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1. PURPOSE

The purpose of this report is to document and validate the external accumulation model that
predicts accumulation of fissile materials in the invert, fractures and lithophysae in the rock
beneath a degrading waste package containing spent nuclear fuel (SNF) in the monitored
geologic repository at Yucca Mountain. (Lithophysae are hollow, bubblelike structures in the
rock composed of concentric shells of finely crystalline alkali feldspar, quartz, and other
materials (Bates and Jackson 1984 [DIRS 128109], p. 299.) A secondary purpose is to predict
the quantity of non-fissile minerals that accumulate alongside the fissile materials. The results of
the model will be used in external criticality risk assessments to support the post-closure
safety case.

The scope of the report is to (1) describe the model and the parameters used to develop the
model, (2) validate the model for use in criticality calculations, and (3) use the model to
determine external accumulations from degrading waste packages. Commercial SNF (CSNF)
waste packages and Department of Energy (DOE) SNF codisposed (CDSP) waste packages
containing DOE SNF codisposed with high-level waste (HLW) glass are analyzed. The DOE
SNF considered originates from Three Mile Island (TMI), the Fast Flux Test Facility (FFTF),
and N-Reactor. The report considers (1) the nominal scenario, in which the drip shield is intact,
and only diffusive losses of U and Pu can occur through a film of condensate, (2) the
seismic-induced fault displacement scenario, in which the waste package and drip shield are
damaged and pore water flows through the breached waste package, and (3) the igneous
scenario, in which the drift is filled with basalt, the waste package and drip shield are damaged,
and water flows through the basalt and through the breached waste package.

This report summarizes the releases from the waste package that could accumulate external to
the waste package, either in the invert or the in the fractured host rock. The waste package
releases are determined in Geochemistry Model Validation Report: Material Degradation and
Release Model (BSC 2006 [DIRS 176911]) and the total system performance assessment (TSPA)
(DTN: MO0506MWDTLVAC.000 [DIRS 174811]). The releases considered include (1)
diffusive transport into the invert in a no-flow scenario, (2) dissolved constituents in the liquid
phase flowing out of the waste package and into the invert or to the fractured rock, (3) solid
particles flushed out of the waste package due to entrainment, that flow onto the top of the invert
and possibly penetrate the invert, and (4) corrosion products from the bottom of a degrading
waste package flowing as a slurry onto the top of the invert or possibly penetrating the invert due
to a bottom failure of the waste package. The diffusive and solid losses are tabulated for use in
criticality analyses.

The computer code PHREEQC (Section 3) is used to simulate the transport and interaction of the
waste package effluent in an advective flow scenario (referred to as the source term) with the
resident water and the crushed tuff in the invert or in the host rock. (Note that the phrase “source
term” does not refer to the total waste package releases, but only refers to the dissolved releases
subject to advective flow.) In these simulations the primary mechanisms for accumulation are
(1) adsorption and (2) mixing of the actinide-laden source term with resident water, thus
changing the chemistry sufficiently for fissile minerals to become insoluble and precipitate. The
outputs from PHREEQC are processed to produce mass of accumulation, volume of
accumulation, and the geometry of the accumulation zone for the invert and the host rock. The
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geometry of the accumulation zone within the invert is inferred using TOUGHREACT, a
numerical model describing two-dimensional steady-state flow and mixing within the
unsaturated invert.

This model does not directly feed the assessment of system performance. The output from this
model is used by several other models, such as the configuration generator, criticality, and
criticality consequence models, prior to the evaluation of criticality FEPs in the report Screening
Analysis of Criticality Features, Events, and Processes for License Application (BSC 2004
[DIRS 168556]).

This document has been prepared according to LP-SIII.10Q-BSC, Models, and prepared in

accordance with Technical Work Plan for External Accumulation for Criticality Evaluations
(BSC 2006 [DIRS 177153]).
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2. QUALITY ASSURANCE

QA Program Applicability: Development of this report has been determined to be subject to the
Yucca Mountain Project’s Quality Assurance Program (BSC 2004 [DIRS 171583], Section 8)
because the report involves investigations of the following barriers that are listed in Q-List
(BSC 2005 [DIRS 175539]): the Engineered Barrier System (emplacement drift invert) and the
Lower Natural Barrier.

Electronic Management of Data: The technical work plan (TWP) (BSC 2006 [DIRS 177153])
contains the process control evaluation used to evaluate the control of electronic management of
data during the modeling and documentation activities, and this evaluation determined that the
methods in the implementing procedures are adequate. No deviations from these methods
were performed.
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3. USE OF SOFTWARE

The controlled and baselined software used in this report is listed in Table 3-1; the operating
environments are provided in Table 3-2, and the range of use for each piece of software is within
that for which it was qualified. Each piece of software was selected because it is appropriate for
use in geochemical modeling and uses the project-qualified thermodynamic database, and there
are no limitations on the outputs due to the selected software. The limitation on the outputs due
to the use of the project-qualified thermodynamic database is that some of the minerals found in
nature are not represented in the database, such as the uranium minerals compreignacite,
becquerelite, and K-boltwoodite. This is discussed in Section 7.2.3.1. The use of the software
was consistent with the intended use and within the documented validation range of the software.
No software was used prior to qualification to develop any preliminary output.

EXCEL, Mathcad, and Tecplot, commercially available software, are used in this report;
however, the results are not dependent on the software programs used, so the software is exempt
from requirements in IT-PRO-0011, Software Management.

For all software, the formulas and inputs used in this model are discussed in Section 4. The
outputs are discussed in Section 6. No other information is required for an independent person to
reproduce the work.

Table 3-1. Computer Software Used

Software Tracking Number

Software Name | Version (Qualification Status) Description and Components Used

EQ6 7.2bLv | 10075-7.2bLV-02 A reaction path code which models water—rock
[DIRS 159731] interaction or fluid mixing in either a pure reaction
(Qualified on Windows 2000 | Progress mode or a time mode.
and NT)

EQ3/6 8.1 10813-8.1-00 A reaction path code which models water—rock
[DIRS 176889] interaction or fluid mixing in either a pure reaction
(Qualified on Windows 2000) progress mode or a time mode.

ASPRIN 1.0 10487-1.0-00 Determines isotopic content of minerals and
[DIRS 155712] solution in EQ6 output files.
(Qualified on Windows 2000)

GetEQData 1.0.1 10809-1.0.1-00 A Microsoft Excel macro. It is used to extract data
[DIRS 173680] from EQ3/6 output files.
(Qualified on Windows NT
4.0 and Windows 2000)

PHREEQC 23 10068-2.3-01 A code for geochemical speciation, reaction path
[DIRS 157837] modeling, reactive transport, and surface
(Qualified on Windows 2000) | COmPlexation modeling.

PHREEQC 2.1 10068-2.11-00 A code for geochemical speciation, reaction path
[DIRS 175698] modeling, reactive transport, and surface
(Qualified on Windows 2000) | COmPlexation modeling.
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Table 3-1. Computer Software Used (Continued)
Software Tracking
Number
Software Name | Version (Qualification Status) Description and Components Used
PHREEQC_Post 11 10723-1.1-00 A Microsoft Excel macro. It is used to postprocess
[DIRS 157839] PHREEQC output information.
GetEgPhases 1.0 10725-1.0-00 A Microsoft Excel macro that determines the
[DIRS 157840] mineral phases likely to precipitate in PHREEQC
simulations.
Acc_with_decay 1.2 10499-1.2-00 A Microsoft Excel macro. It is used to postprocess
[DIRS 157838] PHREEQC output information.
MinAcc 10 10724-1.0-00 A Microsoft Excel macro. It is used to postprocess
’ [DIRS 157841] PHREEQC output information.
10396-3.0-00
TOUGHREACT 3.0 [DIRS 161256] Reactive transport code.
. Commercial off-the-shelf Used in this document for graphical representation
Microsoft Excel 97 SR-2 software: Exempt and arithmetical manipulations.
Tecplot 10.0-2-24 Sooff[cv rz;aer.claEIXc;frf:;te-shelf Used in this document for graphical representation.
Mathcad 11.2a Commercial off-the-shelf Used in this document for arithmetical
) software: Exempt manipulations.
Table 3-2. Computers and Operating Systems Used
Computer Make Operating
ser ystem oftware Use
(User) CPU # Syst Soft Used
Dell Optiplex GX260 . EQ6 V7.2bLV, ASPRIN, PHREEQC, PHREEQC
endy Mitcheltree _Post, GetEgPhases, Acc_with_decay, MinAcc
Wendv Mitchel 152383 Windows 2000 P GetEaPh A ith d MinA
Dell Optiplex GX260 ) EQ6 V7.2bLV, ASPRIN, PHREEQC V2.3,
(Susan LeStrange) 152381 Windows 2000 PHREEQC Post, Acc_with_decay
DEC AlphaServer 8400
5/625 (Jim Schreiber) S714355 OSF1 V5.1 TOUGHREACT V3.0
Dell Optiplex GX260 | 150695 | Windows 2000 | Excel
(Jim Houseworth)
Dell Optiplex GX280 | gg67531 | WindowsXP Excel, Tecplot
(Jim Schreiber)
Dell Latitude D610 S874043 | Windows 2000 | EQ6 V8.1, GetEqPhases, PHREEQCV2.11
(Paul Mariner)
Dell Optiplex GX260
prpex 152885 | Windows 2000 | Mathcad V. 11.2a
(Junghun Leem)
Dell Optiplex GX260 .
(Kaveh Zarrabi) 152388 Windows 2000 GetEQData, Excel
NOTE: CPU = central processing unit.
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3.1 SOFTWARE APPROVED FOR QA WORK
3.1.1 Overview of Software Use

Figure 3-1 gives an overview of software usage for the geochemistry modeling portion. EQ3/6
and ASPRIN outputs are used as inputs to PHREEQC simulations in this report. GetEqPhases,
PHREEQC Post, Acc with decay, and MinAcc are then used to postprocess PHREEQC
outputs. Section 6.4.1 details the use of pre-processing of inputs via EQ3/6 and ASPRIN, and
Section 6.4.5 gives details of how PHREEQC was used in conjunction with all post-processing
macros. TOUGHREACT is a separate software code that was used for modeling the flow and
transport within the invert.

EQ3/6 PHREEQC PHREEQC_Post
Developed at LLNL; |y Developed by ——) Excel macro; calculates
code used to calculate USGS; geochemical yearly accumulation from
effluent concentrations transport code used PHREEQC output
from a degrading to calculate
waste package accumulation of
minerals external to
—) the waste package
MinAcc
Excel macro;

calculates total
volume of minerals

ASPRIN accumulated
Project-developed v
post-processor for GetEqPhases
EQ3/6; computes the Acc_with_decay
isotope fractions of Excel macro; _ —
each actinide in the chooses minerals Excel macro; incorporates Pu
waste package effluent likely to precipitate decay into accumulation results

00690DC_002.ai

Figure 3-1.  Overview of Software Use
3.1.2 Exempt Software

The computer programs Microsoft Excel 97 SR-2, Microsoft Excel XP Professional, Mathcad
V.11.2a, and Tecplot Version 10.0-2-24 for Microsoft Windows were used in the preparation of
this document. These software items are appropriate for this application. Microsoft Excel was
used to perform support calculations and is not a controlled source of information. Thus, these
are subject to software management per IT-PRO-0011. Microsoft Excel is a commercial
spreadsheet program designed to assist in routine calculations. The program provides built-in
mathematical functions that can be used together with user-defined formulas to automate the
calculation process. Output formulae are automatically updated as input data are added or
changed. Microsoft Excel also includes a graphics package to assist in data presentation. All
plots and graphics of this document were produced on Microsoft Excel or Tecplot. Tecplot is
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commercial off-the-shelf software used solely for visual display and graphical representation of
data. Mathcad was used in the model validation of flow and transport in the invert. Mathcad
was used to perform support calculations and is not a controlled source of information. Details
on computers used and operating systems are given in Table 3-2.

3.1.3 PHREEQC Software Package

PHREEQC V2.3 (BSC 2002 [DIRS 157837]) has been qualified and baselined under software
tracking number (STN) 10068-2.3-01.  The software was obtained through Software
Configuration Management. Table 3-2 indicates the platform and computer on which the
software was installed and used. The software was used in Section 6.4 to simulate the
one-dimensional transport of the source term, including mixing with the resident water and
adsorption onto tuff in the invert or in the host rock. In Section 7.1.1, PHREEQC results were
compared to EQ3/6 results for a confidence building exercise. PHREEQC V2.11 (BSC 2005
[DIRS 175698], STN: 10068-2.11-00) was used in Validation Method C: Simulation of
Argonne UO; Drip Test (Section 7.2.4.1). The software is appropriate for use in this calculation
and has been used within the range of parameters for which the software was qualified.

3.1.3.1 PHREEQC Description

The PHREEQC family of software products originated in the late 1970’s and was developed by
the U.S. Geological Survey. PHREEQC (V2.3 and V2.11) contains capabilities such as
speciation-solubility and kinetically controlled reaction pathway features, which are found in
many geochemical software packages, but also includes surface complexation, ion exchange,
absorption and solid solutions, and a very versatile treatment of rate laws. In addition,
PHREEQC has transport features with handling of dispersion and diffusion in a double-porosity
medium. It also has inverse modeling capabilities. However, unlike EQ6, which is a similar
geochemical modeling program, PHREEQC supports only the use of the Davies or B-dot
equations for the activity coefficients in dilute systems. The thermodynamic database used by
PHREEQC in this work is a direct transcription of the EQ6 database (data0.ymp.R4; see
DTN: MO0604SPAPHR25.001 [DIRS 176868]).

PHREEQC models the consequences of reacting an aqueous solution with a set of reactants in
accordance with equilibrium thermodynamics. It can also include kinetics laws through a
BASIC interpreter coupled to the program. PHREEQC handles advective transport by moving
aqueous solutions from one cell to the next, allowing the contents of each cell to reach
equilibrium (or not) with the solids and surface features present in the cell. Diffusion and
dispersion are handled by mixing the contents of cells in proportion to the diffusion (or
dispersion) parameters. PHREEQC uses a finite-difference scheme and is therefore subject to
numerical dispersion. Inclusion of dispersion-diffusion increases the run time of a particular set
of parameters by several fold. PHREEQC uses a hybrid Newton-Raphson technique to solve the
set of equations at each time step. It is restricted to a constant time step, unlike the dynamic time
stepping of EQ6.
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3.1.4 PHREEQC_Post V1.1

PHREEQC Post V1.1 (BSC 2002 [DIRS 157839]) has been qualified and baselined under
STN: 10723-1.1-00. The software was obtained through Software Configuration Management.
Table 3-2 indicates the platform and computer on which the software was installed and used.
The software is appropriate for use in this calculation and has been used within the range of
parameters for which the software was qualified. The Excel macro PHREEQC Post
postprocesses geochemical code PHREEQC outputs and extracts actinide mineral
accumulation rates.

3.1.5 GetEqPhases V1.0

GetEgPhases V1.0 (BSC 2002 [DIRS 157840]) has been qualified and baselined under
STN: 10725-1.0-00. The software was obtained through Software Configuration Management.
Table 3-2 indicates the platform and computer on which the software was installed and used.
The software is appropriate for use in this calculation and has been used within the range of
parameters for which the software was qualified. The Excel macro GetEqPhases postprocesses
geochemical code PHREEQC outputs by collecting saturation index (SI) of all mineral phases
throughout preliminary or screening simulations and processes the results in order to choose
those minerals allowed to precipitate in actual accumulation PHREEQC simulations.

3.1.6 Acc_with_decay V1.2

Acc_with decay V1.2 (BSC 2002 [DIRS 157838]) has been qualified and baselined under
STN: 10499-1.2-00. The software was obtained through Software Configuration Management.
Table 3-2 indicates the platform and computer on which the software was installed and used.
The software is appropriate for use in this calculation and has been used within the range of
parameters for which the software was qualified. The Excel macro Acc with decay V.1.2
applies decay to plutonium and uranium and variable enrichment to uranium to postprocess the
geochemical code PHREEQC outputs.

3.1.7 MinAcc V1.0

MinAcc V. 1.0 (BSC 2002 [DIRS 157841]) has been qualified and baselined under the under
STN: 10724-1.0-00. The software was obtained through Software Configuration Management.
Table 3-2 indicates the platform and computer on which the software was installed and used.
The software is appropriate for use in this calculation and has been used within the range of
parameters for which the software was qualified. . The Excel macro MinAcc computes the
volume of mineral accumulation by postprocessing the geochemical code PHREEQC outputs.

3.1.8 EQ6 V7.2bLV and EQ3/6 V8.1

EQ6 V7.2bLV (BSC 2002 [DIRS 159731], STN: 10075-7.2bLV-02) and EQ3/6 V8.1
(BSC 2005 [DIRS 176889], STN: 10813-8.1-00) have been qualified and baselined. The
software was obtained through Software Configuration Management. Table 3-2 indicates the
operating system and computer on which the software was installed and used. The major
components of the EQ3/6 software package include EQ3NR, a speciation-solubility code; EQ6, a
reaction path code which represents water—-rock interaction or fluid mixing in either a pure
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reaction progress mode or a time mode; EQPT, a data processor file; EQLIB, a supporting
software library; and several (>5) supporting thermodynamic data files preprocessor. The waste
package effluent concentrations (source terms) used as input in this calculation were computed
with EQ3/6 in Section 6.4.1 of this report or within Geochemistry Model Validation Report:
Material Degradation and Release Model (BSC 2006 [DIRS 176911]). In Section 7.1.1, EQ6
results were compared to PHREEQC results for a confidence building exercise.

3.1.9 GetEqData V1.0.1

GetEgData V1.0.1 (BSC 2002 [DIRS 173680]) has been qualified and baselined under
STN: 10809-1.0.1-00. The software was obtained through Software Configuration
Management. Table 3-2 indicates the platform and computer on which the software was
installed and used. GetEqData is a software routine that operates as a Microsoft Excel macro to
postprocess data in EQ3NR (*30) or EQ6 (*.60) output files. The program was run on the
Windows 2000 operating system on a PC platform. This macro is limited by the EQ3/6 output
data and performs a specific extraction of data as directed at run time. The use of this software is
consistent with its intended use, which is to postprocess the output files from EQ3/6 and used
within its qualified range.

3.1.10 ASPRIN V1.0

ASPRIN V1.0 (BSC 2002 [DIRS 155712]) has been qualified and baselined under
STN: 10487-1.0-00. ASPRIN, which stands for Automatic Software Processing of Inventories
of Nuclides, performs postprocessing of an output data file created by EQ6 to calculate isotopic
inventories for elements of interest. The software was obtained through Software Configuration
Management. Table 3-2 indicates the platform and computer on which the software was
installed and used. The software is appropriate for use in this calculation and has been used
within the range of parameters for which the software was qualified.

3.1.11 TOUGHREACT V3.0

TOUGHREACT V3.0 (LBNL 2002 [DIRS 161256]) has been qualified and baselined under
STN: 10396-3.0-00. This software solves mass balance and flow equations using an integral
finite differences method. This formulation can handle regular and irregular geometries. In the
problems described in Section 6.4.6, the grid is essentially regular (except near the bottom of the
grid in the validation case); for regular grids, the integral finite differences method is equivalent
to conventional finite differences. The flow geometry is defined by volume elements (or grid
cells) and flow connections between them. The volume elements are defined by a label or
identifier and an associated volume. The flow connections are defined entirely by the identifier
of the volume elements that are connected, the half-distance between the element centers, and the
angle from the vertical between the element centers. The TOUGHREACT simulations in this
report do not involve dryout. TOUGHREACT was developed by introducing reactive
geochemistry into the framework of an existing multiphase fluid and heat flow code, TOUGH2;
much of the input for TOUGHREACT is described in the TOUGH User’s Guide, Version 2.0
(Pruess et al. 1999 [DIRS 160778]). TOUGHREACT is used for modeling two-dimensional
flow and transport in the invert in Section 6.4.6 and Section 7.2.5.
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4. INPUTS
This section lists the inputs used to develop this report.
4.1 DIRECT INPUT

This section identifies all technical product inputs that were used directly in the development of
the model. The appropriateness of the inputs is also documented in this section.

