groundwater that would be withdrawn annually (3,000 acre-feet per
year as defined by 10 CFR 63.332(a)(3) [156605]). Therefore, in situ concentrations are not
relevant to barrier performance. The mass flux of radionuclides divided by the representative
volume is the concentration of interest. Radionuclide mass flux at a compliance boundary is a
common metric used in studies of contaminant transport in groundwater (e.g., Dagan et al. 1992
[163800], pp. 1369-1370). The approach taken here is patterned after the well-known solute
mass flux approach. Hence, it is acceptable to use the particle-tracking model, although it has
limitations requiring the use of a large number of input particles in applications where in situ
concentrations are needed.

Nevertheless, attenuation of radionuclides during their transit from beneath the repository to the
compliance boundary can be treated qualitatively by recognizing that the spread of the arrival-
time distribution is related to the ability of the saturated zone to dilute radionuclide
concentrations. The approximate duration over which relative concentration in the breakthrough
curves rise from O to 1 can be compared to the duration of a transient pulse of high
concentration. If the latter is smaller than the former, then the saturated-zone barrier will dilute
the input pulse of high concentration to a lower value through the process of hydrodynamic
dispersion and matrix diffusion. Thus, based on the breakthrough curves provided in this
section, a high concentration, short-duration pulse of radionuclides of duration of about
100 years or less would become spread out in time within the saturated zone alone, to a high
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degree of certainty. This characteristic of the saturated-zone barrier has implications on how the
system is modeled for TSPA. Specificaly, it implies that short-time-scale, high-concentration
pulses need not be simulated explicitly as long as the correct overall radionuclide mass is input
into the model.

For reasons related to the discussion above, transverse dispersion, though included in the
SZ site-scale transport model, was not examined in sensitivity studies of barrier performance
because it is not likely to be important to the function of the barrier. Small transverse
dispersivity values estimated for the saturated zone will spread radionuclides a short distance
orthogonal to the principal transport direction. This would have a significant influence on thein
situ concentration but not on the overal flow path through which the plume travels. Therefore,
the mass flux reaching the compliance boundary will not be affected significantly.

Finally as seen from Figures 6.7-4a and 6.7-4b, and BSC (2003 [164870], Section 6.7.1) the
transit time through the SZ is a strong function of specific discharge. Therefore, studies that
would reduce the bounds on specific discharge (under present-day conditions and due to the
influence of climate change) would be the most important for reducing overall uncertainty in
saturated-zone barrier performance. Colloid-transport data would also be useful, especidly in
the aluvium, where both colloid transport and aqueous-species transport data from multi-well
tests are not available.
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7. VALIDATION

The SZ site-scale transport model is designed to provide an analysis tool that facilitates
understanding of solute transport in the aguifer beneath and downgradient from the repository. It
is also a computational tool for performing radionuclide migration predictions in the saturated
zone. For these predictions to be creditable, it must be demonstrated that the SZ transport model
has been validated for its intended use. This statement means that there is established
“confidence that a mathematical model and its underlying conceptual model adequately
represents with sufficient accuracy the phenomenon, process, or system in question”
(AP-SI11.10Q, Rev. 2, ICN 0, Models, Section 3.13).

The validation activities for the SZ transport model are carried out according to the Technical
Work Plan for: Saturated Zone Flow and Transport Modeling and Testing (BSC 2003 [163965],
Section 2.3). For validation of the SZ transport model, the technical work plan (TWP) states that
the Level 1l validation “will be achieved by satisfying the criteria listed in items &) through f) of
Appendix B of the Scientific Processes Guidelines Manual (SPGM; BSC 2002 [160313]),
together with post-model development validation methods based on corroborative field and
laboratory data’ (BSC 2003 [163965], Section 2.3). The TWP specifies that post-devel opment
validation of the transport model will include the following comparisons:

1. Quantitative comparison of predicted transit times from the repository footprint to the
compliance boundary with those derived from analyses of field hydrochemical and
isotopic data. Validation will be considered acceptable if the range of model results is
consistent with the range derived from the data. The distributions of transit times will be
compared with groundwater ages to ensure that calculated breakthrough behavior is
consistently faster than natural aging of the waters.

2. Qualitative comparison of predicted flow paths with flow paths from anaysis of
field hydrochemistry and isotopic data. Validation will be considered acceptable if the
predicted flow paths starting at the repository footprint lie within the appropriate flow
region inferred from the data.