4.1.1 Thermodynamic Database

Prior to running the software PHREEQC, the EQ6 software input files from
DTN: MO0608MWDGEOMA.001 ([DIRS 177332], file: data0 files.zip) were rerun using EQ6
and a thermodynamic database (data0.ymp.R4), located in DTN: SN0410T0510404.002
[DIRS 172712]. (Table 4-4 contains the list of EQ6 input files that were rerun.) For the
TMI _IG1 source term, the data0.tmi database (see DTN: MOO060SMWDGEOMA.001,
[DIRS 177332], file: data0 files.zip) was used. For the rest of the cases, the data0.cr3 database
(see DTN: MOO60SMWDGEOMA.001, [DIRS 177332], file: dataOfiles.zip) was used. The only
difference between the two databases (data0.tmi and data(.cr3) is that data(.tmi contains the
TMI fuel as a listed species. Since the TMI igneous simulations listed in Table 4-4 start with
TMI fuel already corroded, either database could have been used for the TMI EQG6 cases. Both
of these databases were created and used for running EQ6 in Geochemistry Model Validation
Report: Material Degradation and Release Model (BSC 2006 [DIRS 176911]), and the EQ6
files are located in DTN: MOO608MWDGEOMA.001 [DIRS 177332].  Therefore, these
databases are appropriate to use for rerunning EQ6 input files taken directly from the same
source (DTN: MO0608MWDGEOMA.001, [DIRS 177332], file: data0 files.zip).

DTN: MO0604SPAPHR25.001 [DIRS 176868] contains the PHREEQC thermodynamic
database (phreeqcDATA025.dat) at 25°C used in running PHREEQC. This database was
developed by directly translating the qualified EQ3/6 database data0.ymp.R4
(DTN: SN0410T0510404.002 [DIRS 172712]) at 25°C. However, due to the fact that data0.cr3
was used in the prior EQ6 simulations, the PHREEQC database phreeqcDATA025bdotCr3.dat,
(see output DTN: MO0609SPAINOUT.002), was actually used in the PHREEQC simulations.
This is a modified version of the PHREEQC database (phreeqcDATAO025.dat) and is located in
DTN: MO0604SPAPHR25.001 [DIRS 176868]. The modified database
phreeqcDATA025bdotCr3.dat contains the same data as the phreeqcDATA025.dat with the
following changes: the suppression of Cr(I), Cr(V), and Cr(VI) species, modifications to
specific log K values, and addition of Cr(OH);(am). These modifications to the Cr species are
the same used in the EQ6 simulations using data0.cr3 (see DTN: MO0608MWDGEOMA.001,
[DIRS 177332], file: data0 files.zip) for the input source (BSC 2006 [DIRS 176911]). Thus, to
be consistent with the input data that used the Cr corrected EQ6 database, these modifications
were also done to the PHREEQC thermodynamic database.

While completing the validation exercise on the adsorption model in Section 7.2.2.2, it was
discovered that there are several errors in the PHREEQC thermodynamic database for gamma
0,0 line, which incorrectly set the ion size parameter in the extended Debye Hiickel (b-dot) to 0,
instead of 4, for each uncharged species. This differs from how other software such as EQ6 uses
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this ion size parameter, and this was how the error was discovered. The “-gamma  0.00
0.0410” was replaced with "-gamma 4.00 0.0410". This impacted 26 Np, 13 Pu, 2 Ti, and
one U-Pu species. This error was discovered after all of the PHREEQC simulations had been
completed. Thus, the simulations were redone for only source terms that contain the Np,
Pu, Ti or the U-Pu, species. The corrections were made to the phreeqcDATA025bdotCr3.dat,
a file described in the previous paragraph, the modified database is called
phreeqcDATA025bdotCr3az.dat and is also located in output DTN: MO0609SPAINOUT.002.
In summary, the source terms that used phreeqcDATA025bdotCr3.dat database are the TMI and
CDSPIG and the source terms that used phreeqcDATA025bdotCr3az.dat database are the FFTF
and CSFlux.

The database used in the TOUGHREACT simulations, thermkl.0l.dat, was obtained from
DTN: LB0302DSCPTHCS.001 [DIRS 164744]. The database was developed for
TOUGHREACT V3.0 and previously used in Drift-Scale THC Seepage Model (BSC 2004
[DIRS 172862]) for a similar application.

4.1.2 Mixing Water Composition

There are two waters used in the PHREEQC simulations that are mixed with the waste package
effluents. For the Igneous Scenario, basalt water is used as the mixing water and for the Seismic
Scenario pore water from SD-9 was used. A third mixing water was used to do a sensitivity
simulation in PHREEQC using J-13 well water.

4.1.2.1 Mixing Water: Basalt Water

The basaltic water composition used to model the waste package in the igneous scenario was
obtained from Dike/Drift Interactions (BSC 2004 [DIRS 170028]). As described in Appendix E
of that report (BSC 2004 [DIRS 170028]), the input and output files were obtained from
cancelled document Igneous Intrusion Impacts on Waste Packages and Waste Forms (BSC 2004
[DIRS 168960], Attachment IIlI, b8 3.6p and b8b 3.60). To calculate the basaltic water
composition, Bin 8 seepage water from DTN: MOO0310SPAEBSCB.003 [DIRS 166411] was
reacted with basalt minerals in EQ6 (Table 4-1). Since the EQ6 simulations of water—basalt
interaction were carried out at 25°C, Bin 8 (at 40.18°C) was chosen, as all other water types were
for higher temperatures. A further justification of using the bin 8 seepage water was presented in
Dike/Drift Interactions (BSC 2004 [DIRS 170028]), Section 6.8.4.1 in which sensitivity analyses
were conducted using two other seepage water (bin 11 and J-13). These two water types
represent seepage waters that are: 1) more concentrated, and 2) more dilute than the Bin &
seepage water. The analyses show that the values for ionic strength and pH for the three water
types are very similar. Therefore, the type of water percolating through the basalt will not have a
meaningful impact on the final reacted water chemistry. More details of this are located in the
report  Igneous Intrusion Impacts on Waste Packages and Waste Forms (BSC 2004
[DIRS 168960], Sections 4.1 and 6.5.3).
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Table 4-1.  Basaltic Water Composition

EQ6 Input Composition Values
Element Concentration Units
Al 6.46 x 10~ molal
Na 4.47 x 1072 molal
Si 6.74 x 10™° molal
Ca 4.76 x 10°° molal
K 1.24 x107° molal
Mg 469 x 107° molal
H (pH) 9.02 Standard Units
Fe 1.43 x 107" molal
F 2.96 x 107" molal
Cl 5.61x 107 molal
P 9.87 x 107 molal
C 2.19 x 107 molal
N 3.97 x 107 molal
S 3.55x 107 molal

Source: BSC 2004 [DIRS 168960], Attachment Ill, file b8b_3.6p; pH obtained from
file B8b_3.60, source has data in the units mol/kgw (moles per kg of water
or moles aqueous) which is the same as molal

4.1.2.1.1 Justification for Use of Cancelled Document (BSC 2004 [DIRS 168960])

The basalt water composition listed in Table 4-1 is obtained from Igneous Intrusion Impacts on
Waste Packages and Waste Forms (BSC 2004 [DIRS 168960]), which was cancelled when the
technical content was incorporated into Dike/Drift Interactions (BSC 2004 [DIRS 170028]).
Dike/Drift Interactions (BSC 2004 [DIRS 170028], Appendix E) provides an explanation and
justification for the inclusion of the input and output files from the canceled document, that also
applies to this report. A primary reason for the incorporation of the technical content is that it
duplicates much of the technical scope of Dike/Drift Interactions (BSC 2004 [DIRS 170028]).
Because the files have been incorporated into Dike/Drift Interactions (BSC 2004
[DIRS 170028]), the reliability of the input source is high. The citation of the input and output
files in Dike/Drift Interactions (BSC 2004 [DIRS 170028]) is also an example of a prior use of
the input data. Finally, the data provide the properties of interest: the composition of water that
has interacted with basalt. Therefore, the basaltic water compositions provided by files b8b_3.6p
and b8b_3.60 from Igneous Intrusion Impacts on Waste Packages and Waste Forms (BSC 2004
[DIRS 168960]) are appropriate for use as direct inputs by this report.

4.1.2.2 Mixing Water: SD-9 Pore Water

The water chosen as the mixing water for the seismic simulation for CSFlux9 is a pore water
extracted from the tuff at the repository horizon from borehole SD-9 of the Tptpll unit. The rock
units of the repository are located in the Topopah Spring Tuff and include the upper lithophysal
(Tptpul), middle nonlithophysal (Tptpmn), lower lithophysal (Tptpll), and lower nonlithophysal
(Tptpln). This exact SD-9 pore water sample has also been used as input water (labeled as “w6”)
in other analyses including the Drift-Scale THC Seepage Model (BSC 2005 [DIRS 172862] and
Engineered Barrier System: Physical and Chemical Environment (BSC [DIRS 175083]). The
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composition of the SD-9 pore water is similar to thermally perturbed seepage compositions used
in the material degradation and release model for sensitivity cases (BSC 2006 [DIRS 176911],
Table 4-3). The similarities are that the eclemental concentrations are within the same
order of magnitude. The chemical composition of the SD-9 pore water is presented in
Table 4-2. This pore water was from the unit Tptpll, at a depth of 990.4 to 991.7 feet
(DTN: GS020408312272.003 [DIRS 160899]). The water sample chosen for the analysis is one
that originated from the stratigraphic rock units located at the depth of the repository horizon.

Table 4-2. SD-9 Pore Water Composition

EQ6 Input Composition Values

Element Concentration Units
Na 3.65x 107 molal

Si 8.32x 107 molal

Ca 1.40 x 107 molal

K 2.02x10™ molal

Mg 3.70 x 107° molal

H (pH) 7.9 Standard Units

F 1.32 x 107 molal

Cl 6.49 x 107 molal

U 1.39x 107’ molal

C as HCOs 513 x 107 molal
N as NO3 2.74 x 107 molal
S as SO, 1.04 x 107 molal
Mn 3.82x 107’ molal
Mo 2.29x 107 molal

Source: DTN: GS020408312272.003 [DIRS 160899], sample SD-9/990.4-991.7/UC.

NOTE: All data were converted from mg/L in the source to molal (same as mol/kgw) for
use in PHREEQC input file, with the exception of U, Mn, and Mo, which were
converted from pg/L in the source to molal.

4.1.2.3 Sensitivity Analysis Mixing Water - J-13 Well Water

A sensitivity PHREEQC simulation was conducted for the CSFlux9 waste package to see the
impact when the mixing water was changed from SD-9 pore water to J-13 well water from
DTN: MOO0006JI3WTRCM.000 [DIRS 151029]. The chemical composition of the J-13 well
water is presented in Table 4-3.
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Table 4-3. J-13 Well Water Composition

EQ6 Input Composition Values
Element Concentration Units
Ca 3.24 x 107 molal
H (pH) 7.41 Standard Units
Mg 8.27 x 10 molal
Na 1.99 x 107 molal
K 1.29 x 107 molal
cl 2.01x10™ molal
S 1.92 x10™ molal
N 1.42 x10™ molal
F 1.15x 107 molal
Si 1.01x107° molal

Source: DTN: MO0006J13WTRCM.000 [DIRS 151029].

NOTE: All data were converted from mg/L in the source to molal (same as mol/kgw) for use in
the PHREEQC input file.

4.1.3 Waste Package Releases

The waste package releases include the following releases from the CSNF and DOE SNF
waste packages:

1. Diffusive releases (dissolved U, dissolved Pu, and Pu-colloid) from the nominal scenario
(no seepage) come from TSPA modeling. The data are preliminary and are used for
scoping calculations only. The preliminary data are described in Section 6.3.

2. Dissolved releases from the seismic and igneous scenarios (seepage cases) come from
Geochemistry Model Validation Report: Material Degradation and Release Model
(BSC 2006 [DIRS 176911]; files listed below in Table 4-4)

3. Solid entrainment releases (mineral releases) from the seismic scenario (seepage case)
come from Geochemistry Model Validation Report: Material Degradation and Release
Model (BSC 2006 [DIRS 176911], file Entrain5 CSNF .xls, Sheet 1).

4. Solid releases from the bottom of the waste package for use in the bottom failure scenario
come from Geochemistry Model Validation Report: Material Degradation and Release
Model (BSC 2006 [DIRS 176911]; files listed below in Table 4-6).

4.1.3.1 Diffusive Releases from Waste Package

For the nominal case, there are no direct inputs. The diffusive releases of U and Pu from the
waste package were taken from preliminary calculations performed for TSPA using GoldSim.
The preliminary data can be used for scoping runs to see if the quantity of diffusive releases is
high enough to cause criticality concerns. The preliminary data are described in Section 6.3.
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4.1.3.2 Dissolved Losses

Table 4-4 contains the initial EQ6 simulations used as source terms for dissolved
losses from the waste package from Geochemistry Model Validation Report: Material
Degradation and Release Model (BSC 2006 [DIRS 176911], Tables 6-24, 6-34, and 6-38;
DTN: MO060SMWDGEOMA.001 [DIRS 177332]). The contents of each waste package type
listed in Table 4-4, including the SNF, are described in detail in Geochemistry Model Validation
Report: Material Degradation and Release Model (BSC 2006 [DIRS 176911], Section 4.1.3).

Table 4-4. EQG6 Source Term File Inputs

EQ6 file Names Used Waste Scenario Conditions Percent Remaining Reason for
for Input Package Choice
Type Pu u Years
T™I_IG1a.6i T™I Igneous 1 Liyr N/A 62.81 14,542 | High U loss, low
flow rate
™I 1G2.6i TMI Igneous 1,000 L/yr N/A 34.28 | 10,069 | High U loss
CDSPIG2a.6i N-Reactor | Igneous 1,000 L/yr N/A 21.06 | 10,048 | Highest U loss for
CDSPIG2a.bin igneous at 10,000
L years
CDSPIG2a.min_info.txt
CDSPIG2b.6i
CDSPIG2b.bin
CDSPIG2b.min_info.txt
CDSPIG2c.6i
FFTFIG1adEhdec.6i FFTF Igneous 1 Liyr, 73.12 83.34 10,832 | High Pu loss, low
FFTFIG1adEhdec.bin gdil:jsted Eh, flow rate
. u decay
FFTFIG1adEhdec.mm included
info.txt
FFTFIG2adEhdec.6i FFTF Igneous 1,000 L/yr, 72.86 57.04 10,076 | Highest Pu loss at
adjusted Eh, 10,000 years
Pu decay
included
CSFlux9.6i CSNF Seismic 1,000 L/yr 100.00 | 97.33 10,036 | Highest U loss for
seismic at 10,000
years

Source: DTN: MO0608MWDGEOMA.001 [DIRS 177332], folders: Igneous_Scenerio_TMI.zip (TMI waste package
types); Igneous_Scenerio_FFTF.zip (FFTF waste package types); Igneous_Scenerio_ CDSP.zip (N-reactor
waste package type); and Seismic_Scenario.zip (CSNF waste package type).

4.1.3.3 Solid Entrainment Losses

Table 4-5 provides percent losses of major minerals by an entrainment process in a bathtub
configuration as a function of seepage flow rate for the CSNF waste package for the seismic
scenario. The table comes from the mass transfer model as applied in Geochemistry Model
Validation Report: Material Degradation and Release Model (BSC 2006 [DIRS 176911]). Solid
entrainment losses are not calculated for the igneous scenario because the material degradation
and release model (BSC 2006 [DIRS 176911], Section 6.4.4.2) determined that the deposition of
oxidized alteration products during an igneous event would form a filter pack preventing
significant movement of particulate material (larger than colloidal) from the waste package.

ANL-EBS-GS-000002 REV 01 4-6 September 2006




Geochemistry Model Validation Report: External Accumulation Model

Table 4-5 is used in Section 6.6 to determine the mass of material entrained out of the waste
package at 20,000 years after breach, as a function of flow rate for the seismic case.

Table 4-5. Entrainment Percents for Major Minerals, CSNF, Bathtub

Flow Rate,

Q (L/yr) 1 5 10 15 50 100 150
Gibbsite 0.000 0.461 1.554 2.389 6.101 9.435 11.951
Goethite 0.000 0.000 0.299 0.858 3.351 5.605 7.317
Schoepite 0.000 0.000 0.096 0.610 2.904 4.980 6.558
Pyrolusite 0.000 0.000 0.043 0.545 2.787 4.817 6.360
Trevorite 0.000 0.000 0.015 0.510 2.724 4.730 6.253
Eskolaite 0.000 0.000 0.000 0.491 2.690 4.681 6.195
Fex(MoOs)s 0.000 0.000 0.220 0.761 3.177 5.362 7.021

Source: DTN: MO0608MWDGEOMA.001 [DIRS 177332], folder: mass transfer.zip, file: EntrainPercent.xls.

4.1.3.4 Solid Losses from Bottom of Waste Packages

A set of the criticality scenarios presented in Disposal Criticality Analysis Methodology Topical
Report (YMP 2003 [DIRS 165505], Section 3.3) refers to bottom failure as a mechanism for
release of material out of the waste package. Bottom failure could happen by corrosion
mechanisms such as degradation of the waste package bottom by water droplets hanging or
dripping from the bottom.

In order to evaluate the effects of bottom failure, scenarios examined in Geochemistry Model
Validation Report: Material Degradation and Release Model (BSC 2006 [DIRS 176911]) were
used to select scenarios with maximum losses of Gd from the waste package. Those scenarios
contained corrosion products with the lowest Gd content, and thus were more likely to cause an
external criticality concern once the solids have been released to the invert. Preferential losses of
Gd, primary neutron absorber, from the waste packages could affect the neutronics of the system
and increase the likelihood of criticality events involving the remaining solids that are lower in
Gd than the initial waste package contents. Table 4-6 is the listing of EQ6 files from degradation
and release model that exhibit highest percent losses of Gd compared to fissile materials in the
waste package. N-Reactor and TMI waste packages were not considered, as the amount of
fissile materials in these waste packages does not require addition of neutron absorbers. In
addition, FFTF waste packages were not considered here, as the loss of Gd from these packages
did not occur in the EQ6 simulations reported in the degradation and release model.

Table 4-6. Selected EQ6 Simulations with Highest Percent Releases of Gd

Percent Gd | PercentNp | Percent Pu Percent U Time

Scenario EQ6 Input File Losses Losses Losses Losses (years)
Seismic CS-S-Mx-C5_adEH.6i 68.61 100.00 100.00 100.00 20,151
Igneous CSNFIG1.6i 84.83 99.79 99.52 100.00 12,773
Nominal CSNF_Nominal.6i 99.99 99.65 97.28 100.00 10,959
Source: DTN: MO0608MWDGEOMA.001 [DIRS 177332], folders: Nominal_Scenario.zip, Igneous_Scenario_

CSNF.zip, Seismic_Scenario.zip.
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4.1.3.5 Uranium and Plutonium Isotopic Content of Waste Forms

For criticality, one of the important inputs is the initial uranium and plutonium isotopic
composition of the waste forms in the waste packages that are modeled. For each source term
listed in Table 4-4, the starting uranium and plutonium isotopic fraction and masses were
determined for each waste form contained in the waste packages. Those calculations are
documented in spreadsheet Fuel Isotopic Composition.xls using the inputs listed in Table 4-7.

Table 4-7. Inputs for Fuel Isotopic Composition Calculations

Input Source

Molecular weights Parrington et al. 1996 [DIRS 1038961, pp. 48 and 49 (Established Fact)

CSNF gram-atoms of each U | BSC 2005 [DIRS 174583], Appendix F, CSNF.xls, sheet "Complete Fuel
and Pu isotope Composition"

CSNF total moles fuel BSC 2006 [DIRS 176911], Appendix A, CSNF WP.xls, tab "WP Total Moles and
SA"

CSNF moles U per mole of BSC 2005 [DIRS 174583]), Appendix F, CSNF.xIs, sheet "Simplified Fuel
fuel Composition"

CSNF moles Pu per mole fuel | BSC 2005 [DIRS 174583]), Appendix F, CSNF.xIs, sheet "Simplified Fuel

Composition"

N-Reactor Mark IA fuel DOE 2000 [DIRS 150095], Table 3-1

isotopic composition

N-Reactor total moles fuel BSC 2006 [DIRS 176911], Appendix A, spreadsheet CDSP WP.xls, tab "Bathtub"

N-Reactor moles U per mole BSC 2006 [DIRS 176911], Appendix A, EQ6 input file CDSPIG2.6i (calculated from

of fuel 100 g fuel divided by 238 g/mole)

TMI U-235 mole fraction DOE 2003 [DIRS 164970], Section 3.1.2.2, p. 23 of 57

TMI total moles fuel BSC 2006 [DIRS 176911], Appendix A, spreadsheet CDSP_Long WP_TMlI.xls,
tab "TMI"

TMI moles U per mole of fuel BSC 2006 [DIRS 176911], Appendix A, spreadsheet CDSP_Long WP_TMI.xls,
tab "TMI"

HLW glass mole fraction BSC 2001 [DIRS 157640], Table 5

N-Reactor HLW glass total BSC 2006 [DIRS 176911], Appendix A, spreadsheet CDSP WP.xIs, tab “WP Total

moles Moles & Surface Areas”

TMI HLW glass total moles BSC 2006 [DIRS 176911], Appendix A, spreadsheet CDSP_Long_ WP_TMI.xls,
tab “SDM EQ6 Inputs”

FFTF HLW glass total moles BSC 2006 [DIRS 176911], Appendix A, spreadsheet CDSP_Long WP_FFTF.xls,
tab “EQ6 Inputs”

HLW glass moles U per mole | BSC 2001 [DIRS 157640], Table 5

of glass

FFTF mole fraction MOX and | BSC 2001 [DIRS 157195], Table 4

UoX

FFTF total moles fuel BSC 2006 [DIRS 176911], Appendix A, CDSP _Long WP_FFTF.xls, tab "FFTF"
FFTF moles U per mole of BSC 2001 [DIRS 157195], Table 4

fuel

FFTF moles Pu per mole fuel | BSC 2001 [DIRS 157195], Table 4

NOTE:  For each waste form, one mole of fuel or HLW glass is defined as 100 grams.
4.1.3.6 Radioactive Half-Life of Plutonium-239
In the EQ6 simulation for FETF, the radioactive decay of **Pu to **°U was included in the

calculations. No other source term contained **’Pu. The half-life of *°Pu is 24,100 years
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(Parrington et al. 1996 [DIRS 103896], p. 48). The value is used in the software program
Acc with decay. This source has been used extensively on the project in engineering
documents as well as scientific reports and calculations and is considered Established Fact.

4.1.4 Waste Package Flow Rate

The flow rate through the waste package is consistent with flow rate used in source term. The
values of flow rate are either 1 L/yr or 1,000 L/yr. This flow rate was established for each source
term in Geochemistry Model Validation Report: Material Degradation and Release Model
(BSC 2006 [DIRS 176911]), the source of the inputs listed in Table 4-4. The flow rate is
indicated in the header of each input file for PHREEQC (see Appendix A for an example of the
input file for PHREEQC).

4.1.5 Self-Diffusion Coefficient of Water

The self-diffusion coefficient of water at 25°C is 2.299 x 10 m®s ' and comes from the paper
“Self-diffusion in Normal and Heavy Water in the Range 1-45°” (Mills 1973 [DIRS 133392],
Table III) in the Journal of Physical Chemistry. The diffusion coefficient is used in the
TOUGHREACT flow and transport modeling described in Sections 6.4.6 and 7.2.5. The
information from Mills (1973 [DIRS 133392], Table III) has been justified for intended use in
this document in Section 4.1.14.4.

4.1.6 Tuff Composition

Tuff is the type of rock in the far-field and the type of rock planned for the invert ballast. The
properties of tuff are required to model the interaction of the source term with the tuff. The
description of the mineralogy used in this report is based on the main phenocryst constituents of
the Topopah Spring Tuff member from Lipman et al. (1966 [DIRS 100773], pp. F28 through
F33). These minerals are cristobalite (quartz), annite, phlogophite, anorthite, albite, and
maximum microcline. The mnetal oxide composition of tuff is provided in Table 4-8 and
converted to moles of the normative minerals in output DTN: MO0609SPAINOUT.002 (folder:
Dissolution Rates of  Tuff Minerals, spreadsheet: Tuff minerals.xls). The resulting
composition of the tuff was entered into each PHREEQC input file as described in Appendix A.

Table 4-8. Tuff Composition

Mean Tuff Composition

Oxide (wt%)

SiOz 76.29

Al,03 12.55

FeO 0.14
Fe,O3 0.97

MgO 0.13

Ca0 0.50

Na,0 3.52

K20 4.83
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Table 4-8. Tuff Composition (Continued)

Mean Tuff Composition
Oxide (wt%)
TiO2 0.11
MnO 0.07
Total 99.11

Source: DTN: GS000308313211.001 [DIRS 162015].

NOTE: Values are the mean of 40 ECRB samples. The mean
value is located in the second to last row of data in the
source DTN.

4.1.7 Dissolution Rates for Tuff Minerals

The dissolution rate of cristobalite (SiO;) is calculated based on the dissolution rate of quartz
(see output DTN: MO0609SPAINOUT.002, folder: Dissolution Rates of Tuff Minerals, file:
cristobalite&quartz.xls). This approach is based on findings by Rimstidt and Barnes (1980
[DIRS 101708]), who showed that all the silica polymorphs share the same growth rate at
near-neutral pH when conditions are far from equilibrium.

Table 4-9. Quartz Dissolution Rate at 25°C

log (dissolution rate) at 25°C

pH (molicm? s) Location in Source
2.15 -16.05 Table |
4.03 -16.23 Table |
4.09 -16.10 Table |
5.5 -16.44 Table |
6.9 -15.90 Table |
8.33 -15.85 Table IlI
9.02 -15.85 Table llI
10.27 -15.47 Table llI
10.3 -15.50 Table IlI
10.3 -15.51 Table llI
10.9 -15.27 Table llI

11 -15.14 Table Il
11.04 -14.99 Table llI
12.3 -14.78 Table llI
12.3 -14.81 Table IlI

Source: Brady and Walther 1990 [DIRS 110754].

NOTE: Used in output DTN: MOO0609SPAINOUT.002, folder:
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Table 4-10. Quartz Dissolution Rate at 60°C
log (dissolution rate) at 60°C
pH (mollcm2 s) Location in Source
2.15 -15.30 Table |
3.10 -15.47 Table |
4.70 -15.37 Table |
6.15 -15.14 Table |
7.61 -14.90 Table Il
8.62 -14.68 Table Il
9.30 -14.47 Table llI
9.30 -14.47 Table llI
10.80 -13.42 Table llI
10.80 -13.42 Table llI
11.50 -13.18 Table llI
11.68 -13.69 Table llI

Source: Brady and Walther 1990 [DIRS 110754].

NOTE: Used in output DTN: MO0O609SPAINOUT.002, folder:
Dissolution_Rates_of Tuff_minerals, file: cristobalite&quartz.xls.
Table 4-11. Dissolution Rate Constants for Cristobalite and Quartz
Log K
Mineral Temperature = 25°C Temperature = 60°C
Cristobalite -3.1922 -2.8670
Quartz -3.7501 -3.3553

Source: DTN: SN0410T0510404.002 [DIRS 172712], file: data0.ymp.R4.

The dissolution rate for maximum microcline (one of the K-feldspars) comes from a study by
Palandri and Kharaka (2004 [DIRS 175261]). The equation for the dissolution rate is a function
of pH and contains three terms, representing the low pH (acid), neutral pH, and high pH (basic)
mechanisms (Palandri and Kharaka 2004 [DIRS 175261], Section 2.2). The log of the rate for
the acid mechanism in the study by Palandri and Kharaka (2004 [DIRS 175261], Equation 14,
p. 9) is given by:

k298.15K
acid

log(rate) = log —n,.pH

k298.15K
acid

where log is the log of the rate constant calculated at pH=0 and 25°C and n,. is the

reaction order with respect to H". The following equation at 25°C represents the dissolution rate
for a mineral like maximum microcline, with acid, neutral, and basic mechanisms:

298.15K

298.15K 298.15K _n,
acid + k

neutral basic HY

—d—mzmte:k

a +k
dt "

ANL-EBS-GS-000002 REV 01 4-11 September 2006



Geochemistry Model Validation Report: External Accumulation Model

The equation is based on Equation 13 from Palandri and Kharaka (2004 [DIRS 175261]), with
the third term added for the basic mechanism of the rate. The values of » and log k are given in
Table 4-12. Values of E are given in case different temperatures are needed. In Section 6.4.2,
the values of dissolution rates versus pH presented in Table 4-12, which are based on three
segments (acidic, neutral, and basic), are converted to expressions based on two segments (acidic
and basic), which is compatible with EQ®6. The results are in output
DTN: MOO0609SPAINOUT.002 (folder: Dissolution rates of Tuff Minerals, file: maximum
microcline (k-feldspar).xls).

Table 4-12. Dissolution Rate Constants for Maximum Microcline

Acidic Leg Neutral Basic Leg
log k* E* n’ log k E log k E n
-10.06 51.7 0.500 -12.41 38.0 -21.20 94.1 -0.823

Source: Palandri and Kharaka 2004 [DIRS 175261], Table 15.
NOTES: 2 Rate constant k, computed by source at 25°C, pH=0, mol/m?-s.
Arrhenius activation energy E, kd/mol.

Reaction order n with respect to H".

The equation for the dissolution rate for albite low and anorthite from Dike/Drift Interactions
(BSC 2004 [DIRS 170028], Appendix B, Equation B-1) is given by:

Total Dissolution Rate = ki [H']>' + ko[H] T°* (mol/cm?s)

where k; and k;, represent the exponential of the log intercept and S1 and S2 values represent the
slopes of the trend lines, with the values of the constants given in Table 4-13.

Table 4-13. Dissolution Rate Constants for Anorthite and Albite_low

Acidic Leg Basic Leg
k1 kz
Mineral (mol/cm?s) S$1 (molicm?-s) S2
Anorthite 1.58 x 107" 0.91 2.00 x 107" -0.30
Albite_low 7.94x 107" 0.33 5.01x107" -0.32

Source: BSC 2004 [DIRS 170028], Table 6-20, Figure B-1, Figure B-2.

The dissolution rates of annite and phlogopite are calculated based on the dissolution rates of
muscovite; see output DTN: MOO0609SPAINOUT.002 (folder: Dissolution rates of Tuff
Minerals, file: Annite and Phlogopite Dissolution (muscovite).xls).
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Table 4-14.  Annite and Phlogopite Dissolution Rates at 70°C

Limiting Dissolution Rates at 70°C log (dissolution rate) at 70°C
pH (mol/cm? s) (mol/cm? s)]
14 6.350 x 107'® -15.197
2.1 2.700 x 107"° -15.569
3 1.270 x 107" -15.896
4.1 5.970 x 107" -16.224
5.3 2.010x 107" -16.697
6.2 2.770 x 107" -16.558
7.8 4.060 x 107" -16.391
8.8 1.070 x 107"® -15.971
9.5 1.200 x 107" -15.921
10.8 1.610 x 107" -15.793
11.8 4.450 x 107"° -15.352

Source: Knauss and Wolery 1989 [DIRS 124300], Table 4.
4.1.8 Invert Properties

The invert ballast material is identified as crushed tuff (BSC 2004 [DIRS 168489]). Table 4-15
lists the invert properties, which come from Estimation of Mechanical Properties of Crushed
Tuff for Use as Ballast Material in Emplacement Drifts (BSC 2004 [DIRS 168138], Table 5).
This source is listed as the appropriate source of invert properties in D&E / PA/C IED
Emplacement Drift Configuration and Environment (BSC 2004 [DIRS 168489]). The invert
properties in Table 4-15 represent invert ballast with non-uniform particle sizes, referred to as
poorly sorted. The values were used to calculate the capillary properties for the poorly sorted
materials in Appendix G.

Table 4-15. Poorly Sorted Invert Properties

Minimum Average Maximum
Grain Density (g/cm®) 2.52 2.55 2.58
(Specific Gravity)®
Total Porosity (inter- and 27% 31% 39%
intragranular)
Permeability (K-sat) 2.5 x 107 cm/sec 0.13 cm/sec 1.3 cm/sec

Source: BSC 2004 [DIRS 168138], Table 5, Section 7.6.

@ The maximum and minimum grain density values represent the average value plus and minus
one standard deviation, based on measured densities of tuff samples.

Table 4-16 presents another set of invert properties that were used as the base case in Multiscale
Thermohydrologic Model (BSC 2005 [DIRS 173944], Appendix X; diameter = 3 mm). These
invert properties represent uniform particle size, referred to as well-sorted.
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Table 4-16. Well-Sorted Invert Properties for 3 mm Particle Size

Inter- Saturated van van Genuchten Residual Saturation
Invert Type granular Permeability Genuchten (for Relative
Porosity (m?) ave (M) (m) Permeability)
Well-sorted,
3 mm 0.450 151 x 107 61.2 0.875 0.0853
Particle Size

Source: BSC 2005 [DIRS 173944], Appendix X; DTN: MO0307SPAVGSUM.000 [DIRS 164438].

Both sets of invert properties were used in Section 6.4.6, Appendix F, and Appendix G for the
TOUGHREACT modeling. Additional sources for matrix properties of the invert materials are
listed in Table 4-18.

4.1.9 Adsorption Coefficients

Table 4-17 contains the properties used to model adsorption, as described in Section 6.4.3. The
Ka values were measured on tuff core samples that were crushed and typically sieved to a size
fraction of 75 to 500 um. Specific surface areas are thought to be independent of size fraction
because tuffs are composed of fine grained minerals on the order of 10-20 pm (BSC 2004
[DIRS 164500], p. A-6). This is consistent with the observation that larger size fractions do not
significantly affect K« measurements on tuff samples (Rogers and Meijer 1993 [DIRS 123127],
pp. 1511 to 1512). The observed tendency for the smallest size fraction to produce higher
adsorption is likely due to a disproportionately large abundance of clay minerals in these
fractions (BSC 2004 [DIRS 164500], p. A-6).

Table 4-17.  Adsorption Parameters and Sources

Parameter Source
Mean invert (inter- and intragranular) porosity (0.31) BSC 2004 [DIRS 168138], Table 5
Mean invert tuff (grain density) specific gravity (2.55) BSC 2004 [DIRS 168138], Table 5
Surface site density (2.3 sites/nmz) Davis and Kent 1990 [DIRS 143280], p. 227
Specific surface area measurements of crushed tuff samples | BSC 2004 [DIRS 164500], Table A-1
Avogadro’s number (6.022 x 1023) Weast and Astle 1981 [DIRS 100833], p. F-81

Cumulative distributions of Pu and U Kd measurements for BSC 2004 [DIRS 164500], Figures A-33b and A-63b
devitrified tuff

Minimum Kd values recommended for devitrified tuff (10 and BSC 2004 [DIRS 164500], Table 6-3
0 mL/g, respectively)

Mean change in Pu and U Kd measurements between 25°C BSC 2004 [DIRS 164500], p. 1-47
and 95°C (negligible and factor of 3.9 increase, respectively)

All BSC references are qualified. The source from Weast and Astle (1981 [DIRS 100833]) is a
handbook and thus is established fact. Since the source from Davis and Kent (1990
[DIRS 143280]) is an external source and not considered established fact, it is justified for
intended use in Section 4.1.12.
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4.1.10 Characteristics of Fractures, Matrix, and Lithophysae

Fractures in the host rock and lithophysae in the vicinity of the proposed repository are potential
locations for accumulation of fissile material. Table 4-18 contains a summary of the sources for
the inputs that describe the host rock properties. The inputs are used in Section 6.4.8.

Table 4-18. Sources for Characteristics of Fractures, Matrix, and Lithophysae

Input Source
Matrix Permeability and Porosity BSC 2004 [DIRS 170038]
Matrix porosity and residual DTN: LB0207REVUZPRP.002 [DIRS 159672]
saturation data
Matrix permeability data DTN: LB0207REVUZPRP.002 [DIRS 159672]
Fracture aperture DTN: LB990501233129.001 [DIRS 106787]
Percent closed fractures GS990408314224.001 [DIRS 108396]; DTN: GS990408314224.002
[DIRS 105625]
Fracture frequency DTN: LB0205REVUZPRP.001 [DIRS 159525]
Fracture porosity DTN: LB0205REVUZPRP.001 [DIRS 159525]
Lithophysae dimensions DTN: GS980308315215.008 [DIRS 107355]
Lithophysae porosity and fracture BSC 2004 [DIRS 166107], Appendix O, Table O-10 (cavities, fitted value)
intersections
Lithophysae porosity DTN: GS980308315215.008 [DIRS 107355]
Lithophysae fill depth DTN: GS980308315215.008 [DIRS 107355]

4.1.11 Atomic Weights

Atomic weights of the elements and radionuclide isotopes used were taken from Atomic Mass
Adjustment, Mass List for Analysis (Audi and Wapstra 1995 [DIRS 149625]) and Nuclides and
Isotopes, Chart of the Nuclides (Parrington et al. 1996 [DIRS 103896], p. 50). These two
sources are considered to be established fact. These documents have been used as a source for
this information throughout the Yucca Mountain Site Characterization Project and are
appropriate as a source for atomic weights in this analysis.

4.1.12 Waste Package Dimensions

Table 4-19 contains the lengths and diameters of the waste package types covered by this report:
21-PWR waste package containing CSNF; 5 DHLW/DOE SNF-Long waste package containing
FFTF or TMI SNF; and 2-MCO/2-DHLW waste package containing N-Reactor SNF. In
addition, Table 4-19 contains the dimensions for 5 DHLW/DOE SNF-Short, which is a waste
package type covered by previous criticality geochemistry calculations (for example, BSC 2004
[DIRS 171809]). The values are used in estimating the distance between waste package effluent
and diverted water locations in Section 6.4.6.
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Table 4-19. Waste Package Dimensions
Waste Package Type Nominal Length (mm) Nominal Diameter (mm)
21-PWR 5,024.4 1,718.3
5 DHLW/DOE SNF-Short 3,452.8 2,126.0
5 DHLW/DOE SNF-Long 5,059.4 2,126.0
2-MCO/2-DHLW 5,059.4 1,830.7

Source: BSC 2005 [DIRS 173501], Table 1.
4.1.13 Log K values used in Sensitivity Analyses for Uncertainty

The log K values at 25°C are 11.6981 for uranophane, and 5.9649 for boltwoodite-Na,
which are both located in the EQ3/6 thermodynamic database (data0.ymp.R4) in
DTN: SN0410T0510404.002 [DIRS 172712]. This database does not contain the standard
deviations of these log K values; however, the sources of the log K’s are journal articles
(Pérez et al. 2000 [DIRS 157910], p. 606 ; Nguyen et al. 1992 [DIRS 100809]), and these
provide the standard deviations. The standard deviation is + 0.6 for uranophane and + 0.16 for
boltwoodite-Na. Sensitivity analyses using variations of the log K values for the uranium
minerals uranophane and boltwoodite-Na are presented in Section 6.8.1.2. The sources
(Pérez et al. 2000 [DIRS 157910]; Nguyen et al. 1992 [DIRS 100809]) are external sources and
are justified for intended use in Section 4.1.14.3.