As aresult of the time and spatial scales involved and the fact that radionuclides cannot be used
astracersin field experiments, validation and confidence building for the SZ transport model has
to rely on indirect data and inferences derived from technically related laboratory and field tests
and natural analogs. Recognizing that the model is being used to perform probabilistic
calculations in which parameter uncertainties are propagated through the model, the intent of the
validation and confidence-building activities is to confirm that radionuclide parameters and
processes operative at the Yucca Mountain site are adequately represented with sufficient
accuracy in the SZ site-scale transport model. This confirmation is accomplished by a series of
different approaches that include: (1) comparisons to analog sites, (2) model-data comparisons,
and (3) comparison with data published in refereed journals.

Confidence building during model development was based on the available laboratory and

analog data as well as comparison with an independent site-scale groundwater flow model for the
Yucca Mountain saturated zone (Winterle et a. 2003 [163823], pp. 152-153), as described in
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detail in Section 7.1. These data were not used for post-development model validation, and only
the comparison with the field hydrochemical and isotopic data were used as a post-devel opment
method for satisfying the validation criteria as detailed in Section 7.2.

The validation exercises performed here demonstrate that the parameters and processes sel ected
have an experimental or observational basis and that the model-derived flow paths and transit
times are consistent with field data. The model is validated for use in a stochastic analysis that
establishes ranges of potential behavior of the SZ transport system. The SZ site-scale transport
model is valid for simulating radionuclide transport in the saturated zone resulting in generation
of radionuclide breakthrough curves several kilometers downstream from the source region.
This model is intended for use with stochastic simulations using large uncertainty ranges for
certain parameters such as specific discharge, fracture spacing and aperture, diffusion coefficient,
and sorption coefficients. Care should be exercised in interpreting individual simulations for a
single set of parameter values. Also, care should be exercised if the parameters used fall outside
the range of parameter values given in this report.

7.1 CONFIDENCE BUILDING IN THE CONCEPTUAL MODEL

Confidence building in the radionuclide parameters (Section 7.1.1) and submodel components
(Section 7.1.2) during the SZ transport model development was achieved by examining data
from natural and man-made analogs and field and laboratory studies. These data were not used
for post-development model validation activities.

7.1.1 Analog Studiesto Support Transport Parameters

The study of radionuclide transport parameters based on observations at analog sites leads to
increased confidence in the parameters that are used in the transport model presented in this
report. The transport parameter values and processes for radionuclides of concern are sensitive
to the site-specific geological and geochemical conditions. However, the SZ site-scale transport
model is intended for use in making TSPA predictions using a wide range of parameter input
values that reflect uncertainty in the input. The analog studies provide a qualitative comparison
of the information with the parameters used in this model report. The analog studies considered
here are the Nevada Test Site and uranium analog sites—Uranium Mill Tailings Remedial
Action (UMTRA) sites in the United States (U.S.); El Borrocal in Spain; Pamottu, Finland; the
Alligator Rivers site in Australia; Pocos de Caldas in Brazil; the Cigar Lake site in Canada; and
Los Alamosin the U.S.

7.1.1.1 Nevada Test Site

Discussed in this section are relevant information and insights gained from radionuclide
migration studies performed at the NTS, which is the U.S. continental nuclear weapons testing
site. These results are relevant because the geology and geochemistry are similar to those at the
Yucca Mountain due to the proximity between the two. Between 1951 and 1992, 828
underground tests were conducted at the NTS at locations indicated in Figure 7-1 (Wolfsberg et
al. 2002 [162688]). In genera, though not exclusively, tests were conducted below the water
table, making radionuclide migration information potentially important to consider for the SZ
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transport model. Tests in Yucca Flat and Frenchman Flat were principally situated in
Quaternary-aged alluvium, analogous to the aluvium downgradient from Yucca Mountain.
In contrast, tests beneath Pahute Mesa were generally conducted in volcanic-rock aquifers, which
is a useful analog for the fractured volcanic tuffs beneath Yucca Mountain. Therefore,
observations of radionuclide migration from these tests are useful corroborative information

relevant to the main rock types in the flow path from beneath Y ucca Mountain to the compliance
boundary.

NTS boundary
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Source: Wolfsberg et al. 2002 [162688], Figure 1-1.

Figure 7-1. Locations of Underground Nuclear Tests and the Specific Locations of the TYBO and
BENHAM Tests at the Nevada Test Site

For severa decades, radiological data have been gathered to examine the potential migration of
radionuclides in groundwater away from underground nuclear tests. Smith (2002 [162687])
summarizes the radiochemical investigations performed by the U.S. Department of Energy
(DOE) Defense and Environmental Management Programs to characterize the current and
potential future migration rates of radionuclides from these tests. In addition to genera
conclusions about the relative mobility of radionuclides at the NTS, there are more site-specific
results in both aluvium and volcanic-rock aquifers that provide points of reference for
large-scale mobility under hydrogeologic conditions similar to the Yucca Mountain saturated
zone. The next section summarizes the general conclusions, followed by detailed discussions on
observations and testing a the CAMBRIC site and the ER-20-5 wells adjacent to the
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TYBO-BENHAM site.  For the latter discussions, the NTS results are compared to the
SZ transport conceptual model to demonstrate consistency with NTS data and anal yses.

7.1.1.1.1 General Conclusionsfrom NTS Investigations

To understand the similarities and differences between potential transport in the saturated zone
beneath Yucca Mountain and migration away from an underground nuclear test, a brief
conceptual description derived from Smith (2002 [162687], pp. 20-23) is provided. Transport
from a nuclear test occurs in two steps: (1) a so-called “prompt transport” occurring over time
scales of the nuclear detonation, and (2) groundwater transport occurring over a scale of years to
centuries, depending on the flow regime. Prompt processes are generally thought to be as a
plasma or gas through localized zones of failure in the rock. After thisinitial period, the system
typically reverts over a period of years to a more ambient condition. However, the near-field
system is permanently changed as a result of the nuclear detonation. Generally, a cavity is
created containing a large inventory of radionuclides in the form of a solidified glass. The
interaction of this glass with groundwater results in a long-term source for radionuclides in the
groundwater. Above the cavity, a so-called chimney of hydrologically affected rock exists as a
result of the underground explosion. If this chimney is of higher permeability than the
surrounding rock, residual heat from the detonation can create a thermally buoyant water flow
and radionuclide transport pathway up the chimney to zones of permeable rock in the aquifer.
Then, groundwater flow under natural conditions transports radionuclides in the prevailing
direction and at a velocity governed by the aquifer flow conditions.

Only the far-field flow and transport from underground tests are directly relevant to
Y ucca Mountain SZ transport. Therefore, data from downgradient wells provide the most useful
information for the present study. However, the far-field observations contain inherent
uncertainties due to the other transport processes (e.g., prompt transport, buoyant transport in the
chimney). Additional indirect evidence on radionuclide mobility is also available by comparing
the radionuclide concentrations in the cavity, chimney, and far-field fluids collected and
summarized in Smith (2002 [162687]). Caution must be exercised with cavity and chimney data
because they can have unique thermal and geochemical conditions that could influence the
speciation and sorption characteristics of the radionuclides. As a result, including radionuclide
concentrations from cavities and chimneys could potentially introduce data that were collected
under conditions that are not representative of the saturated zone beneath and downgradient of
Yucca Mountain. Despite these limitations, the following summarizes conclusions of Smith
(2002 [162687], p. 31) on the relative mobilities of radionuclides derived from cavity, chimney,
and far-field radionuclide measurements.

e The most mobile radionuclides at the NTS, traveling essentially unretarded compared to
tritiated water (*H), are: *C, *°Cl, ®Kr, ®Tc, and *°I.

e By contrast, the following radionuclides are relatively immobile, appearing in the cavity
and chimney waters but generally not in the far-field: *°Sr, *3’Cs, ***Eu, ***Eu, and Z°Pu.

« Degpite this conclusion, several radionuclides generally considered to be immobile, such
as plutonium, sorb to natural colloids and appear to migrate over significant distances.
For example, Kersting et a. (1999 [103282], p. 59) showed that the concentration of
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plutonium observed in wells significantly downstream from the source was very small
(~10"* M) and, therefore, concluded that only a very limited fraction of the plutonium
associated with the test was mobile (additional details provided in Section 7.1.1.1.3 of
this report).

e Wolfsherg et al. (2002 [162688], Section 7.7.3) report that Cs, Sr, and Eu isotopes were
also found in these wells in the presence of colloids.

« Finnegan and Thompson (2002 [162695], pp. 13-14) detected “’Np in the same wells
where the more reactive radionuclides listed above were found.

These results are qualitatively consistent with the SZ transport model conceptualization and
parameter distributions. Sorption coefficients are set to zero for radionuclides found to be
mobile at the NTS, most notably **C, *Cl, ®Tc, and *®I. The SZ base case transport model
represents the case of these radionuclides. For less-mobile radionuclides, such as *°Sr and **'Cs,
as discussed in Attachment I, relatively large sorption coefficients are recommended, and hence,
significant retardation. In general, the relative mobilities of the different radionuclides included
in the SZ transport model are consistent with the data available from the NTS
radiological measurements.