4.1.14 Justification and Qualification of External Sources

4.1.14.1 Justification and Qualification of Dissolution Rates and Dissolution Rate
Parameters

Justification for the external sources of dissolution rates and dissolution rate parameters of the
minerals is provided as follows:

Brady and Walther 1990 [DIRS 110754]—Description of Data: Dissolution rates of quartz
at 25°C and 60°C used in Tables 4-5 and 4-6. Qualification Status: Justified for intended use in
this report.. Extent to Which the Data Demonstrate the Properties of Interest: This work
presents a comprehensive study involving the experimental dissolution rate data as a function of
pH at low temperatures (25°C and 60°C). Reliability of Data Source: These data were
published in Chemical Geology, which is a peer-reviewed, well-respected scientific journal with
a long record of publication (since 1966). Its articles are reviewed by other experts in the
pertinent technical field, including individuals with experience in the subject matter who
typically use such information in the course of their work. Technical problems identified by the
review process are either resolved prior to publication or the article is rejected. This process
provides an appropriate level of confidence that the information is suitable for use in the types of
analyses for which it was intended. Qualification of Personnel: The lead author, Patrick V.
Brady, has a Ph.D. from Northwestern University with an emphasis on the study of silicate
mineral surface chemistry and geochemical kinetics. Brady has been published extensively on
the subject of silicate mineral geochemistry.

Palandri and Kharaka 2004 [DIRS 175261]—Description of Data: Dissolution rate
parameters of maximum microcline (K-feldspar) used in Table 4-12. Qualification Status:
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Justified for intended use in this analysis. Extent to Which the Data Demonstrate the Properties
of Interest: This work presents a comprehensive study of rate parameters of various minerals for
application in geochemical modeling. Reliability of Data Source: These data were published in
Open File Report 2004-1068 by the U.S. Geological Survey (USGS). Its articles are technically
reviewed by other USGS experts in the pertinent technical field, including individuals with
experience in the subject matter who typically use such information in the course of their work.
Technical problems identified by the review process are resolved prior to publication by the
USGS. The USGS is a nationally recognized scientific institution and is highly regarded among
the scientific community for both quality and the reliability of scientific work. Scientists at
USGS are among the most highly respected in their scientific fields. The USGS provides an
appropriate level of confidence that the information is suitable for use in types of analyses for
which it was intended. Both the lead author James Palandri and the co-author Yousif Kharaka
are part of the USGS Water Resources Division as geochemists and hydrologists. Both have
been extensively published both inside the USGS (Open File Reports (OFR) and
Water-Resources Investigations Reports (WRIR)) and outside the USGS (various journals
including the Journal of Geochemical Exploration and Chemical Geology) on various subjects in
experimental geochemistry and geochemistry modeling.

Knauss and Wolery 1989 [DIRS 124300]—Description of Data: Annite and phlogopite
dissolution rate at 70°C are based on the dissolution rates of muscovite; and are presented in
Table 4-14. Qualification Status: Justified for intended use in this analysis. Extent to Which the
Data Demonstrate the Properties of Interest: This work presents a comprehensive study
involving the experimental dissolution rate of muscovite as a function of pH at 70°C. Reliability
of Data Source: These data were published in Geochimica et Cosmochimica Acta, which is a
well-respected scientific journal with a long record of publication. Its articles are peer-reviewed,
i.e., reviewed by other experts in the pertinent technical field, including individuals with
experience in the subject matter who typically use such information in the course of their work.
Technical problems identified by the review process are either resolved prior to publication or
the article is rejected. This process provides an appropriate level of confidence that the
information is suitable for use in types of analyses for which it was intended.

4.1.14.2  Justification and Qualification of Adsorption Parameters

Davis and Kent 1990 [DIRS 143280]—Description of Data:  Surface site density
(2.3 sites/nm?). Qualification Status: Justified for intended use in this analysis. Extent to Which
the Data Demonstrate the Properties of Interest: This work presents a study involving surface
complexation modeling in aqueous geochemistry. Reliability of Data Source: These data were
published in Reviews in Mineralogy (published by Mineralogical Society of America), which is a
respected journal with a long record of publication, with volume 1 dating to 1974. The
successful series is now published jointly by the Mineralogical Society of America and the
Geochemical Society. Volumes 1 through 38 were published as “Reviews in Mineralogy.” Its
articles are peer-reviewed, i.e., reviewed by other experts in the pertinent technical field,
including individuals with experience in the subject matter who typically use such information in
the course of their work. Technical problems identified by the review process are either resolved
prior to publication or the article is rejected. This process provides an appropriate level of
confidence that the information is suitable for use in types of analyses for which it was intended.
The lead author Jim A. Davis is a hydrologist for the USGS in Menlo Park, California with a
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specialty in geochemistry. He has published numerous journal articles on the subject of surface
complexations and site density.

4.1.14.3 Justification for External Source for Log K Values Used in Sensitivity Analyses
for Uncertainty

Pérez etal. 2000 [DIRS 157910]—Description of Data: Log K standard deviation for
uranophane. Qualification Status: Justified for intended use in this analysis. This source was
used as the source of the log K standard deviation for uranophane in the database data(.ymp.R4,
located in DTN: SN0410T0510404.002 [DIRS 172712]. The standard deviation of this log K is
used to evaluate the uncertainty of the results for the uranium mineral uranophane. Uranophane
was the most common mineral accumulated in the geochemistry modeling done in this report.
The log K data in the EQ 3/6 data0 database was previously qualified for intended use in the
database in Qualification of Thermodynamic Data for Geochemical Modeling of Mineral-Water
Interactions in Dilute Systems (BSC 2004 [DIRS 171916]); a justification is re-iterated here as
well. Reliability of Data Source: The study by Pérez et al. (2000 [DIRS 157910]) is an article
entitled “The Thermodynamics and Kinetics of Uranophane Dissolution in Bicarbonate Test
Solutions,” published in Geochimica et Cosmochimica Acta, though the results had been reported
previously in a technical report (Casas etal. 1997 [DIRS 102432]). The article concerns an
experimental study on uranophane dissolution thermodynamics and kinetics in bicarbonate
solution. The starting material for this study at 25°C is synthesized uranophane and the average
measured log K value at infinite dilution is 11.7 (£ 0.6). These data were published in
Geochimica et Cosmochimica Acta, which is a respected journal with a long record of
publication (since 1950). This journal is sponsored by the Geochemical Society. Its articles are
peer-reviewed, i.e., reviewed by other experts in the pertinent technical field, including
individuals with experience in the subject matter who typically use such information in the
course of their work.

Nguyen et al. 1992 [DIRS 100809]—Description of Data: Log K standard deviation for
boltwoodite-Na. Qualification Status: Justified for intended use in this analysis. This source
was used as the source of the log K standard deviation for boltwoodite-Na in the database
data0.ymp.R4, located in DTN: SN0410T0510404.002 [DIRS 172712]. The standard deviation
of this log K is used to evaluate the uncertainty of the results for the uranium mineral
boltwoodite-Na. Boltwoodite-Na was accumulated in two of the simulations (TMI#1 and
FFTF#1) for the geochemistry modeling done in this report. The log K data in the EQ 3/6 data0
database were previously qualified for intended use in the database in Qualification of
Thermodynamic Data for Geochemical Modeling of Mineral-Water Interactions in Dilute
Systems (BSC 2004 [DIRS 171916]); a justification is re-iterated here as well. Reliability of
Data Source: The study by Nguyen et al. (1992 [DIRS 100809]) is an article entitled “Standard
Gibbs Free Energies of Formation at the Temperature 303.15 K of Four Uranyl Silicates:
Soddyite, Uranophane, Sodium Boltwoodite, and Sodium Weeksite,” published in the Journal of
Chemical Thermodynamics. The Journal of Chemical Thermodynamics exists primarily for
dissemination of significant new measurements in experimental thermodynamics and
thermophysics including calorimetry, phase equilibria, equilibrium thermodynamic properties
and transport properties. Its articles are peer-reviewed, i.e., reviewed by other experts in the
pertinent technical field, including individuals with experience in the subject matter who
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typically use such information in the course of their work. The journal has been published since
1969, thus has over a 30-year history.

4.1.14.4 Justification for the Self-diffusion Coefficient of Water

Mills 1973 [DIRS 133392]—Description of Data: The value for the self-diffusion coefficient of
water at 25°C is 2.299 x 10° m* s ' and comes from the paper “Self-diffusion in Normal and
Heavy Water in the Range 1-45” (Mills 1973 [DIRS 133392], Table III) in the Journal of
Physical Chemistry. The diffusion coefficient is used in the TOUGHREACT flow and transport
modeling described in Sections 6.4.6 and 7.2.5. Qualification Status: Justified for intended use
in this analysis. Reliability of Data Source: The Journal of Physical Chemistry has been is a
well-respected scientific journal with a long record of publication (since 1896). This journal is
sponsored by the American Chemical Society. Articles are reviewed by experts (peers) in the
field that use their data in their work. These data have been used in succeeding investigations for
over 30 years.

4.2 CRITERIA
4.2.1 Regulatory Requirements
4.2.1.1 Yucca Mountain Review Plan

As identified in Section 3 of the TWP (BSC 2006 [DIRS 177153]), the acceptance criteria (AC)
from Yucca Mountain Review Plan, Final Report (YMRP) (NRC 2003 [DIRS 163274]) that will
be addressed in this report are as follows:

e Section 2.2.1.3.3.3, Quantity and Chemistry of Water Contacting Waste Packages and
Waste Forms (AC 1 through AC 5)

e Section 2.2.1.3.4.3, Radionuclide Release Rates and Solubility Limits (AC 1 through
ACYS)

e Section 2.2.1.3.7.3, Radionuclide Transport in the Unsaturated Zone (AC 1 through
ACYS)

e Section 2.2.1.3.9.3, Radionuclide Transport in the Saturated Zone (AC 1).

For AC 1 (System Description and Model Integration Are Adequate), under each section listed
above, the equivalent models in the TSPA will be used for comparison and differences will
be addressed.

Section 8.2.1.1 quotes the full text of the applicable acceptance criteria with pointers to the
information within this report that pertains to the criteria.

4.2.1.2 Key Technical Issues (KTI) Agreements

The KTI agreements that will be addressed in this report are CLST 5.04, ENFE 5.03, and RT
4.03 (Reamer and Williams 2000 [DIRS 155464], MOL.20001208.0097, Attachment 1). Each
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of these agreements commits the DOE to submitting a validation report for external
accumulation modeling for criticality.

Section 8.2.1.2 explains how the KTI agreements have been addressed.
4.2.1.3 Safety Evaluation Report

The Safety Evaluation Report (SER) contains acceptance criteria for how the near-field
conditions could influence the occurrence of criticality and how nuclear criticality outside of the
waste package affects the near-field environment (Reamer 2000 [DIRS 150765], Section 2.3.3).
Many of the criteria are covered by the criteria listed in the YMRP (NRC 2003 [DIRS 163274)).
Those acceptance criteria not covered in the YMRP (acceptance criteria 3, 7, and 15 and SER
open items 3 and 16 (Reamer 2000 [DIRS 150765], Section 4)) are addressed by this report.

Section 8.2.1.3 quotes the full text of the applicable acceptance criteria and open items and
provides pointers to the information within this report that pertains to the item of interest.

4.2.2 Other Requirements—Disposal Criticality Analysis Methodology Topical Report

The following sections of Disposal Criticality Analysis Methodology Topical Report (YMP 2003
[DIRS 165505]) are addressed in this report:

Section 3.3, Figure 3.3a and Figure 3.3b, External Criticality Master Scenarios
Section 3.3.2, External Scenarios

Section 3.3.4, Effect of Volcanic Events

Section 3.4.2, Configurations with the Potential for External Criticality.

Section 8.2.2 provides pointers to the information within this report that pertains to the items
of interest.

4.3 CODES, STANDARDS, AND REGULATIONS

This model documentation was prepared to comply with the U.S. Nuclear Regulatory
Commission high-level waste rule (10 CFR Part 63 [DIRS 173273]). Subparts of this rule
applicable to data include Subpart B, Section 15 (Site Characterization), and Subpart E,
Section 114 (Requirements for Performance Assessment). The subpart applicable to models is
also Subpart E, Section 114. The sections applicable to FEPs are 10 CFR 63.114(d), (e), and (f)
[DIRS 173273].

No additional codes, standards, or regulations are applicable to this report.
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5. ASSUMPTIONS
5.1 DISCUSSION OF ASSUMPTIONS IN UPSTREAM DOCUMENTS

The assumptions listed in the primary modeling report that feeds this model, Geochemistry
Model Validation Report: Material Degradation and Release (BSC 2006 [DIRS 176911],
Section 5), have a significant impact on the inputs to this report and are listed below.

5.1.1 Bulk Water Chemistry (Assumption 5.1 of Material Degradation and Release
Model)

Assumption—For the nominal case, in the absence of a thin-film model, it is assumed that the
bulk water chemistry calculated by this batch reactor model is applicable to thin films of water.

Rationale—For liquid films thicker than 8 to 20 monolayers, the behavior is similar to bulk
water (Sposito 1984 [DIRS 127253], pp. 57 to 70). Franks (1975 [DIRS 173728]) supports this
observation by indicating that films with thicknesses greater than 10 nm (equivalent to
approximately 30 monolayers) behave as bulk water.

1. The OH-bond distance in a water molecule is ~0.1 nm; the length of a hydrogen bond
between water molecules is ~0.3 nm (Stumm and Morgan 1996 [DIRS 125332], p. 7).

2. The effect of a cation on the structure of bulk water is localized to a suite of no more
than 6 to 20 water solvation molecules (Sposito 1984 [DIRS 127253], p. 57).
About 10 molecular layers of water on clay minerals exist at 98% humidity (Sposito
1984 [DIRS 127253], p. 61). The spatial extent of adsorbed water on a phyllosilicate
surface is, conservatively, whatever is included in the region bounded by a plane
about 1.0 nm from the basal plane of the clay mineral. The bounding plane at 1.0 nm
is expected to include all but a few percent of the siloxane surface effects on water
structure (Sposito 1984 [DIRS 127253], pp. 69 to 70). A 1-nm layer of water is
roughly 4 to 10 water molecules, depending on how they are arranged, so an 8 to 20
water-molecule layer is, therefore, around 2 nm. In addition, cation hydration is
similar to hydration of surface complexation sites (Sposito 1984 [DIRS 127253],
p. 64). The above clay observations and the magnitude of cation hydration shell radii
both suggest that 1 nm to 2 nm of surface associated water is not structurally different
than bulk water (Sposito 1984 [DIRS 127253], pp. 57, 61, 64, 69, and 70).

3. Experimental studies of a 20-nm-thick water layer adsorbed onto metal plates indicate
that its physical characteristics are consistent with bulk water (Zhang and
Grischkowsky 2004 [DIRS 173729]).

Confirmation Status—This modeling assumption, when combined with the diffusion
implementation of the EBS radionuclide transport model (BSC 2005 [DIRS 173433]) within
TSPA-LA, is conservative in its estimation of radionuclide release and is, therefore, justified,
and does not require confirmation.
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Use in the Model—This assumption is used in Geochemistry Model Validation Report: Material
Degradation and Release (BSC 2006 [DIRS 176911], Section 6) in the development of the
conceptual model.

5.1.2  Constant Surface Area and Corrosion Rates of Alloys (Assumption 5.2 of Material
Degradation and Release Model)

Assumption—In the absence of a surface area function within a geochemistry-modeling tool, the
surface areas of the reactants are fixed and assumed not to vary with time.

Rationale—As a material degrades, its surface area will certainly change, but how it varies with
time and degree of degradation is extremely complex. Though the actual surface area will
increase with time, the effective surface area will tend to decrease due to the formation of a
protective layer of corrosion products. The corrosion rate itself also decreases with time due to
the formation of oxide layers (DTN: MO0409SPAACRWP.000 [DIRS 172059]). However, the
constant surface area simplification can only result in estimated faster degradation, which
maximizes the impact of the degradation on the solution chemistry. .

Confirmation Status—The impact of this simplification is that reactants may not degrade as
quickly as modeled, but this difference is accounted for by varying the range of degradation rates
over three orders of magnitude (BSC 2006 [DIRS 176911], Table 4-12) and is, therefore,
justified and requires no further confirmation.

Use in the Model—This assumption is used in Geochemistry Model Validation Report: Material
Degradation and Release (BSC 2006 [DIRS 176911], Section 6.3).

5.1.3 Thermodynamic Equilibrium (Assumption 5.3 of Material Degradation and
Release Model)

Assumption—In the absence of data on the long-term behavior of man-made materials in the
waste package for the regulatory period, it is assumed that all homogeneous solution and gas
reactions, and all heterogeneous gas—solution reactions, are reversible and at equilibrium.
Heterogeneous reactions between solutions and precipitating solids are also assumed to be at
equilibrium except for those by which waste and waste package components degrade and
dissolve in the in-package fluids. These reactions are irreversible and described by various
expressions for reaction kinetics. These assumptions are implicit in the EQ3/EQ6 reaction and
reaction path codes used to model the evolution of the in-package chemistry. Some exceptions
to this assumption are the suppression of certain minerals known only to form at high
temperatures (as discussed in BSC 2006 [DIRS 176911], Table 6-9), and that the oxidation state
of chromium is limited to Cr(III).

Rationale—The justification for equilibrium between solution and precipitating solids is that
some solids might require longer times to reach equilibrium (even longer than the times
considered in the modeling). These solids, which include high-temperature minerals, are
explicitly excluded from consideration as described in Geochemistry Model Validation Report:
Material Degradation and Release Model (BSC 2006 ([DIRS 176911], Section 6.3.1.1). In this
model, kinetic factors do not control the reactions, even though it is unlikely that all reactions
will actually reach equilibrium, even over the regulatory period.
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Confirmation Status—This assumption is justified because it is implicitly applied when using
any thermodynamic modeling software, or any other reasonable modeling methodology. Its
necessity can be established by considering the opposite view that thermodynamic
disequilibrium is applicable. = Assuming thermodynamic disequilibrium, there would no
methodology or mechanism to model how the waste package would degrade, or determine what
products would be produced by the degradation. Therefore, no further confirmation of
thermodynamic equilibrium is required.

Use in the Model—This assumption is used in Geochemistry Model Validation Report: Material
Degradation and Release Model (BSC 2006 [DIRS 176911], Sections 6.2, 6.3, and 6.4).

5.2 ASSUMPTIONS INTERNAL TO EXTERNAL ACCUMULATION MODEL
5.2.1 Carbon Dioxide Conditions

Assumption—The water flowing out of the waste package and mixing in the invert and host rock
of the repository are assumed to be in equilibrium with carbon dioxide gas at a fugacity equal
to 10 bar.

Rationale—The fugacity of carbon dioxide is set equal to 10™ bar, which is higher than current
atmospheric levels (10~ bar) because ambient fluids drawn from boreholes near the repository
horizon appear to be in equilibrium with above-atmospheric carbon dioxide levels (Yang et al.
1996 [DIRS 100194], Table 8).

Confirmation Status—The conditions used in this report are consistent with the material
degradation and release model (BSC 2006 [DIRS 176911]), which used carbon dioxide levels
of 107 bar in the calculations. Thus, further confirmation is not needed.

Use in the Model—This assumption is used in Section 6.2 and 6.4.
5.2.2 Oxidizing Conditions

Assumption—The repository and its vicinity are in an oxidizing condition and oxygen fugacity
equals 0.2 bars (the atmospheric value). The exceptions to this are the calculations involving Pu,
in which the fugacity of oxygen was set equal to 10°7°'* bar to be consistent with the material
degradation and release model (BSC 2006 [DIRS 176911]), as discussed in Section 6.2.

Rationale—The existence of reducing conditions in the repository has not been proven, except
for transient and localized conditions. Also, because the repository is in the unsaturated zone, it
is connected to the atmosphere. Therefore, atmospheric oxygen fugacity is used.

Confirmation Status—The conditions used in this report are consistent with the material
degradation and release model (BSC 2006 [DIRS 176911]), which used atmospheric oxygen
levels in the calculations. A series of sensitivity cases showed that when a waste package
degraded under reducing conditions, all U and Pu were retained in the waste package and no
releases occurred (BSC 2004 [DIRS 168405], Section 4.1.2.6). Therefore, for external
criticality, reducing conditions within the waste package would be less conservative, therefore
oxidizing conditions are justified. Thus, further confirmation is not needed.
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Use in the Model—This assumption is used in Section 6.2 and 6.4.