7.1.1.1.2 Radionuclide Transport in Alluvium (CAMBRIC Test)

Transport from the CAMBRIC test, conducted in 1965 in the alluvium in Frenchman Flat, has
been extensively studied in subsequent years to understand the rates of radionuclide migration in
groundwater. Wells were drilled to obtain radionuclide concentrations in both the near-field and
far-field, and a 16-year aquifer pump test was conducted to determine the migration rates
through the alluvium from the test cavity to the pumping well under forced-gradient conditions.
The pumping well, RNM-2S, was drilled 91 m south of the CAMBRIC test and screened from
16 m to 41 m below the bottom of the CAMBRIC cavity (Smith 2002 [162687], p. 7). After
about two years of pumping, essentially simultaneous breakthrough of 3H, #Kr, *°Cl, %I, %Ry,
and ®Tc were observed. A tritium breakthrough curve published in Tompson et 4.
(1999 [162686], Figure 35) shows a peak concentration about 5.5 years after pumping started
and a slow decline in concentrations thereafter, until the end of the test. By contrast, cations
g, 137Cs, 52Eu, ™Eu, and “°Pu, though present in the cavity fluids, were not observed in the
well during the 16 years of pumping (Smith 2002 [162687], p. 7).

The lack of arrival of less mobile radionuclides at the pumping well, allows a lower bound to be
placed on the retardation factor. As an order-of-magnitude estimate, lack of arrival after
16 years when the first arriva of tritium was about two years, lead to retardation factors of at
least 8. Using the range of porosities reported in the same study of 0.1 to 0.38 (Tompson et al.
1999 [162686], Table 20), this value of the retardation factor leads to Ky values between 5 and
10 mL/g, which are consistent with the ranges given in Attachment | for these radionuclides.
Complications include a time-varying flow rate and analytical detection limit issues for
plutonium (Tompson et al. 1999 [162686], p. 152). Nevertheless, this minimum value of 8 can
be compared to the retardation factors exceeding 1000 based on models and laboratory data for
%5 and **'Cs (Tompson et al. 1999 [162686], Table 25). In short, breakthrough was not
expected based on laboratory data and sorption models, and it did not occur in the field, which
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lends credence to the concept of retardation by sorption in the alluvium. However, atight bound
on the actual retardation factor is not possible from thisfield test.

7.1.1.1.3 Radionuclide Transport in the Volcanics (TYBO-BENHAM Study)

The interpretations presented in this section were obtained from a report by Wolfsberg et al.
(2002 [162688], Chapter 1), who performed a comprehensive analysis of transport at the NTS.
Underground tests called BENHAM (in 1968) and TYBO (in 1975) were conducted at Pahute
Mesa in volcanic rocks beneath the water table (Figure 7-1). Subsequently, to investigate the
potential migration of radionuclides, observation wells ER-20-5 #1 and ER-20-5 #3,
approximately 300 m southwest of TYBO, were drilled and completed in the Topopah Spring
welded tuff, which is the same unit in which the TYBO test was carried out (Pawloski 1999
[162685], p. 20). Sampling of these observation wells between 1996 and 1998 indicates el evated
concentrations of isotopes of H, C, Cl, Sr, Tc, I, Cs, Co, Eu, Am, and Pu (Wolfsberg et a. 2002
[162688], Tables 1-1 and 1-2). Kersting et al. (1999 [103282], p. 56) studied the low levels of
plutonium found in the two observation wells in greater detail. Plutonium was detected in
ER-20-5 #3 at approximately the elevation of the BENHAM working (detonation) point and in
ER-20-5 #1, approximately 500 m above the lava (Figure 7-2). The plutonium in both wells was
found associated with colloidal material, and isotopic fingerprinting by Kersting et al.
(1999 [103282], p. 58) showed that the plutonium originated at BENHAM rather than TYBO,
despite the closer proximity of the ER-20-5 wellsto TYBO.
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Source: Wolfsberg et al. 2002 [162688], Figure 1-2.

Figure 7-2. Schematic of Possible Pathways from the BENHAM Test to the ER-20-5 Observation Wells
This observation suggests that plutonium, typically considered to be relatively immobile, in fact
migrated 500 m vertically and 1300 m horizontally. Kersting et al. (1999 [103282], p. 58) point
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out that it is unlikely that plutonium from BENHAM was transported via prompt injection (at the
time of detonation) over the distances necessary for observation at the two separate ER-20-5
wells. Further, because the plutonium detected in the ER-20-5 wells was entirely associated with
colloids, plutonium migration via colloid-facilitated transport in groundwater is the most likely
explanation. Wolfsberg et al. (2002 [162688], Chapter 1) constructed an integrated model of the
system based on the conceptual model depicted in Figure 7-2. That study concluded that for
expected values for parameters, migration of small amounts of plutonium from BENHAM to the
observation points is plausible in less than 30 years (Wolfsberg et al. 2002 [162688], p. 8-3).
Their colloid-facilitated transport model employed a kinetic model for the sorption of plutonium
onto colloids. It was found that slow desorption of plutonium from the colloids is required to
allow asmall fraction of the massto travel viacolloids. Inthe SZ site-scale transport model, two
mechanisms of colloid-facilitated transport are incorporated: one is a reversible sorption model,
and the other is an irreversible sorption model for radionuclide attachment onto colloids. The
only retardation mechanism for the latter is retardation of the colloids by filtration, which is
modeled using a retardation-factor-type parameter. This latter approach is consistent with the
field observation from the TYBO-BENHAM and ER-20-5 wells that a fraction of the inventory
of otherwise immobile radionuclidesis transported via colloids.

There is no way to fingerprint the source of the other radionuclides detected at these observation
wells using isotope ratios. Nevertheless, the plutonium observations pointing to a BENHAM
source can be used to hypothesize that the other radionuclides cited above aso migrated the
1300 m horizontally from BENHAM, given that a groundwater transport pathway is implied by
the plutonium data. For some of these other radionuclides, such as americium, colloid-facilitated
transport is a likely mechanism: this explanation is adopted in the SZ transport model by treating
americium using a colloid-facilitated transport model. Others, such as ®Sr and **'Cs, are
normally considered to be aqueous, sorbing radionuclides. Based on the available information, it
is not possible to choose among the following explanations. (1) colloids are aso responsible for
migration, (2) sorption is not effective due to limited contact with the rock during fracture flow,
or (3) the source of these radionuclides is not BENHAM, but TYBO, and transport distances are
much shorter. The SZ transport model allows the possibility of relatively rapid transport of these
radionuclides through fractures, making the model, though uncertain, consistent with the
ER-20-5 observations for these radionuclides.

7.1.1.2 Transport of Uranium at Natural Analog Sites

This section briefly summarizes information on transport of uranium from different analogue
sites to determine their relevance to conditions present at Y ucca Mountain. Based on monitoring
programs at UMTRA sites across the U.S., under oxidizing conditions representative of the
transport path in the saturated zone, uranium transports as a nonsorbing to weakly sorbing
contaminant (BSC 2002 [160405], Section 12.3). Thisfinding is consistent with the conceptual
and mathematical model presented in Section 6 and the ranges of Ky values developed for
uranium in Attachment |.

A study of natura uranium ore bodies at El Berrocal in Spain (BSC 2002 [160405],

Section 12.4.2.1) and a study of radionuclide migration in fractured gneisses and migmatites at
Palmottu, Finland (BSC 2002 [160405], Section 12.4.2.2) led to the conclusion that effects of
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matrix diffusion are seen in up to severa tens of millimeters of rock matrix adjacent to fracture
surfaces. These studies also showed that reactive processes between the radionuclides and the
rock matrix effectively immobilized the radionuclides.

In studies at Cigar Lake, Canada; Alligator Rivers, Australia; and Pocos de Cadas, Brazil
(BSC 2002 [160405], Section 12.4.3), it was found that uranium, thorium and rare-earth
elements transported in association with colloids. Similar conclusions were reached in studies at
the Nevada Test Site and Los Alamosin the U.S. (BSC 2002 [160405], Section 12.4.3).