5.2.3 Seepage Rates

Assumption—The seepage rates presented in Figure 5-1 and Figure 5-2 are applicable values to
use in flow and transport modeling. The figures represent the predicted drift seepage flux for the
only two cases in TSPA that predict water flux through damaged waste packages: the
seismic-induced fault displacement model case and the igneous intrusion modeling case. The
seepage rate is the rate of water that enters the area defined by the diameter of the emplacement
drift (5.5 m; BSC 2004 [DIRS 168489], Table 1) and the longest waste package length (5.1 m,
Table 4-19).
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Figure 5-1. Predicted Seepage Flux into Drift from the Seismic-Induced Fault Displacement for CSNF
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Figure 5-2. Predicted Seepage Flux into Drift from the Igneous Intrusion Modeling Case for CDSP

Rationale—The values plotted in Figures 5-1 and 5-2 were used in TSPA and documented in
preliminary DTN: MOOS06MWDTLVAC.000. The seepage rates used by TSPA have not been
finalized and the DTN is currently unqualified and subject to change. However, the values are
the best available in order to be consistent with TSPA modeling.

Confirmation Status—Once qualified values of seepage rates are available from TSPA, an impact
analysis will be needed to determine the significance of the new seepage rates on the model
results.

Use in the Model—This assumption is used in Section 6.4.6 and 6.4.7 to determine the diverted
water flow rates.
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6. MODEL DISCUSSION
6.1 OBJECTIVES

The objective of the external accumulation model is to determine the quantity of fissile material
that could accumulate external to a degrading waste package in the invert or the underlying
fractured tuff. Accumulation of fissile elements, such as >°U and **°Pu, is the primary interest
for criticality; however, neutron absorbers (such as gadolinium) and minerals that may fill pore
space or influence the water content (iron-oxides, calcite, etc.) are also of interest. The
potentially accumulated material originates from a breached waste package that contains
condensed water vapor or seepage water that has reacted with the waste package contents and
caused degradation. The external accumulation model covers CSNF waste packages containing
SNF and basket materials and DOE SNF waste packages containing DOE SNF, high-level waste
glass, and basket materials.

6.2 CONCEPTUAL MODEL

Figures 6-1, 6-2, and 6-3 are flow charts of the three scenarios addressed in the external
accumulation model: nominal, igneous, and seismic. The details of all cases for these three
scenarios are provided in Geochemistry Model Validation Report: Material Degradation and
Release Model (BSC 2006 [DIRS 176911], Section 6.2.2). In the nominal scenario, the drip
shield remains intact and acts as a barrier to advective flow. The waste package is not affected
by general corrosion, but may be breached by stress corrosion cracks. The stress corrosion
cracks permit material to enter and exit the waste package by diffusion. After water vapor
diffuses into the waste package, it will condense and react with internal components. The
oxidation and corrosion reactions will produce alteration minerals in equilibrium with the
condensed film of water. The releases from the waste package include diffusive transport, as
calculated by TSPA, and bottom failure release of solids due to general corrosion, as calculated
by the material degradation and release model (Figure 6-1). The external accumulation model
does not simulate the movement of the diffusive releases or the solid releases. The releases are
simply tabulated for use later in criticality calculations (Sections 6.3.1 and 6.5).

The igneous scenario applies to an igneous intrusion event in which magma enters the repository
drift and encapsulates the waste packages. The details from Geochemistry Model Validation
Report: Material Degradation and Release Model (BSC 2006 [DIRS 176911], Section 6.2.2-.3)
are as follows:

The magma flowing in the drift will “roll” over the invert without significant
penetration into the ballast material (BSC 2004 [DIRS 170028]). The thermal
effects caused by this intrusion are documented in Dike/Drift Interactions
(BSC 2004 [DIRS 170028], Section 8.2.3). The elevated temperatures will cause
the emplacement pallet underlying the waste package to fail and, as a result, the
waste package will settle on the invert. In addition, the waste package will
deform, and the interior will become over pressured due to the expanding interior
gases. At some point, the waste package will rupture due to over-pressured gas.
The failure is predicted to occur at the waste package’s weakest point, which is
the untempered end-cap welds. Once the waste package ruptures, it will deform
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and sag under the force of gravity depending on each component’s thermal yield
strength, and the weight of overlying materials. The elevated temperatures will
also have a chemical effect on the waste package components. Because of its
reactivity, uranium (uranium metal and UQO;) will preferentially and rapidly
oxidize in a series of reactions that will produce fine-grained Us;Og precipitates
(McEachern and Taylor 1997 [DIRS 101726]; 1998 [DIRS 113270]).

Due to the high temperatures and subsequent cool-down, some of the materials in the waste
package will melt and resolidify (HLW glass and aluminum) and some materials will be
sensitized (stainless steel), resulting in high corrosion rates (BSC 2006 [DIRS 176911],
Section 6.2.2.3). Eventually, the drift temperature will drop below the boiling temperature of
water, and water will reenter the drift. The drip shield will be displaced, allowing water to drip
onto the waste package materials. Water will enter the waste package through ruptures in the
waste package fed by fractures in the solidified magma. Water entry into the waste package will
initiate corrosion reactions.

The releases from the waste package considered in this document include dissolved release of
radionuclides and bottom failure release of solids (Figure 6-2). The quantity and description of
the solids released are tabulated for external criticality calculations. The dissolved releases are
modeled using PHREEQC. PHREEQC simulates waste package effluent mixing with seepage
water (referred to as mixing water or resident water). The results produce the quantity of U and
Pu accumulated due to precipitation and adsorption and apply to either the invert or the fractured
host rock. The geometry of the accumulation within the invert is estimated using
TOUGHREACT, which simulates flow and transport in the invert. The porosity and spacing
between fractures (aperture), size of lithophysae, and matrix properties are presented to allow for
criticality calculations within the host rock.

The seismic scenario, consistent with TSPA, considers the drip shield, waste package, and
cladding to be failed and all the fuel exposed to seepage. Upon entry into the remnants of the
waste package, water interacts with the internal components and causes corrosion. The releases
from the waste package considered include dissolved release of radionuclides, waste package
bottom failure release of solids, and entrained transport of solids (Figure 6-3). The quantity and
description of the solids released are tabulated for external criticality calculations. In the same
way as for the igneous scenario, the dissolved releases are modeled using PHREEQC.

For all scenarios, the external accumulation model begins with establishing the inputs to the
model, including dissolved and solid releases from the waste package. The waste package
effluent concentrations as functions of time, referred to as the source terms, are taken from the
Geochemistry Model Validation Report: Material Degradation and Release Model (BSC 2006
[DIRS 176911]). The internal components of the waste packages that are subject to corrosion
(such as the waste forms, basket materials, stainless steel inner barrier of the waste package) are
described in BSC 2006 ([DIRS 176911], Section 4.1.4). The Alloy 22 outer barrier of the waste
package is not included in the corrosion calculations because of its low corrosion rate (BSC 2006
([DIRS 176911], Section 6.2.1.1). The diffusive releases for the nominal scenario come from
TSPA (DTN: MO0506MWDTLVAC.000 [DIRS 174811]). The source for the quantity of
entrained solids, which are solids flushed out of the waste package due to buoyant and drag
forces of moving water, is the mass transfer model (BSC 2006 [DIRS 176911], Section
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6.2.2.2.2). The sources for the composition of the slurry effluent that would result from a waste
package bottom failure come from Geochemistry Model Validation Report: Material
Degradation and Release Model (BSC 2006 ([DIRS 176911]) and are listed in Table 4-6.

The accumulation of the source term in the invert is as follows: The constituent-carrying fluid
enters the invert and mixes with seepage water that does not contain any fissile elements. During
the mixing, the processes modeled include adsorption of U and Pu onto the crushed tuff ballast,
dissolution of the tuff, and precipitation of minerals within the voids of the invert. The geometry
and location of the accumulation within the invert is inferred from 2-D flow and mixing
calculations using TOUGHREACT, a numerical flow and transport code.

To simplify the calculations of accumulation in the fractured tuff, the source term is assumed to
have no interaction with the invert materials. This simplification increases the likelihood of a
criticality event, and is therefore conservative, as it maximizes the quantity of fissile material
available to accumulate in the fractures and minimizes the spreading of that material between the
invert and the host rock.

The accumulation of the source term in the fractured tuff is as follows: The constituent-carrying
fluid flows through the invert, without any interaction with the invert materials, enters the
fractured tuff, and mixes with water that was diverted around the drift. During the mixing, the
processes modeled include adsorption of U and Pu onto the fractured tuff, dissolution of the tuff,
and precipitation of minerals within the fractures and lithophysae. The location and shape of the
accumulation within the fractured rock are not modeled, however the characteristics of the
accumulation zone (fracture porosity, spacing, lithophysae, etc.) are described.

The results from the PHREEQC modeling are moles of U and Pu accumulated and adsorbed and
the volume of other minerals that accumulate alongside the U and Pu minerals. The results apply
to either the invert or the fractured tuff. The two-dimensional location and shape of the
accumulation within the invert were estimated using TOUGHREACT, a numerical flow and
transport code.
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Nominal (non-flow) Case

Diffusive release of dissolved U, Pu, and Pu colloids from
breached waste package (input from TSPA Goldsim runs)
and solid release from breached waste package (input from
material degradation and release model EQ6 runs)

Select appropriate TSPA scenario
for diffusive releases

Tabulate release of 50th and
95th percentile of dissolved U,
Pu species and Pu colloids
(Tables 6-1, 6-2, 8-1)

Bottom failure release of solids

Choose EQ6 cases with highest
release of U and Pu

Tabulate masses of all
minerals including U, Pu, and
other major minerals (Table 6-29)

Summary results of
nominal cases
(Section 8.1.1)

Summary results of
igneous cases
(Section 8.1.2)

Summary results of
seismic cases
(Section 8.1.3)

Figure 6-1.
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Igneous Scenarios

Release of liquids and solids from breached waste package
(input from material degradation and release model EQ6 runs)

Constituents dissolved in liquids

Choose cases with highest losses of
U and Pu

Run PHREEQC to determine
precipitation and sorption
(235U and 239Pu)

Tabulate moles of U, Pu adsorbed
and precipitated, and tabulate volume
of non-fissile minerals precipitated
(Tables 6-9 through 6-13, 6-15, 8-2)

Determine geometry of accumulation
(Table 8-3 for invert;
Section 6.4.8 for fractures)

Bottom failure release of solids

Choose EQ6 cases with highest
release of U and Pu

Tabulate masses of all
minerals including U, Pu, and
other major minerals
(Table 6-31)

Summary results of
nominal cases
(Section 8.1.1)

Summary results of
igneous cases
(Section 8.1.2)

Summary results of
seismic cases
(Section 8.1.3)

Figure 6-2.
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Seismic Scenarios

Release of liquids and solids from breached waste package
(input from material degradation and release model EQ6 runs)

Entrainment release
of solids with bathtub
configuration

Constituents dissolved
in liquids

Bottom failure
release of solids

Choose cases with highest
losses of U and Pu

Run PHREEQC to determine
precipitation and sorption
(435U and 239Pu)

Tabulate masses of
Fe, U, Pu, and other
major minerals
(Table 6-32)

Tabulate moles of U, Pu
adsorbed and precipitated,
and tabulate volume of
non-fissile minerals
precipitated
(Tables 6-14, 6-15, 8-4)

Choose EQ6 cases
with highest release
of U and Pu

Determine geometry
of accumulation
(Table 8-5 for invert;
Section6.4.8 for fractures)

Tabulate masses of
all minerals including
U, Pu, and other
major minerals
(Table 6-30)

Summary results of
nominal cases
(Section 8.1.1)

Summary results of
igneous cases
(Section 8.1.2)

Summary results of
seismic cases
(Section 8.1.3)

Figure 6-3.
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The important modeling concepts and assumptions associated with the modeling of accumulation
are as follows:

Fugacity of Carbon Dioxide and Oxygen—The fugacity of carbon dioxide (CO,) and oxygen
(O,) in the PHREEQC simulations is set equal to the conditions of the source term, as specified
in Geochemistry Model Validation Report:  Material Degradation and Release Model
(BSC 2006 [DIRS 176911]). The fugacity of CO, is set equal to 10~ bar (Assumption 5.2.1),
which is higher than current atmospheric (107" bar) because ambient fluids drawn from
boreholes near the repository horizon appear to be in equilibrium with above-atmospheric carbon
dioxide levels (Yang et al. 1996 [DIRS 100194], Table 8). The fugacity of oxygen (fo2) is set
equal to atmospheric levels (0.2 atm; Weast 1977 [DIRS 106266], p. F-210) for the TMI and N-
Reactor waste packages that contain only uranium. For the CSNF and FFTF waste packages that
contain both U and Pu, the adjusted-Eh model from Dissolved Concentration Limits of
Radioactive Elements (BSC 2005 [DIRS 174566], Section 6.5.4) was used. The adjusted-Eh
model was developed because the Pu-solubility modeling results using a redox potential
calculated from the atmospheric values of oxygen did not represent Pu-solubility behavior in
laboratory experiments (BSC 2005 [DIRS 174566], Figure 6.5-8). The differences are caused by
the oxidation state of Pu, which has a large impact on the geochemical behavior of Pu in aqueous
environments. The model using atmospheric levels of oxygen predicted the formation of Pu(VI)
as the dominant dissolved species, whereas measurements in experiments and natural waters
observed Pu(V) as the dominant dissolved species (BSC 2005 [DIRS 174566], Section
6.5.4.1.3). The adjusted-Eh model, which results in a lower oxygen fugacity, generates a Pu
concentration that closely matches concentrations measured in equilibrium laboratory
experiments (BSC 2005 [DIRS 174566], Figure 6.5-6). Based on the adjusted-Eh model, fo, was
calculated to be 107" bar at 25°C (Output DTN: MOO0609SPAINOUT.002, file
Adjusted FEh.xls), using:

pE =20.78 - pH + 1/4 log(pO2)  (Stumm and Morgan 1996 [DIRS 125332],
Equation 58, p. 456)

pE = [nF] Eh + 2.303 RT (Langmuir 1997 [DIRS 100051], Equation 11.12)
Eh=1.1-0.0592 pH (BSC 2005 [DIRS 174566], Equation 6.5-7)

Thermodynamic Equilibrium—A thermodynamic chemical equilibrium approach is used in
this report (Assumption 5.1.3). When conditions are thermodynamically favored, as determined
by the database, a mineral is allowed to precipitate. The list of minerals allowed to form and the
list of minerals suppressed are provided in Tables 6-7 and 6-8. The suppressed minerals are
minerals that have not been observed in temperature and pressure conditions expected in the
repository. The exception to thermodynamic equilibrium is the treatment of chromium. To be
consistent with the source of the inputs for this report, Geochemistry Model Validation Report:
Material Degradation and Release Model (BSC 2006 [DIRS 176911]), and to be consistent with
other project reports (BSC 2005 [DIRS 174583], Section 6.6.3; BSC 2005 [DIRS 175083],
Section 6.8.2), the model limits the oxidation state of chromium to Cr(III) rather than Cr(VI).
Engineered Barrier System: Physical and Chemical Environment (BSC 2005 [DIRS 175083],
p. 6-103) provides the following explanation:
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Selection of Cr(Ill) over that of the more soluble Cr(VI) species is based on
experimentally observed corrosion products, and on the kinetics and conditions
required to obtain the fully oxidized Cr(VI) state (Smith and Purdy 1995 [DIRS
162976]). Smith and Purdy’s (1995 [DIRS 162976], Figure 6) examination of the
actual chromium speciation as a result of corrosion of Stainless Steel Type 316L
demonstrated a predominance of the less soluble Cr(III) species, except under the
conditions of hot concentrated nitric acid (111°C and >7 molar HNO3).

Dissolution of Precipitated Minerals—Each source term represents concentration versus time
of waste package effluent. Several points along the curve are chosen for PHREEQC simulations,
since only one composition at a time can be run with PHREEQC. At each time step, the
accumulation of minerals is determined. The total accumulation is computed by integrating
under the accumulation curve (mol/year) versus time (year). Redissolution of the precipitated
minerals is not allowed in the model. This is a simplification that overestimates the amount of
material that precipitates, since minerals will dissolve if the chemistry of the water changes with
time.

6.3 NOMINAL CASE—DIFFUSIVE RELEASES—SCOPING CALCULATIONS

The diffusive releases of U and Pu from the waste package were taken from preliminary
calculations performed for TSPA wusing GoldSim (DTN: MO0506MWDTLVAC.000
[DIRS 174811], files LA v3.004_ne 00300 _008.gsm [DOE SNF waste package] and
LA v3.004 ne 00300 018.gsm [CSNF waste package]). The data extracted from the GoldSim
files are identified within the spreadsheets in DTN: MO0604SPANOMIN.000. Appendix J
provides a list of the values extracted from the GoldSim files, the exact location within the
GoldSim files where the data was extracted, and the output excel spreadsheets that contain the
data. The TSPA runs modeled 300 realizations of a single early-failure waste package in a drip
environment in Bin 3, where Bin 3 represents the infiltration conditions most likely to occur at
the repository. Since the drip shield was considered to be intact, only diffusive transport of the
radionuclides occurred. For criticality, the releases of interest were dissolved U, Pu (dissolved
and reversible colloids), and irreversibly sorbed Pu colloids, i.e., iron colloids (If) and glass
colloids (Ic).

The diffusive loss for the nominal case for CSNF and for each DOE SNF (N-Reactor, FFTF, and
TMI) was calculated in spreadsheets CSNF Results.xls and DOE SNF Results.xls in Output
DTN: MO0604SPANOMIN.000. The following steps were taken:

1. Calculate the initial composition and mass of SNF used in TSPA calculations
2. Determine mass released to the invert in TSPA runs
3. Determine fraction of starting mass released to the invert in TSPA runs

4. Using the fraction released from step 3, calculate the mass released to the invert for
CSNF waste package and for each DOE SNF waste package using the starting mass
that was used in Geochemistry Model Validation Report: Material Degradation and
Release Model (BSC 2006 [DIRS 176911]).
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6.3.1 Scoping Results

The masses of U and Pu released into the invert by diffusion in the nominal case for the CSNF
waste package are presented in Table 6-1. The diffusive releases from the DOE SNF waste
packages are presented in Table 6-2.