7.1.2 Submode Components

Confidence building in submodel components of the SZ transport model was conducted through
comparison of the conceptual model of SZ transport with the results of field tests conducted at
the C-wells complex, the ATC, and the CAMBRIC site on the NTS. At the C-wells complex,
which is located approximately 2 km southeast of the high-level radioactive waste repository
footprint at Y ucca Mountain, a series of conservative and reactive tracer tests were conducted in
the various hydrogeologic units, principally fractured volcanic tuffs. Tracer tests were conducted
separately in Bullfrog Tuff and Prow Pass Tuff units to study contaminant transport in different
fractured volcanic media (BSC 2003 [162415], Section 6.4). The tracer test conducted at the
C-wélls is used to identify the important transport processes for the fractured volcanics.
Conceptualization of transport processes for the alluvium were also based on field tests
conducted at the NC-EWDP-19D1 wells and the at the CAMBRIC site on the NTS. At the
NC-EWDP-19D1 wells, three single-well, injection-withdrawal tests were conducted in the
saturated alluvium. In each of the three tracer tests, two nonsorbing solute tracers with different
diffusion coefficients were simultaneously injected. Detailed information on the identification of
the various transport processesis provided in BSC (2003 [162415], Section 6.5). Summary-level
discussions of the conceptual model elements follow in Sections 7.1.2.1 to 7.1.2.9 of this report.
More lengthy discussions in Section 6 give added detail to the inclusion of the following in the
SZ transport model:

e Advection in the volcanics (see Section 6.3, item number 2)

e Dispersion in the volcanics (see Section 6.3, item number 2)

e Matrix diffusion in the volcanics (see Section 6.3, item number 3)

e Sorption in the volcanics (see Section 6.3, item number 4)

e Colloid facilitated transport in the volcanics (see Section 6.3, item number 5)
e Advection in the alluvium (see Section 6.3, item number 6)

e Diffusion and dispersion in the alluvium (see Section 6.3, item number 6)

e Sorption in the alluvium (see Section 6.3, item number 7)

e Colloid facilitated transport in the alluvium (see Section 6.3, item number 8)

7.1.2.1 Advection Through Fracturesin the Volcanics

Figure 7-3 shows the results of a cross-hole tracer test in the Bullfrog Tuff member of the Crater
Flat Group for the three soluble tracers. PFBA, bromide, and lithium (a weakly sorbing tracer).
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The injection and production wells were separated by approximately 30 m at the test depth (BSC
2003 [162415], Table 6.1-1). The fractional recovery for PFBA and bromide was 0.69 and that
for lithium was 0.39 (BSC 2003 [162415] Section 6.3.5). This is consistent with the
interpretation of lithium as a sorbing tracer. Tracer breakthrough curves are plotted as
normalized concentration versus time (normalization is performed by dividing by the tracer mass
injected) at the production well so that they can be compared directly to one another. The most
prevalent feature in these breakthrough curves is the presence of multiple peaks. This result was
due to the presence of two advective pathways between the wells and the particular means for
injecting the tracer mixture, which gave rise to two distinct flow paths of overlapping travel
times. This feature is a site-specific detail due to the local hydrologic conditions. The general
behavior of the system implied by the breakthrough curves in Figure 7-3 is that advection occurs
primarily in the fractures. Rapid travel velocities between the wells (solute breakthrough within
the first 10 hours of the test) are consistent with the conceptual model element of fracture flow
through the volcanics. This test was conducted under forced gradient conditions (BSC 2003
[162415], Sections 6.3.5.3 and 6.3.5.4) and the solute velocities are expected to be much higher
than the natural gradient conditions. By contrast, advection in the matrix would have resulted in
much longer transport times. Therefore, these observations lend strong support to the use of a
fracture-flow model for advection in the volcanics.
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NOTE: Log-log scales are used for the axes so that the bimodal nature of the tracer responses can be seen more
clearly.

Figure 7-3. Normalized Tracer Concentrations Versus Time in the Bullfrog Tuff
Tracer Test Conducted from October 1996 to September 1997
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7.1.2.2 Dispersion in the Volcanics

A computer modeling analysis of the C-wells test has been used to derive field-scale transport
parameters for longitudinal dispersivity. A plot of the longitudinal dispersivity values as a
function of test scale for several NTS fractured-rock, tracer-test programsis shown in Figure 7-4.
The plot indicates that the longitudinal dispersivity increases with test scale, the range of the test
scale going from less than one meter to over 100 meters (Leap and Belmonte 1992 [156838], pp.
87-95). Figure 7-5 shows the range of longitudinal dispersivities as a function of scale derived
from the C-wells multiple-tracer tests (darkened area) superimposed on a plot of dispersivity
versus scale prepared by Neuman (1990 [101464], Figure 3). Note that the lower end of the
range of length scales associated with the darkened area corresponds to the interwell separation
in the tracer tests and the upper end corresponds to the test interval thickness (used as an upper
bound for the transport distance). The range of longitudinal dispersivities derived from the
C-wells tests and the scale dependence of longitudinal dispersivity in the tests plotted in Figure
7-4 are consistent with the understanding developed in the literature. This result lends strong
support to the use of alongitudinal dispersivity model.

100 I I
o
— 10 — ° —
[ |
~ o
=
> o
® * .
o
(m) 1 .o-“ -
© ¢
c ° (S L]
5 o o C Wells
2 Amargosa Tracer Site
3
- 01 — Northern Ghost Dance —
. Fault Alcove
0.01 | |
1 10 100 1000

Test Scale (m)
Source: BSC 2003 [162415], Figure 6.3-79.

Figure 7-4. Longitudinal Dispersivity as a Function of Test Scale in Several Tracer Tests
Conducted in the Vicinity of Yucca Mountain

There is no site-specific information available to select the transverse dispersivity in the
fractured volcanics. Values were chosen based on the Saturated Zone Flow and Transport
Expert Elicitation Project (CRWMS M&O 1998 [100353], pp. 3-11 and LG-11 to LG-14).
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Figure 7-5. Plot of Longitudinal Dispersivity Versus Length Scale Showing the Range of C-Wells
Values Derived from Interpretations of the Prow Pass and Bullfrog Multiple-Tracer Tests
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7.1.2.3 Matrix Diffusion in the VVolcanics

For the purposes of validating the matrix-diffusion model for the fractured volcanics, the critical
result from the C-wells tests is the relative heights of the peaks for the various tracers shown in
Figure 7-3. For the conservative tracers, the fact that the tracer with the lower molecular
diffusion coefficient (PFBA) exhibited a higher peak concentration is consistent with the dual-
porosity model in which tracer travels in the fractures but also diffuses into the rock matrix.

When using a dual-porosity medium, as was done in this study, nonuniqueness of tracer test
interpretationsis an issue. For instance, long tails in tracer responses can be interpreted as being
the result of either large longitudinal dispersion or significant matrix diffusion. In addition, at
short time and distance scales, there may be a significant influence of diffusion into stagnant free
water within fractures in addition to “true” matrix diffusion. Thus, matrix-diffusion parameters
obtained from laboratory tracer experiments should be used cautiously when predicting
contaminant migration at larger scales in fractured media. Nevertheless, in the multiple-tracer
tests, nonuniqueness of interpretations was minimized by simultaneoudy fitting the tracer
responses using known ratios of diffusion coefficients as constraints on the relative matrix
diffusion of different tracers. The method of interpreting the field test data are given in detail in
(BSC 2003 [162415], Section 6.3.5) and the parameter values obtained from the data fit are
reported in (BSC 2003 [162415], Tables 6.3-6, 6.3-7 and 6.3-10). The mass transfer coefficients
and fracture aperture values given in the above reference along with the base case matrix
porosity given in Table 4-2 of thisreport (0.15 to 0.25) lead to matrix diffusion coefficient values
in the range of 1.6x10® m%sto 8x10™*® m?/s, which overlaps with the range given in Table 4-2 of
this report. Rational for the selection of the range of diffusion coefficient values given in
Table 4-2 of this report are given in Section 4.1.2.10 of this report and in (BSC 2003 [164870],
Section 6.5.2.6).

The intent of the present discussion is to build confidence in the conceptual model of diffusive
mass transfer in the volcanics. All the C-wells test results discussed in (BSC 2003 [162415],
Section 6.3.5) are consistent with diffusive mass transfer having a strong influence on the
migration of solutes in fractured volcanic tuffs. Therefore, the field evidence strongly supports
the use of a matrix-diffusion model as opposed to a single-continuum model for transport in the
fractured volcanics.