Table 6-1. Diffusive Releases from CSNF Waste Package in Nominal Scenario
Releases from the Waste Package to the Invert
TSPA, CSNF CSNF
(fraction released) (BSC 2006 [DIRS 176911])
50th Percentile 95th Percentile 50th Percentile 95th Percentile
Isotope (kg) (kg) (kg) (kg)
22y 2.58E-10 1.00E-09 N/A N/A
3y 5.24E-03 1.13E-01 N/A N/A
4y 5.05E-04 2.44E-03 1.97E-03 9.52E-03
5y 3.82E-04 1.82E-03 3.98E-02 1.90E-01
%5y 4.43E-04 2.08E-03 2.88E-02 1.35E-01
28y 2.80E-04 1.31E-03 2.61E+00 1.22E+01
Total U 6.85E-03 1.21E-01 2.68E+00 1.26E+01
9py 4.93E-05 1.11E-08 1.24E-07 6.07E-07
1Py 9.69E-07 5.23E-11 1.01E-08 2.86E-09
#0py 1.51E-05 2.86E-09 6.57E-09 2.82E-08
I**°Pu 2.58E-07 8.38E-13 1.12E-10 8.27E-12
*py 0.00E+00 0.00E+00 0.00E+00 0.00E+00
22py 6.86E-06 5.48E-09 8.12E-09 3.78E-08
If**?Pu 1.42E-07 1.44E-12 1.69E-10 9.94E-12
Total Pu 7.26E-05 1.95E-08 1.49E-07 6.76E-07
NOTES: #°Pu (dissolved and reversibly adsorbed colloids).
I***Pu (irreversibly sorbed onto iron colloids).
DTN: MO0604SPANOMIN.000, CSNF Results.xIs.
Table 6-2. Diffusive Releases from DOE SNF Waste Packages
Releases From the Waste Package to the Invert
TSPA, DSNF
(fraction released) N-Reactor FFTF ™I
50th 95th 50th 95th 50th 95th 50th 95th
Percentile | Percentile | Percentile |Percentile| Percentile | Percentile | Percentile | Percentile
Isotope (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg)
2y 2.03E-06 | 5.79E-06 N/A N/A N/A N/A N/A N/A
3y 2.88E-02 | 1.20E-01 N/A N/A N/A N/A N/A N/A
24y 3.12E-02 | 1.34E-01 | 1.14E-02 | 4.90E-02 | 2.39E-02 | 1.03E-01 | 2.39E-02 | 1.03E-01
25y 3.09E-02 | 1.31E-01 | 5.32E+00 | 2.25E+01 | 8.31E-02 | 3.51E-01 | 4.92E-01 | 2.08E+00
5y 3.90E-02 | 1.57E-01 | 2.18E-01 | 8.76E-01 | 2.82E-01 | 1.13E+00 | 1.81E-02 | 7.28E-02
28y 2.40E-02 | 1.09E-01 | 3.26E+02 | 1.49E+03 | 9.96E+00 | 4.53E+01 | 1.71E+01 | 7.79E+01
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Table 6-2. Diffusive Releases from DOE SNF Waste Packages (Continued)

Releases From the Waste Package to the Invert
TSPA, DSNF
(fraction released) N-Reactor FFTF T™I
50th 95th 50th 95th 50th 95th 50th 95th
Percentile | Percentile | Percentile |Percentile | Percentile | Percentile | Percentile | Percentile
Isotope (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg)
Total U 1.54E-01 6.50E-01 | 3.32E+02 | 1.51E+03 | 1.03E+01 | 4.69E+01 1.76E+01 | 8.01E+01
9y 1.38E-07 7.19E-07 N/A N/A 7.11E-06 3.70E-05 N/A N/A
1c=°Py 5.03E-06 3.18E-05 N/A N/A 2.59E-04 1.64E-03 N/A N/A
I#*°Pu | 1.78E-06 | 1.11E-05 N/A N/A 9.17E-05 | 5.73E-04 N/A N/A
Total Pu | 6.95E-06 4.36E-05 N/A N/A 3.57E-04 2.25E-03 N/A N/A

NOTES: ?#°Pu (dissolved and reversibly adsorbed colloids).
Ic***Pu (irreversibly sorbed, imbedded glass colloids).
%Py (irreversibly sorbed onto iron colloids).
DTN: MO0604SPANOMIN.000, DOE SNF Results.xls.

6.4 SEISMIC FAULT DISPLACEMENT AND IGNEOUS CASES—DISSOLVED
RELEASES

This section describes the modeling involved in determining the quantity and geometry of U and
Pu that accumulates as a result of the source term flowing out of the waste package and mixing
with seepage water in the invert or host rock. Sections 6.4.1 through 6.4.4 describe the major
inputs to PHREEQC input files: source term compositions (Section 6.4.1), the dissolution rate of
the tuff minerals as the waters flow through the invert or host rock (Section 6.4.2), U and Pu
adsorption onto the tuff minerals (Section 6.4.3), and the minerals included during the
PHREEQC simulations (Section 6.4.4). Section 6.4.5 gives the details of running PHREEQC
and the post-processing macros and presents the accumulation results. The TOUGHREACT
modeling effort, to infer the extent of mixing within the invert, is described in Sections 6.4.6 and
6.4.7. Section 6.4.8 provides characteristics of the host rock (such as fracture and lithophysae
porosity) used for describing the geometry of accumulation within the fractured tuft.

6.4.1 Source Term Description

PHREEQC was used to determine accumulation due to mixing of waste package water effluent
with mixing water in the invert. The source terms used are listed in Table 4-4. Two types of
source terms were used for the PHREEQC simulations—igneous and seismic scenarios. In the
seismic scenario, the waste package is breached and all the waste package internals are degraded
by the incoming water (see BSC 2006 [DIRS 176911]). In the igneous scenario, the EQ6
simulations were conducted in two stages. The first stage has water vapor reacting with the fuel
only, causing oxidation. In the second stage, the basalt-equilibrated water reacts with the
remainder of the waste package contents and the oxidized fuel (see BSC 2006 [DIRS 176911]).
For each source term, the software ASPRIN was used to calculate the enrichment fraction (ratio
of *°U to total uranium) in the effluent solution. The details of the ASPRIN calculations are
provided in Appendix 1. Table 6-3 lists the isotopic mole fraction for each waste form used in
the ASPRIN calculations. Figures 6-4 through 6-9 provide plots of aqueous concentration of U
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and Pu (when applicable) and the enrichment fraction for each source term. In addition, the
points identified for PHREEQC simulations are marked on the figures.

Table 6-3. Isotopic Mole Fraction for Each Waste Form

Mole Fraction for Each Waste Form
Isotope CSNF N-Reactor ™I FFTF HLW Glass
By 4.17E-04 N/A N/A N/A 2.92E-03
25y 1.11E-02 1.27E-02 2.96E-02 2.20E-03 8.86E-03
5y 6.88E-03 3.95E-04 N/A 4.28E-02 1.75E-03
8y 9.82E-01 9.87E-01 9.70E-01 9.55E-01 9.87E-01
29py 7.67E-01 N/A N/A 1.00E+00 N/A
#0py 1.38E-01 N/A N/A N/A N/A
#2py 9.56E-02 N/A N/A N/A N/A

Source: DTN: MO0609SPAINOUT.002, file Fuel_Isotopic_Composition.xls. Inputs used to
create the table are listed in Table 4-7.

1 - 0.04
107"
0.03
" ©
= 1072 s
‘_0“ B2
-
E ) =
= 2
._g 10‘-3 0.02 Q"_,
= £
2 2
= 6
-] -4 =
10 =
. . m
— U in solution 0.01
1075 O Points used in PHREEQC
Enrichment
1078 0.00
0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 18,000
Time (years) 00690DC_008.2

Source: Output DTN: MOO0609SPAINOUT.002, folders: TMI_IGN\TMI_IG1_Asprin, file: TMI_IG1A.xIs, tab: Chart2.

Source term description: TMI SNF, Igneous Scenario, 1 L/yr

Figure 6-4. TMI_IG1 Source Term, Uranium in Solution Versus Time
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Figure 6-5. TMI_IG2 Source Term, Uranium in Solution Versus Time
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6.4.2 Dissolution of Tuff Minerals

Table 6-4. Dissolution Rate Constants and Mole Fraction of Minerals in the Topopah Spring Tuff

Dissolution Rate = kq[H']*' + ky[H']** (mol/cm?s)

- . Mole Fraction
Acidic Leg Basic Leg (Source: Temperature
Mineral k4 S1 ka2 S2 Source Tuff_minerals.xIs) °C
Cristobalite| 3.94E-16 | 0.0594 | 6.93E-19 | —-0.318 | cristobalite&quartz.xls 0.371 25
Anni i i .014 7
nite 537615 | 0426 | 7.34E-19 | ~0.231 | @nnite and phiogopite 0.0140 0
Phlogopite (muscovite).xls 0.00459 70
Maximum | 5 50e 45 | 0443 | 2.62E-17 | -0.0214 | Maximum microcline 0.281 25
microcline (k-feldspar).xls
BSC 2004 [DIRS
_ 170028], Table 6-20,
Albite_low | 7.94E-15 0.33 | 5.01E-19 | -0.32 Figure B-1; 0.304 25
Albite & anorthite.xls
BSC 2004 [DIRS
) 170028], Table 6-20,
Anorthite | 1.58E-11 | 0.91 | 2.00E-18 | -0.30 Figure B-2: 0.0254 25
Albite & anorthite.xls

Source: Output DTN: MOO609SPAINOUT.002, folder: Dissolution_Rates_of Tuff_MInerals, files: cristobalite&
quartz.xls, Albite & anorthite.xls, maximum microcline (k-feldspar).xls, and annite and phlogopite
(muscovite).xls.

6.4.3 Adsorption onto Tuff Minerals

The external accumulation model simulates transport of water and dissolved solids from a
leaking waste package through the invert. Immobilization and collection of radionuclides near
the surface of the invert or in other places along the flow path might conceivably create
conditions conducive to a criticality event. Precipitation and adsorption are the two primary
mechanisms capable of immobilizing dissolved radionuclides. Both of these processes are
implemented simultaneously in the model.

The external accumulation model simulates adsorption of U and Pu because of the potentially
high concentrations of these radionuclides and their importance to criticality. This section
describes how adsorption is simulated. Section 6.4.3.1 presents a brief discussion of alternative
adsorption models, and Section 6.4.3.2 explains the adsorption approach implemented. Section
7.2.2.2 describes the validation of the adsorption model.

6.4.3.1 Alternative Adsorption Models

Adsorption can be modeled in a number of ways. The most rigorous approach is a surface
complexation model. In surface complexation modeling, each adsorption reaction is defined
stoichiometrically, and an electrical double layer is simulated. Such an approach requires well-
characterized sorbents and a reliable sorption reaction database. For sorbents, the important
parameters include specific surface area, surface charge, and surface site concentration. The
database for such a surface complexation model includes the parameters of an electrostatic
model and specific adsorption reactions for each type of surface site for each adsorbate. Because
of the large uncertainties in the values of many of these parameters and the lack of sorption

ANL-EBS-GS-000002 REV 01 6-16 September 2006



Geochemistry Model Validation Report: External Accumulation Model

reaction data for many mineral surfaces, surface complexation modeling is often limited to
simple systems. New developments in the study of surface complexation show promise, such as
the work of Sverjensky (2003, [DIRS 177119]) and Sverjensky (2006 [DIRS 177120]);
however, surface complexation modeling as yet remains unproven for predicting radionuclide
adsorption in the field. NUREG/CR-6893 (Criscenti et al. 2006 ([DIRS 177117], p. 5-1); Section
3.2, and NUREG/CP-0193, Cygan et al. 2006 [DIRS177118]) also address the new
developments in the modeling of surface complexation.

At the other end of the spectrum is the linear adsorption model, or distribution coefficient (K,)
approach. The ratio of adsorbed concentration to aqueous concentration at equilibrium is often
constant over limited ranges of aqueous concentrations. For a given radionuclide, if a plot of the
adsorbed versus aqueous concentration at a fixed temperature (i.e., isotherm) is a straight line
that intersects the origin, adsorption is linear for that range and the slope of the line is the K.
This K, however, is conditional. It is a function of temperature, pH, redox conditions (Eh), ionic
strength, and the concentrations of competing and complexing aqueous components. Thus, using
the strictest interpretation, K; measurements apply only to the ground water composition, mineral
samples, temperature, and aqueous concentration ranges of the conditions under which the
experimental data were collected.

Many radionuclide K, experiments have been conducted on crushed tuff samples from Yucca
Mountain. These experiments and their results are summarized in Radionuclide Transport
Models Under Ambient Conditions (BSC 2004 [DIRS 164500]). Appendix A of that report
(BSC 2004 [DIRS 164500]) provides justification for using the linear K; approach for modeling
radionuclide adsorption in the tuffs of Yucca Mountain. The K, experiments used Yucca
Mountain tuff core samples that were crushed and sieved. The typical grain size fraction in the
experiments was 75 to 500 um. Larger size fractions are thought to have similar surface areas
because tuffs are composed of fine-grained minerals (crystal sizes on the order of 10 to 20 um)
(BSC 2004 [DIRS 164500], p. A-6). This is consistent with the observation that larger size
fractions do not significantly affect K; measurements on tuff samples (Rogers and Meijer 1993
[DIRS 123127], pp. 1511 to 1512). Although smaller size fractions tend to produce higher
adsorption, this tendency is discounted as the likely consequence of a disproportionately large
abundance of clay minerals in these fractions (BSC 2004 [DIRS 164500], p. A-6).

The K, experiments were performed by combining 1 gram of crushed tuff with 20 mL of
groundwater in a test tube, spiking the mixture with the radionuclides of interest (at
concentrations below their solubility limits), and shaking the mixtures for a predetermined period
of time (BSC 2004 [DIRS 164500], p. A-7). The final aqueous concentrations of the
radionuclides were measured and the adsorbed concentrations determined by subtraction.

Sections A8.4 and A8.9 in Appendix A of Radionuclide Transport Models Under Ambient
Conditions (BSC 2004 [DIRS 164500]) present plots of numerous Pu and U K; measurements on
devitrified tuff, the type of tuff that will be used as ballast in the invert. Figures A-28, A-29, and
A-60 in that report (BSC 2004 [DIRS 164500]) show slightly decreasing trends in Ky
measurements on devitrified tuffs with increasing aqueous Pu and U concentrations; however,
over large ranges of aqueous concentrations the mean values change little compared to the
variation in the measurements. Desorption experiments generally yield larger K; measurements
than adsorption experiments (BSC 2004 [DIRS 164500], Figures A-29, A-30, A-61). This is
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especially true for Pu, indicating the kinetic limitations of the short-term experiments and
possibly Pu redox effects (BSC 2004 [DIRS 164500], pp. A-40 to A-44). The combination of
adsorption and desorption data, as compiled in the report, is important in estimating mean K,
values and associated uncertainty. In some cases, negative K; measurements were observed (e.g.
BSC 2004 [DIRS 164500, Figure A-61). The negative values happened when the final
equilibrated solution gave measured values of U that were greater than the initial values. The
reason for the unexpected results is because the measurement of U in solution is imprecise and
may also be inaccurate due to calibration errors. Ideally, the experiments would have been
designed to achieve 30% to 70% adsorption, instead of the U experiments with <10% adsorbed
and Pu experiments with >90% adsorbed. When experiments are conducted outside the optimum
range of adsorption, uncertainty is higher. Regardless, the median value should still be a good
measure of the representative K, value.

No clear relationships are observed for Pu and U adsorption versus pH (BSC 2004
[DIRS 164500], Figures A-31, A-32, A-62, and A-63a). However, the surface complexation
model simulations (plotted in Figure A-62 of BSC 2004 [DIRS 164500]) suggest a decrease in U
K, as pH increases from 6 to 8. Most of the U K; experiments were performed in the 8 to 9 pH
range where adsorption is lower; thus, the mean U K, over a pH range of 6 to 9 may be biased
towards a lower value. The K, values presented in Appendix A of Radionuclide Transport
Models Under Ambient Conditions (BSC 2004 [DIRS 164500]) are for ambient temperatures
(~25°C). The effect of temperature is assessed in Appendix I of the same report (BSC 2004
[DIRS 164500]). Figures I-2(e) and I-3(a) in Radionuclide Transport Models Under Ambient
Conditions (BSC 2004 [DIRS 164500]) show adsorption of U(VI) and Pu to crushed tuff as a
function of the reciprocal of temperature. These data indicate that U(VI) adsorption increases by
a factor of approximately 3.9 as temperature increases from 25°C to 95°C but that the increase
observed for Pu is not statistically significant (BSC 2004 [DIRS 164500], p. 1-47).

Many adsorption models fill the gap between the analytical surface complexation modeling
approach and the empirical K, approach. Slightly more parameterized than the K, approach are
the nonlinear Langmuir and Freundlich isotherms. The Langmuir isotherm model is essentially
an extension of the K, isotherm to higher aqueous concentrations. At low concentrations the
Langmuir isotherm is equivalent to the K, isotherm, but at high concentrations where adsorption
begins to reduce the concentration of available adsorption sites considerably, the isotherm
asymptotically bends toward the adsorption capacity limit of the solid phase. The Freundlich
isotherm is nonlinear throughout and is represented by an exponential function. It is usually
reserved for certain adsorbates, such as Cs, that exhibit nonlinear adsorption over large ranges of
concentration.

Between the isotherm models and the surface complexation model are models such as the
generalized composite model and the component additivity model (Davis et al. 1998
[DIRS 154436]). However, as is the case for the surface complexation models, these models are
limited by their sensitivity to mineral surface properties and lack of experimental data.

As long as the chemical and environmental conditions in the drift during the modeling period are
generally represented in the K; experiments, the K, approach is suitable and defensible for
predicting adsorption in the invert. Based on the range of experimental conditions of the K
experiments (BSC 2004 [DIRS 164500], Appendices A and I), the most important conditions
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that could be different in the invert are pH values outside of the experimental pH ranges (pH 6 to
9 for U, pH 7 to 9.5 for Pu) and temperatures that are considerably higher than 25°C.
Specifically, the pH could potentially alter the K; values outside of the experimental pH range,
and increased temperature could markedly increase the U K; value. However, because the
temperature effect on U K, is quantified (BSC 2004 [DIRS 164500], p. [-47), the K, approach for
U and Pu adsorption in the invert is limited only by the experimental pH range.

Perhaps the most important reason for adopting the K, approach for the external accumulation
model is the abundance of relevant measurements. No other approach has sufficient supporting
experimental data that its results will be more accurate than the K, approach for modeling
adsorption in the invert provided that simulation conditions are close to experimental conditions.
Consequently, the K, approach is chosen to represent adsorption in the external accumulation
model.

6.4.3.2 Implementation of K4 Adsorption Model

The K, distribution coefficient of a radionuclide is the equilibrium ratio of the adsorbed and
aqueous concentrations:

K,== (Eq. 6.4.3-1)

where S is the total adsorbed concentration and C is the total aqueous concentration. When K is
expressed in its traditional units of mL/g, S is the amount of adsorbed radionuclide per unit mass
of rock and C is the amount of aqueous radionuclide per volume of water. The corresponding
nondimensional distribution coefficient K'; is represented by:

s

KO',C

(Eq. 6.4.3-2)

where S’ is the adsorbed concentration in units of amount per liter water. For unsaturated porous
media, §"and S are related by the following expression:

S = S% (Eq. 6.4.3-3)

The parameter p 5 is the dry bulk density (mass rock per volume of porous media) and 6, is the
water content of the porous media (the bulk volumetric water fraction).  Substituting

Equation 6.4.3-3 into Equation 6.4.3-2, and then substituting K, for S/C (from Equation 6.4.3-1),
results in:

K, = Kd% (Eq. 6.4.3-4)

w

To simulate U and Pu K,; adsorption in PHREEQC, specific surface reactions must be defined for
each of the aqueous U and Pu species that comprise approximately one percent or more of the
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total U and Pu aqueous concentrations. For example, UO,(COs),” is an important aqueous U
species at near-neutral pH. The contribution of this species to K; adsorption is represented in
PHREEQC by the following reaction:

Sor + UO,(CO;3),>” = SorUO,(COs),*" + Fb*~ (Eq. 6.4.3-5)

where Sor is an unoccupied surface site and Fb> is a fictitious divalent anion (explained later).
The associated mass action equation is:

K [SorUO, (CO,),” ][Fb™ ]
[UO, (CO, )22_ 1[Sor]

(Eq. 6.4.3-6)

where brackets signify activities. Converting the activities to concentrations, the equation
becomes:

o (SorU0, (CO,), )(Fb™ )y ...
~ (UO,(CO,), )y . (Sor)

(Eq. 6.4.3-7)

U0, (CO3),

where y; denotes the activity coefficient of species i. There are no activity coefficients for the
surface species because activities and concentrations of surface species are equivalent in this
model.

The fictitious species Fb”™ is included in the reaction to offset the activity coefficient of
UO,(COs),>". Fictitious species do not contribute any real mass or charge to the system.
Because y; values of aqueous species in the model are only a function of valency and ionic
strength, the two y; parameters in Equation 6.4.3-7 are equal, which implies:

K _ (80rUO,(CO,), " )(Fb™)
(UO,(CO,), )(Sor)

(Eq. 6.4.3-8)

The ratio of (SorUO,(COs),>") to (UO,(COs),”) in Equation 6.4.3-8 is equivalent to K';
therefore, substituting Equation 6.4.3-4 for K'; implies that:

K =(X, %)% (Eq. 6.4.3-9)

The value of (Sor) can be estimated from the total concentration of surface sites (Sor)r, often
called the adsorption capacity. In fact, defining (Sor) in Equation 6.4.3-9 as (Sor)r effectively
changes the adsorption model to a nonlinear Langmuir model at higher aqueous concentrations
and prevents radionuclide adsorption from exceeding the adsorption capacity of the tuff. (Sor)r
is estimated using the following equation:

da,p
Sor),, = —s—sCdb. Eq. 6.4.3-10
(Sor), NG (Eq )

ANL-EBS-GS-000002 REV 01 6-20 September 2006



Geochemistry Model Validation Report: External Accumulation Model

where d; is the surface site density (number of sites per unit surface area), a; is the specific
surface area (surface area per mass rock), and N, is Avogadro’s number (6.022 x 10> sites per
mole of sites). Substituting Equation 6.4.3-10 into Equation 6.4.3-9 gives:

(Eq. 6.4.3-11)

which shows that the equilibrium constant is simply a function of K, and the specific surface site
concentration (dsay/N,4) and is not a function of the water content. The aqueous concentration of
the fictitious species Fb® is constant (set at 1.00 x 10 molal in the model). The fictitious
concentrations are not allowed to change in the simulations.