7.1.2.4 Sorption in the Volcanics

As with matrix diffusion, sorption can also be observed in the C-wells tests by examining the
reactive tracer shown in Figure 7-3. Lithium, the sorbing tracer, exhibits further attenuation but
a similar arrival time as the two conservative tracers. Note that a matrix-diffusion model
explains this observation more completely than a single-continuum model, which would predict
delayed arrival times for a sorbing tracer in addition to attenuation. Using the dual porosity
equivalent continuum model, sorption within fractures leads to a delayed peak time along with
attenuation, whereas sorption in matrix but not within fractures leads to the same peak arrival
time but with attenuated response (Robinson 1994 [101154] Figure 7). Thus the field observed
response of lithium is indicative of sorption within the volcanic matrix and not within the
fractures on the scale of the C-wells test (tens of meters). Sorption coefficients were measured in
the laboratory and compared to field-estimated values of Ky. The lithium Ky values estimated
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from the field tracer tests are in the same range but consistently higher than the corresponding Kgy
values measured at the lowest lithium concentrations in the laboratory. These results suggest
that the use of laboratory-derived Ky values to predict sorbing species transport in the saturated
fractured tuffs near the C-wells location would tend to underpredict the amount of sorption
experienced by the speciesin thefield. The fact that the field Ky values tended to be greater than
the laboratory Ky values suggests that lithium may have come into contact with ateration
mineralsin the field that were not present or were depleted in the lab rock samples. Any loosely
adhering ateration minerals (e.g., clays) that may have been present in the core samples would
very likely have been lost during crushing and sieving of the material when it was prepared for
the batch-sorption experiments (BSC 2003 [162415], Section 6.3.5.8.4). Nevertheless, given the
consistency of the breakthrough curves with sorption and the field estimates of Ky yielding
similar values to those in the laboratory (which are considered conservative for PA because the
values from the field tests are generaly higher), the available data strongly support the use of a
Kg-based matrix sorption model for the fractured volcanics. Broad ranges of values for Kq are
being used in the TSPA analysis (Attachment 111, Table 111-14) to account for the uncertaintiesin
determining this parameter.

7.1.25 Colloid-Facilitated Transport in the Volcanics

The approach used in the SZ transport model for colloid-facilitated transport is presented in
Section 6.5.2.6 and Table 6.5-1.

7.1.2.5.1 Radionuclides Attached Irreversibly to the Colloids

The radionuclides attached irreversibly to colloids transport in a manner identical to the colloids.
Tests were conducted at the C-wells to study the transport of colloids. In addition to the
conservative and reactive tracers, 360-nm-diameter carboxylate-modified polystyrene
microspheres were injected in the Bullfrog tracer test to examine how finite-sized particles
transport through the fractured tuffs. These microspheres are meant to provide insight into the
potential behavior of colloids transporting in the groundwater. Figure 7-6 shows a comparison
of the microsphere breakthrough curve with the PFBA tracer. Microspheres do indeed transport
through the medium at the scale of this test, but the concentrations are attenuated compared to a
conservative solute. The fractional recovery of the microspheres is 0.145 compared to 0.69 for
the PFBA (BSC 2003 [162415] Section 6.3.5.5). This result is probably due to filtration effects
in the medium, although the possibility of settling cannot be ruled out. The SZ transport model
applies a reversible-filtration model to simulate colloid-facilitated transport. The retardation
factors estimated from the colloid attachment and resuspension rates given in Table 6.3-8 of BSC
2003 [162415] are in the range of about 6 to 794, which is the range given in the Table 4-2 of
this report. The data in Figure 7-6 strongly support the concept of a filtration component of the
conceptual model.

7.1.2.5.2 Radionuclides Attached Reversibly to the Colloids

Published work from literature is described in this subsection to build confidence in the
conceptual model for the transport of the radionuclides attached reversibly to the colloids. Early
models considered equilibrium partitioning of contaminants between the solute phase, colloid
surfaces, and media surfaces (Hwang et al. 1989 [165931], p. 600; Smith and Degueldre 1993
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[144658], pp. 145-150; and Grindrod 1993 [165928], pp. 171-175). These efforts focused on
describing transport through fractured media. Corapcioglu and Jiang (1993 [105761], pp. 2217-
2221) introduced a numerical model with first order reversible rate expressions describing
colloid attachment and detachment to media surfaces. Their model (with some adjustments) was
later used to describe Cs™’ transport facilitated by silica colloids through glass bead columns
(Noell et al. 1998 [106920], pp. 48-52). Ibaraki and Sudicky (1995a [109297], pp. 2948-2951;
and 1995b [165930], pp. 2961-2964) were the first to implement kinetic expressions in a model
to explicitly describe colloid-facilitated contaminant transport in discrete fractures and fracture
networks, athough their approach was essentially mathematically identical to that of
Corapcioglu and Jiang (1993 [105761], pp. 2217-2221). Oswald and Ibaraki (2001 [165961],
p.217-218) later extended the model to account for matrix diffusion of colloids, a phenomenon
that was observed in laboratory experiments conducted in a fractured saprolite of high matrix
porosity (the exclusion of this phenomenon from the SZ transport model, as discussed in Section
6.3, leads to potentially shorter transit time predictions).
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Figure 7-6. Normalized Concentrations of PFBA and 360-nm-Diameter Carboxylate-Modi