The K in Equation 6.4.3-11 represents linear K, partitioning at low radionuclide concentrations
when (Sor) can be approximated by (Sor)7z. Only when (Sor) begins to decrease markedly from
(Sor)r does the ratio of adsorbed to aqueous concentrations (S/C) begin to decrease. This
decrease in S/C, which occurs at high aqueous concentrations, is automatically and analytically
accomplished during the simulation by the mass action expression (Equation 6.4.3-8). As (Sor)
decreases due to adsorption, the adsorbed and aqueous concentrations in the mass action
expression must also adjust to ensure that the right hand side of the equation remains constant.
These constraints imply that as (Sor) approaches zero, S approaches (Sor)z. This limit is
necessary because it prevents adsorbed concentrations from exceeding the total surface site
concentration.

The values of the parameters in Equations 6.4.3-10 and 6.4.3-11 are either measured or known,
which allows estimation of (Sor); and K. The value used for d; is 2.3 sites/nm’, which is
consistent with the value recommended by Davis and Kent (1990 [DIRS 143280], p. 227) for
bulk composite geological materials. Measurements of specific surface areas (a;) of the sieved
fractions (75 to 500 um) of the devitrified tuff samples used in the K; experiments range from
1.8 to 6.4 mz/g (BSC 2004 [DIRS 164500], Table A-1). Because these measurements are on
samples where clays and other fines with large specific surface areas are removed (BSC 2004
[DIRS 164500], p. A-6), they are lower than would be expected for the invert. For comparison,
the sieved zeolitic tuff samples used in the K; experiments were measured to have average
specific surface areas mostly in the 20 to 30 m*/g range, owing to the presence of a larger
proportion of clay minerals (BSC 2004 [DIRS 164500], Table A-1). Larger size fractions are
thought to have surface areas similar to the 75 to 500 um fraction because tuffs are composed of
fine grained minerals (BSC 2004 [DIRS 164500], p. A-6). In consideration of the various factors
above, the value of g, used in the current model for the crushed devitrified (non-zeolitic) tuff of
the invert is 9 m%/g.

The value of pg is calculated from the invert porosity (6) and the rock density of the crushed tuff
(ps) using the equation:

p,=01-0)p, (Eq. 6.4.3-12)
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As listed in Table 4-15, the porosity and density of the invert tuff are 31% and 2.55 (g/cm’),
respectively (BSC 2004 [DIRS 168138], Table 5); thus, pa is approximately 1.8 (g/cm”).

The water content (6,,) can be estimated by multiplying the water saturation by the porosity. The
water saturation is predicted to be around 0.6 (Appendix G). This value is higher than the
residual saturation presented in Table 4-16, because it represents the water saturation that would
occur during flow through the invert, as discussed in Appendix G. Therefore, the water content
is approximately 0.19. Using these values, (Sor)y for the crushed invert tuff is approximately
0.33 molal.

The log K values are estimated from the various K, values below. The empirical cumulative
distributions of K; measurements for Pu and U adsorption on devitrified crushed tuff are
presented in Figures A-33b and A-63b in Radionuclide Transport Models Under Ambient
Conditions (BSC 2004 [DIRS 164500], Appendix A). Based on these figures, the median,
minimum, and 95th percentile values are as presented in Table 6-5. For 95°C, the Pu K, values
are unchanged and the U K, values are increased by a factor of 3.9, as calculated in Appendix I
(BSC 2004 [DIRS 164500], p. I-47,). The corresponding log K values, given a specific surface
site concentration (dsay/N4) of 3.44 x 10™ mol/g and fictitious species concentration of 1.00 x
10° molal, are presented in Table 6-6. The median value was used in the PHREEQC
simulations.

Table 6-5. Pu and U K; Measurement Distributions for Devitrified Tuff

Experimental Median Ky Minimum Ky 95th Percentile
Radionuclide Conditions (mL/g) (mL/g) Kq (mL/g)
Pu 25t095°C, 7<pH=<95 200 10° 2500
U 25°C,6<pH<9 2 (8 at 95°C)° 0 (0 at 95°C)° | 6 (20 at 95°C)°

Source: BSC 2004 [DIRS 164500], Figures A-33b and A-63b.

@ Minimum value in BSC 2004 [DIRS 164500], Table 6-3.

® U Ky values at 95°C are estimated by multiplying U Ky values at 25°C values by 3.9 (BSC 2004
[DIRS 164500], p. I-47). Pu Ky values at 95°C are not significantly different from 25°C values
(BSC 2004 [DIRS 164500], p. I-47).

Table 6-6. Pu and U log K Values for Adsorption to Invert Tuff

95th Percentile
Radionuclide Experimental Conditions Median log K Minimum log K log K
Pu 25t095°C, 7=spH=<95 | -2.24 -3.54 -1.14
u 25°C,6=spH=<9 -4.24 N/A® -3.76
(=3.63 at 95°C) | (N/A at 95°C) (=3.24 at 95°C)

@ N/A = no adsorption.

NOTE: Log K values are for reactions of the form of Equation 6.4.3-5, an invert tuff specific surface site

concentration (dsas/Na) of 3.44e-5 mol/g, and a constant fictitious species concentration (Fx*) of 1e-6
molal.

6.4.4 Minerals Included during PHREEQC Simulations

When running PHREEQC, the user must specify the minerals that are expected to form. For
each PHREEQC input file, a preliminary PHREEQC run was performed to determine the
minerals that were favored to form based on the saturated index (SI) of the mineral phases. All
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minerals with a SI > -0.01, were included in the input file, except for those minerals that are not
expected to form in the repository environment. A value of SI > 0 indicates supersaturation of a
mineral phase and SI <0 indicates undersaturation of a mineral phase. Setting the cutoff to
-0.01, rather than 0, ensures that all the possible minerals are included. Table 6-7 contains a list
of the minerals that were considered appropriate minerals to form in the PHREEQC run and
were added if the SI>-0.01. The minerals listed in Table 6-7 are consistent with the minerals
formed in the source term EQG6 calculations (BSC 2006 [DIRS 176911], Table 6-7 and 6-8)
Table 6-8 contains a list of suppressed minerals for the EQ6 calculations that generated the
source terms used in the PHREEQC simulations (BSC 2006 [DIRS 176911], Table 6-9). The
justifications for the suppressions provided in Table 6-8 were expanded from the original table
(BSC 2006 [DIRS 176911], Table 6-9) for a few of the minerals (bunsenite, Ni(OH),, PuO,, and
quartz). The table is provided because the minerals that were suppressed in the EQ6 calculations
could have a significant influence on the source term. To be consistent with the source term
input, the PHREEQC input files did not include any of the minerals listed in Table 6-8, even if
the SI > 0.01. The rationales for inclusion or exclusion of the minerals from the PHREEQC and
EQ6 calculations are included in each of the tables.

The most desirable evidence supporting formation was the precipitation of the mineral in nature
at 0°C to 100°C, near-neutral pH (generally 5 to 9), and 1 atm pressure. Where natural
information is scant or absent, experimental evidence of formation that is consistent with the
noted temperature, pressure, and pH was accepted. In some cases, when log K values are not
available for suitable low-temperature minerals, high temperature phases are allowed to form.
For example, reasonable experimental evidence exists for the crystallization of trevorite
(NiFeOy4) under repository conditions. Therefore, trevorite was allowed to form even though
trevorite is in the spinel group, which typically forms at temperatures above repository
conditions. In addition, the minerals allowed to form were chosen to be consistent with the
minerals formed in the source term EQ6 calculations (BSC 2006 [DIRS 176911], Table 6-7
and 6-8).
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6.4.5 Use of PHREEQC and Post-Processing Macros for Geochemical Modeling

The following is a description of the use of geochemical modeling software PHREEQC v2.3 and
the post-processing macros GetEqPhases v1.0, PHREEQC Post v1.1, Acc_with decay v1.2, and
MinAcc v. 1.0. Figure 3-1 gives a flow chart overview of software usage for the geochemistry
modeling portion.

6.4.5.1 Use of PHREEQC V2.3

The YMP qualified geochemical code PHREEQC V2.3 is a reaction-path and transport code (as
described in Section 3) for tracing constituent accumulation. In this report, PHREEQC was used
to estimate the concentrations remaining in the aqueous solution and the composition of the
precipitated (accumulated) solids. PHREEQC handles advective transport by moving aqueous
solutions from one cell to the next, allowing the contents of each cell to react with the solids and
surface features present in the cell. This model uses 60 cells for 1 L/yr flow and 10 cells for
1,000 L/yr flow, which represents an idealized flow system through the invert or through the
fractures. Diffusion and dispersion are handled by mixing the contents of cells in proportion to
the diffusion (or dispersion) parameters. Precipitation and accumulation occur because the waste
package aqueous effluent encounters chemical conditions different from those present inside the
waste package, such as different pH. Of particular interest is the mixing of the waste package
effluent water (source term) with resident natural waters. In the PHREEQC simulations in this
report, the natural waters were either basalt water for the Igneous Case or pore water from SD-9
for the Seismic Case. The net result of mixing those two water types is mineral precipitation.

In the PHREEQC simulations within each cell, a 10% mixing ratio is implemented, where
mixing ratio is defined as the mass fraction of added water to a cell relative to the final mass of
water in that same cell. For example, adding 0.1 kg of mixing water in cell » to 0.9 kg of the
water equilibrated in cell »n-/ to yield the 1 kg of water modeled in PHREEQC mimics the
advection-mixing mechanism and corresponds to a mixing ratio of 10%. Mixing ratios of 5%
and 20% were also examined in an earlier calculation and found to have a weak effect on the
total accumulation estimates (BSC 2001 [DIRS 155771], Figure 6-7). The dilution factor is
defined as the ratio of the total flux through the system to the flux going through the waste
package (seeprate/ WPflux). For a given dilution factor there corresponds a given number, n, of
cells in the invert or the fracture system according to the following equation:

(1/(1 = MixingRatio )’ = 27 (Eq. 6.4.5-1)
& WPflux a5

Equation 6.4.5-1 was developed by noting that only 90% (i.e., 1-MixingRatio) of the water is
transferred from one cell to the next to keep the self-imposed constraint of dealing with only one
kg of water. In cell 1 (n=1), the true amount of water is 1/(1-MixingRatio) or 1/0.9 = 1.11 kg; in
cell 2, the true amount of water impacted is (1/0.9)* = 1.23 kg, and so forth.

A PHREEQC run is executed for each of these user-selected EQ6 output times and a yearly
accumulation rate valid only for that particular time is extracted. The EQ6 source terms (inputs)
are described in Section 6.2.2. The accumulation rates are post-processed using several macros
to get total accumulation at 10,000 years. For each EQ6 source term, up to 10 PHREEQC

ANL-EBS-GS-000002 REV 01 6-36 September 2006



Geochemistry Model Validation Report: External Accumulation Model

simulations were performed, compared to the hundreds of EQ6 output times provided by EQ6.
There are two reasons for such a treatment. First, EQ6 simulations deal with only one cell (the
waste package + interior) while PHREEQC simulations have typically many cells with water
advecting from one to the next. Second, the dynamic time-stepping that allows EQ6 to modulate
the numerical time step as a function of the expected complexity of the aqueous system is not
present in PHREEQC. PHREEQC uses a constant user-supplied time step. To mimic an EQ6
simulation, a single PHREEQC run would have to use a very small time step. This would
preclude any PHREEQC simulation in a reasonable length of time, and therefore this report uses
selected timesteps from the EQ6 simulations. Thus, PHREEQC simulations are carried out only
for selected EQ6 output times. One PHREEQC simulation corresponds to one EQ6 selected
output time, bounding the period leading to actinide mineral accumulation (i.e., with U and Pu
concentrations high enough to sponsor actinide precipitation). Each EQG6 selected output time
yields an accumulation valid only around that time. The EQ6 simulations were post-processed
via ASPRIN v1.0 (Section 3.1.10). ASPRIN results give the enrichment fraction (ratio of 33U to
total U in solution and/or ratio of **°Pu to total Pu in solution) versus time. ASPRIN also
produces U and Pu concentration curves. EQ6 times were based on the U and Pu curves as
shown in Figures 6-4 through 6-9.

Unlike EQ6, which automatically precipitates saturated phases, PHREEQC requires the user to
specify them. This can be a challenging task in an unknown complex system. The minerals are
given in the “EQUILIBRIUM _PHASES” field of the PHREEQC input file (Appendix A).
Table 6-7 displays the list of minerals that were used for both of the EQ6 and PHREEQC
simulations. Also, Table 6-8 contains the list of suppressed minerals, which were suppressed in
both the EQ6 and PHREEQC simulations. In PHREEQC, there is not a suppressed mineral list
in the input file; these minerals are simply left off the “EQUILIBRIUM PHASES” field of the
PHREEQC input file. To be consistent with the source term input, the PHREEQC input files did
not include any of the minerals listed in Table 6-8, even if the SI was greater than 0.01. The
rationales for inclusion or exclusion of the minerals from the PHREEQC and EQ6 calculations
are included in each of the tables.

6.4.5.2 GetEQPhases

In order to determine which minerals will precipitate, a preliminary or screening PHREEQC run
is done to obtain the saturation indices of all minerals that could precipitate. No minerals are
given in the “EQUILIBRIUM_PHASES” field on the input file, thus no minerals are predicted to
form and no minerals are suppressed. The saturation index gives the potential that a mineral will
precipitate. A saturation index of 0 or more indicates that a mineral may form. The limited
PHREEQC output files are post-processed via macro GetEqPhases V1.0 (Section 3.1.5).
GetEgPhases scans the PHREEQC output files and extracts the saturation indices of minerals.
When using GetEqPhases you list the output file names from PHREEQC simulations, indicate a
list of suppressed minerals (same as the list in Table 6-8) and the SI cutoff. To limit the number
of minerals to be placed on the “EQUILIBRIUM_PHASES” section of the input file, a SI cutoff
of —0.01 has been chosen. Since only minerals with an SI of 0 or above can precipitate, a cutoff
of —0.01 is a conservative number to choose. GetEqPhases produces a list minerals that have an
SI of —0.01 or greater with the suppressed minerals missing, and this is the list used for the
“EQUILIBRIUM_PHASES” section of the succeeding input file. Since all of the times chosen
from the EQ6 simulations were post-processed via GetEqPhases at the same time, the same
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minerals are used for the list of minerals under “EQUILIBRIUM PHASES” for a particular
source term.

6.4.5.3 Use of PHREEQC_Post V1.1

Each EQ6 selected output time yields an annual accumulation. The yearly accumulation at any
given time is then obtained by linearly interpolating between two known yearly accumulations.
The output files from PHREEQC were then post-processed via YMP qualified macro
PHREEQC Post (see Section 3.1.4). The Excel macro PHREEQC Post computes the annual
accumulation rate to be used in subsequent Excel macros Acc with decay and MinAcc.
PHREEQC Post post-processes the PHREEQC outputs and extracts actinide mineral yearly
accumulation rates. The total accumulation is then calculated by summing all the yearly
accumulation through time. The summation of the total U and Pu accumulations is completed
via the macro Acc_with decay. Acc_with decay gives results in total U and Pu accumulation,
as well as total 2*Uand **’Pu accumulated using all PHREEQC times used for a source term.
PHREEQC Post produces a summary file, which gives the total U and Pu for each cell (60 for
1 L/yr simulations and 10 for 1,000 L/yr simulations), which is used as input to Acc_with_decay.

6.4.5.4 Use of Acc_with_decay V1.2

The macro Acc with decay V1.2 (see Section 3.1.6) gives results in total U and Pu
accumulation, as well as total *>U and **Pu accumulated using all PHREEQC times for a source
term. PHREEQC Post produces a summary file that gives the total U and Pu for each cell (60
for 1 L/yr and 10 for 1,000 L/yr), which is used as input into Acc_with decay. Acc with decay
applies decay to plutonium and uranium and variable enrichment to uranium to postprocess the
PHREEQC output. The geochemical code PHREEQC gives annual accumulations of plutonium
and uranium at selected times. All the plutonium is assumed to be **’Pu while the uranium is
made up of isotopes 234U, 233 U, 23 6U, and 2*U. The ratio of **°U to the total uranium is called the
enrichment fraction or enrichment. The enrichment varies with time and is provided as an input
to Acc_with decay and comes from the ASPIRIN output file, as described in the discussion of
the source terms in Section 6.2.2. In addition, 29y decays into 25U with a half-life of 24,110
years (Parrington et al. 1996 [DIRS 103896], p. 48). The half-lives of the uranium isotopes are
high enough for the assumption of no decay to be valid in the time span considered (20,000
years). The routine applies the decay equation to the **’Pu and decays Pu continuously but adds
the newly accumulated radionuclides. The input data for the Acc_with_decay macro consists of
the summary file of outputs from PHREEQC Post, for both elements U and Pu, for each cell for
each PHREEQC run time, and of the **°U enrichment data from the ASPRIN output file. The
resulting output gives the moles of U, moles of **°U, and moles of **’Pu that accumulated in each
cell; it then also gives the totals when each cell is added. The total accumulation of U, 235U, and
#%pu is presented in Table 6-15 for each source term.

6.4.5.5 Use of MinAcc v1.0

The macro MinAcc V1.0 (see Section 3.1.7) computes the volume of mineral accumulation by
post-processing the geochemical code PHREEQC outputs. MinAcc is part of the suite of pre-
and post-processing codes built around PHREEQC. The MinAcc macro integrates yearly
accumulation through time assuming that the yearly rate varies linearly between two EQ6 output
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times. MinAcc computes accumulation for all minerals while Acc_with decay deals only with
actinides but also takes into account decay. MinAcc contains calls to external codes written in
the C programming language: GetMolVol.exe and SpeciesName.exe. GetMolVol.exe extracts
molar volume information from the EQ6 thermodynamic database and SpeciesName.exe checks
that all minerals listed in the Excel macro are present in the “EQUILIBRIUM PHASES” block
of the PHREEQC input files. The output from MinAcc gives yearly accumulation of all minerals
at selected times. To compute accumulation over a time range, the annual mineral accumulation
is assumed to vary linearly. In using the MinAcc macro, the selected time (cell B35) gives the
user the option to calculate accumulation results at any time; for the source terms in this report,
10,000 years was chosen. For accurate results, the minerals entered into the macro should
correspond exactly to the list of minerals present in the “EQUIBRIUM_PHASES” block of the
PHREEQC input files. The output provides the total mineral accumulation in the system at a
given point in time (10,000 years) divided by the volume of water in the system (that is constant
in time). In some cases (FFTFIG2adEhdec and CSFlux9), the volume of minerals calculated by
MinAcc was scaled down so that the total volume of minerals did not exceed the void space
available in the invert. The main point of this is to understand how open spaces can be plugged
by mineral accumulation. The total volume of accumulation for each source term at 10,000
years is presented in Tables 6-9 through 6-14.

6.4.5.6 Results—Accumulation of Minerals

Deposition of minerals occurs over limited ranges of concentration. Because non-U/Pu minerals
also take space in the invert, it is important to check the volume of all precipitated minerals.
Table 6-10 through Table 6-15 tabulate the average volumes of minerals in the invert, including
uranium and plutonium minerals. The post-processing macro Min_Acc, the tab Sorted Minerals,
columns E & F for each source term give the volume of each mineral formed per 1 kg of solution
in the invert or fractures. The equivalent volume of the invert that contains 1 kg of solution was
calculated using invert properties used in the PHREEQC runs (Section 6.4.3.2) of 31 % porosity
and 60% saturation: volume of invert with 1 kg water = (1 kg water) x (1 L water)/(kg water) +
(0.31 x 0.60) x 1000 cm’/liter = 5376 cm’. The maximum volume of minerals that could
accumulate is equivalent to the unsaturated void volume, (100-60)% x 0.31 x 5376 = 667 cm’.
For two cases (FFTFIG2adEhdec and CSFlux9), the volume of minerals calculated by MinAcc
had to be scaled down so that the total volumes did not exceed the capacity of 667 cm’. The
results indicate that a significant amount of non-fissile minerals form along with the uranium and
plutonium minerals.
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Table 6-9. Average Volume of Minerals Accumulated at 10,000 Years for Source Term TMI_IG1,
Igneous Scenario, Flow at 1 L/yr

Volume (cm®/kg of solution)
Type of Mineral Mineral Name at 10,000 Years

Uranium Minerals Boltwoodite-Na 35.93
Plutonium Minerals N/A N/A
Other Minerals Celadonite 46.38
Chabazite 8.82

Dawsonite 2.70

Erionite 27.04

Fluorapatite 0.87

Gibbsite 1.68

Hydroxylapatite 0.38
Magnesite 63.07

Ni3(PO4)2 0.02

Nontronite-Na 0.81

Powellite 0.93
Saponite-Na 11.72

Trevorite 0.03
TOTAL: 200.4

Source: Output DTN: MOO609SPAINOUT.002, folders : TMI_IG1/ TMI_IG1_MinAcc, file:
tmi_Vol_Summary.xls, tab: Sorted Minerals, columns E and F.

NOTE: Only volumes greater than or equal to 0.01 volume (cm 3/kg of solution) for non-uranium and
non-plutonium minerals are presented.

Table 6-10. Average Volume of Minerals Accumulated at 10,000 Years for Source Term TMI_IG2,
Igneous Scenario, Flow at 1,000 L/yr

Volume (cm3lkg of solution)
Type of Mineral Mineral Name at 10,000 Years
Uranium Minerals None 0
Plutonium Minerals N/A N/A
Other Minerals Chabazite 490.46
Gibbsite 2.50
Hydroxylapatite 3.20
Laumontite 124.76
Nontronite-Na 1.57
Trevorite 0.01
TOTAL: 622.5

Source: Output DTN: MO0OG609SPAINOUT.002,

folders: TMI_IG2/ TMI_IG2_MinAcc, file:
tmi2_Vol_Summary.xls, tab: Sorted Minerals, columns E and F.

NOTE: Only volumes greater than or equal to 0.01 volume (cm/kg of solution) for non-uranium and
non-plutonium minerals are presented.
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Table 6-11. Average Volume of Minerals Accumulated at

FFTFIG1adEhdec, Igneous Scenario, Flow at 1 L/yr

10,000 Years for

Type of Mineral

Mineral Name

Volume (cm®/kg of solution)
at 10,000 Years

Uranium Minerals Boltwoodite-Na 177.94
(U02)3(PO4)234H20 37.54
Plutonium Minerals None 0
Other Minerals Alunite 47.43
Chalcedony 30.21
Powellite 6.42
Celadonite 215
Hydroxylapatite 0.58
Nontronite-Na 0.38
Fex(MoO4)3 0.30
Kaolinite 0.22
Goethite 0.07
TOTAL: 303.24

Source: Output DTN: MOO609SPAINOUT.002, Folder: FFTFIG1adEhdec/FFTF1-MinAcc, file:
fftfG1_Vol_Summary.xls, tab: Sorted Minerals, columns E and F.

NOTE: Only volumes greater than or equal to 0.01 Volume (cm/kg of solution) for non-uranium and
non-plutonium minerals are presented.

Table 6-12. Average Volume of Minerals Accumulated at
FFTFIG2adEhdec, Igneous Scenario, Flow at 1,000 L/yr

10,000 Years for

Type of Mineral

Mineral Name

Volume (cm®/kg of solution)
at 10,000 Years

Uranium Minerals None 0
Plutonium Minerals None 0
Other Minerals Dawsonite 307.26
Analcime 298.57
Kaolinite 57.56
Celadonite 2.19
Erionite 1.33
Montmorillonite-Na 0.09
TOTAL: 667

Source: Output DTN: MO0609SPAINOUT.002, folders: FFTFIG2adEhdec/FFTF2-Min_Acc, file:
fftfG2_Vol_Summary.xls, tab: Sorted Minerals, columns E and F.

NOTE:  Only volumes greater than or equal to 0.01 volume (cm */kg of solution) for non-uranium and
non-plutonium minerals are presented.
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Table 6-13. Average Volume of Minerals Accumulated at 10,000 Years for Source Term CDSPIG2,
Igneous Scenario, Flow at 1,000 L/yr

Type of Mineral Mineral Name Volume (cm®/kg of solution)
at 10,000 Years
Uranium Minerals None 0
Plutonium Minerals N/A N/A
Other Minerals Gibbsite 131.85
Hydroxylapatite 70.75
Laumontite 2.88
Nontronite-Na 0.01
Trevorite 0.39
Zn28i04 6.58
TOTAL: 2125

Source: Output DTN: MO0609SPAINOUT.002, folders: CDSPIG/CDSPIG-MinAcc, file:
CDSPIG_Vol_Summary.xls, tab: Sorted Minerals, columns E and F.

NOTE: Only volumes greater than or equal to 0.01 volume (cm 3/kg of solution) for non-uranium and
non-plutonium minerals are presented

Table 6-14. Average Volume of Minerals Accumulated at 10,000 Years for Source Term CSFlux9,
Igneous Scenario, Flow at 1,000 L/yr

Type of Mineral Mineral Name Volume (cm3lkg of solution)
at 10,000 Years
Uranium Minerals Uranophane(alpha) 662.3
Plutonium Minerals N/A N/A
Other Minerals Laumontite 4.55
Zn28i04 0.15
C02Si04 0.02
TOTAL: 667

Source: Output DTN: MO0609SPAINOUT.002, folders: CSFlux9/CSFlux9_Min_Acc, file:
CSFlux9_Vol_Summary.xls, tab: Sorted Minerals, columns E and F.

NOTE: Only volumes greater than or equal to 0.01 volume (cm 3/kg of solution) for non-uranium and
non-plutonium minerals are presented.

Table 6-15 contains the moles of U and Pu released from the waste package, accumulation
within the crushed tuff of the invert or the host rock, and adsorbed onto the tuff.

ANL-EBS-GS-000002 REV 01 6-42 September 2006



Geochemistry Model Validation Report: External Accumulation Model

Y0-3.€Y

00

10+349°S

€0-4.€°L

00

¢0+3€C'8

G0-3¢9°S

00

€8’y

papnoul
Aedap ng
y3 peisnipy
JA1000°L
snoaubj

4144

o9py3pego|4144

9¢'c

€l'e

10+366°L

10+39G°€

AR

c0+3v0’e

¢0-3¢6¢'¢

€0-3L0¥

860

papnjoul
Aeosp ng
u3 pajsnlpy
SYaN?
snoaubj

4144

o9py3peLol414d

€0-3€8°G

00

¢0+38€°S

10-36S v

00

Yo+3ave'v

VIN

VIN

VIN

JA1000°L
snoaub)
1010B9Y-N

¢91dSad

90-39¢€'8

00

L0+3¥9°S

¥0-3S1°6

00

€0+3.16°

VIN

VIN

VIN

JA1000°L
snoaub)

INL

ol INL

16°C

¥'0

10+3¥0°€

¢0+3cl’t

Syl

€0+3G1°1

VIN

VIN

VIN

AL
snoaub)

INL

LOI INL

pagiospy

paje|n
-wnooy

abeyoed
9)SEeAA WOy
paysni4

pagiospy

paje|n
-wnooy

abeyoed

9)SEeM WO

paysn|4

pagiospy

paje|n
-wnooy

abeyoed
9)SEA\ WOy
paysni4

S9|OIN Dmmw

SO0 N [BjoL

S9|ON Nd,

suo}ipuo? pue
‘olleuang ‘adA)
abeyoed ajsepm

wi9aj 9dinog

yoea.g abeyoed a1sep
Ja)e sies A 000°0) Ale1ewixoiddy 18 pagqlospy pue pajenunogy ‘sabexoed 81Sep) SNoLEBA WO} paysn|4 WNIuoin|d pue wniuein

‘Gl-9 9|qeL

September 2006

6-43

ANL-EBS-GS-000002 REV 01



Geochemistry Model Validation Report: External Accumulation Model

'SIX'SSO[ Nd™ 1" 6XN|4SD PUB ‘SIX'SSO[ Nd N ZDI4LHH ‘SIX'SSO| Nd N~ LOIdLH ‘SIX'SSO| N DIJSAD ‘SIX'SSO[ N ZINL ‘SIX'SSO| N~ LINL
:s9|1} BuImo||0} BY) puE WIB) 824N0S, pPajage| Jap|o} 8y} 8as ‘WJa) 82IN0S Yoea 1o} Jap|o} 8y} Japun ‘abexoed sjsem ay) wodj paysn) sajow ay} Jo4

"WJ8) 80N0S Yoes I0} e} 8sN Six"0/ed” UolLdospe o)) 89S ‘Paglospe sajow 8y} 40

'sejow nd

6€C P

ue

‘sajowN,,, ‘SdJow N-|e}o} Jo} SIX"AB20p Y)M~ 20V 3} pUR AB2BP Y}IM 09V J9P|0) 893S ‘WD) 82INOS YIRS J0) JOP|0) B} Japun ‘paje|nwindde ajow ay} 104

‘W) 824N0S Yoes o4

‘310N

"Z00° LNONIVAS60900 :NLd IndinQ :82inog
y3 paisnipy
JA1000°L
IITSEIS
90-3¥€'8 L¥oL 10+342°L ¥0-31G°/2 €0'2v6 €0+3GL°L 10-3LL'S 000 000 4ANSO 6XN|4SD
pagJospy | pajen abeyoed paqlospy paje|n abeyoed paqgiospy paje|n abeyoed suoljipuo) pue wJia] 9ainog
-wnooy | ajsep wouy -wn2oy | 9)Sep\ WOy -WNJJy | 8)SBA\ WOy | ‘onieuddsg ‘adA)
paysnj|4 paysn|4 paysn|4 abeyoed ajsepm
S3|O N, SO|OIN N IeloL Sa|oN Nd,,

(panunuon) yoeaug abexoed aysepn
Jaye sieaA 000°0l Al@lewixoiddy 1e paglospy pue paje|nwnody ‘sabexoed 8)SeA\ SNOUEA WO, paysn|4 wniuoinjd pue wniuein

‘Gl-9 9|qeL

September 2006

6-44

ANL-EBS-GS-000002 REV 01



Geochemistry Model Validation Report: External Accumulation Model

6.4.6 Flow and Transport in the Invert Using TOUGHREACT

For criticality calculations, the extent of mixing and the location of the accumulation of fissile
material within the invert is important. Two bounding cases are (1) complete mixing within the
invert and accumulation is spread uniformly within the invert or (2) no mixing within the invert
and all mixing occurs at the bottom of the invert, with accumulation along the boundary of the
invert and the host rock. (Another possibility, which is discounted because it results in no
criticality concern in the invert, is no mixing within the invert and the two aqueous streams flow
through the invert and directly into the host rock without any mixing or accumulation.) Rather
than assuming the bounding cases in the criticality calculations, a modeling effort was performed
to infer the extent of mixing within the invert.

This section describes numerical modeling of mixing of flows in the invert using the reactive
transport code TOUGHREACT. The objective of this modeling was to show whether it is
possible for radionuclides released from a breached waste package to accumulate in the invert in
such a way as to become critical. Figure 6-10 is a diagram of the system, showing the modeling
grid. The approach taken was to simulate injection of water at two locations in the top of the
invert: (1) directly beneath the waste package, where releases would occur, and (2) at a distance
from the center of the invert where seepage water diverted by the remnants of the drip shield
would enter the invert. (For the seismic and igneous scenarios, in which the seepage water
contacts the waste package, the drip shield does not provide a barrier to flow.) Conservative
tracers in the water at each injection point show where those waters move, and the concentration
of the tracers indicates how releases from the waste package would be diluted and dispersed
throughout the invert and where mixing of the two waters occurs. The mechanisms that impact
the extent of mixing within the invert include random solute movement caused by pore water
velocity variations (in both magnitude and direction) and molecular diffusion. Laboratory
experiments on longitudinal mixing in unsaturated flow resulting from hydrodynamic dispersion
and molecular diffusion are presented in the study by Toride et al. (2003 [DIRS 176906]).
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Figure 6-10. System Modeled for Mixing in the Invert

Two problems were modeled: (1) Validation Section 7.2.5 contains a validation case using a
simple rectilinear geometry simulating a portion of the invert; the simple geometry and
homogeneous properties allowed validation of the numerical model by comparison with an
analytical model. (2) This section contains a set of six base case simulations using a larger
region consisting of the invert as well as a portion of the unsaturated zone (UZ) host rock to the
side of and below the invert, with the interface between the invert and host rock being curved to
represent the drift wall; this problem allowed for more realistic treatment of invert geometry and
the effects of host rock proximity and hydrologic behavior on invert flow behavior.
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The region modeled in both problems was a two-dimensional vertical cross section of the invert.
In effect, the waste package effluent water and the diverted water were injected as line sources,
rather than as point sources. This simplified geometry (line sources) generates a larger mixing
zone within the invert than would occur if point sources had been modeled, and therefore is
conservative for criticality. (See Section 6.4.7.4 for additional discussion.)

In both problems, the invert was modeled as a single continuum. In the base case, the UZ host
rock was modeled as a dual continuum consisting of the geologic formation Tptpll (UZ model
layer tsw35) tuff matrix and fractures. The problems were both essentially multiphase fluid flow
and solute transport simulations; using tracers that were as inert as possible intentionally
minimized reactive geochemistry. The thermodynamic database used in the simulations, a file
‘thermk1.01.dat,” which was obtained from DTN: LB0302DSCPTHCS.001 [DIRS 164744],
was developed for TOUGHREACT V3.0 and used in Drift-Scale THC Seepage Model (BSC
2004 [DIRS 172862]). The problems were run isothermally at 25°C and atmospheric pressure to
simulate conditions at late times, well after the thermal period, when waste package breaches
will be most likely to have occurred. Although all simulations were transient, they were run to
very late times so as to achieve steady state conditions.

6.4.6.1 Base Case Simulations Using TOUGHREACT

The base case involves simulations of flow and transport in the invert using a grid that reflects
the actual geometry of the invert and a portion of the UZ host rock immediately adjacent to the
invert. Calculations were done for three cases that represent various amounts of waste package
and diverted flow. The flow conditions are summarized in Table 6-16. The flow rates through
the waste package (1 and 1,000 L/yr) were the values used in the EQ6 simulations taken from the
material degradation and release model as shown in Table 4-4. The diverted water flow values
were chosen based on what would be considered reasonable values, given the flow through the
waste package and given the assumed drift seepage, as presented in Figures 5-1 and 5-2. For
Case 1 (igneous, 1 L/yr), the diverted source flow rates were set at 200 L/yr to represent the case
with the lowest seepage flux in Figure 5-2, since the flow through the waste package was so low
(1 L/yr). For Case 2 (seismic, 1,000 L/yr), the diverted source flow rate was set at 200 L/yr to
represent the highest seepage rate in Figure 5-1 for the combined flows (1,200 L/yr). For Case 3
(igneous, 1,000 L/yr), the diverted source flow rate was set at 400 L/yr to represent the highest
total seepage rate in Figure 5-2.

For each of the three cases, two types of invert hydrological properties are specified, representing
well-sorted and poorly sorted granular material. Invert properties are summarized in Table 6-17.
The well-sorted properties come from Table 4-16, with the exception of the residual saturation
for capillary pressure, which was changed slightly from the residual saturation for relative
permeability to avoid numerical problems, as instructed in the TOUGH2 user’s manual (Pruess
et al. 1999 [DIRS 160778], p. 189). The poorly sorted properties are calculated in Appendix G
using values of total porosity and permeability in Table 4-15 and matrix porosity and residual
saturation from Table 6-27. The invert is modeled as a single continuum, and the UZ is modeled
as a dual continuum consisting of fractures and tuff matrix.

The model grid represents a vertical cross section of the invert and UZ. Figure 6-11 shows the
numerical grid, with invert grid cells shown in yellow and the drift wall in red. The grid is a
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regular rectangular grid with grid cell spacing of Ax = Az=0.10 m. The origin (0, 0) in the grid
is the upper left corner of the outer boundaries of the upper left grid cell, whose center is at
(x,2z) =(0.05, -0.05).

The waste package source is modeled as 1.0 molal Na', and the diverted source is modeled as 1.0
molal K". 1In all cases, the waste package source is located nominally at the top center of the
invert, at x = 2.15 m in the numerical grid. The top surface of the invert is 4 m across, extending
from x = 0.20 m to x = 4.20 m (these locations are at the interfaces between grid cells), so the
invert center is at x = 2.20 m. Since water injection is modeled as occurring at a grid cell center,
rather than at the interface between cells, the water is injected at one of the two grid cells closest
to the center of the invert. The waste package source flux in Case 1 is nominally 1.0 L/yr
(source term Table 4-4) from a 5.1-m-long waste package. To express the source flux in units of
mm/yr (as used in model validation Section 7.2.5 and in Appendixes F and G), the width of the
source region is specified as 2 cm, to be consistent with the width specified for model validation
in Section 7.2.5. A source flux of 1.0 L/yr is equivalent to 9.8 mm/yr. In Cases 2 and 3, the
nominal waste package flux is 1,000 L/yr (source term Table 4-4).

In Cases 1 and 2, the diverted source is 1 m to the right of the waste package source at
x=3.15m. The distance between the waste package effluent and the diverted water could range
from 0 (both sources at the same location) to greater than 5 meters (sources on opposite ends of
the waste package), but a value of 1 m was chosen as roughly equal to the radius of a waste
package (Table 4-19). A value of 1 m, a value on the low side of the range, was chosen because
the sources need to be fairly close to each other if significant mixing and accumulation is going
to occur. In Case 3, the diverted source is specified as 66 mm/yr divided over each side of the
waste package and distributed over a region 0.59 m wide on either side of the waste package
source, which corresponds to a nominal flow rate of 400 L/yr. In the numerical grid, diverted
water in Case 3 is injected into six grid cell center locations on the left side of the invert, ranging
from x = 0.95 m to 1.45 m, and six grid cell center locations on the right side of the invert,
ranging from x = 2.95 m to 3.45 m. The total flux for each case is summarized in Table 6-16.
The total flow rate for each case is summarized in Table 6-18, where the flow rate in kg/s is
converted to mm*/yr by dividing by the density (1000 kg/m’) and 1.0 m, which is the length of
the segment of a waste package that is modeled.

The TOUGHREACT input file ‘GENER’ specifies the water injection locations and rates, which
are input in units of kg/s.

The input file ‘chemical.inp’ defines the geochemical system being modeled. Aqueous species
included in the model are H,O, SiO; (aq), O, (aq), Na', K', and CI". One gas species, O, is
included to provide a gas phase, which, in the modeled system, is relatively inert. Minerals that
are included in the system and could potentially precipitate include SiO, (am), sylvite (KCI), and
halite (NaCl). The water initially present contains SiO; (aq) at a concentration of 0.001 molal
(mol/kg H,0); O (aq), Na', and K" each at a concentration of 1.0 x 10"? molal; and CI at a
concentration of 2.0 x 10> molal. Na' serves as the tracer in the water from the waste package
source, where the Na" and Cl” concentrations are 1.0 molal. K is the tracer in the water from
the diverted source, where the K" and C1” concentrations are 1.0 molal.
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The input file ‘solute.inp’ defines solute transport properties, including the locations where the
tracer sources are injected (which must agree with the location of water injection locations
specified in the ‘GENER’ file for the simulation to be correct).

The input file ‘flow.inp’ contains the invert hydrologic properties shown in Table 6-17,
hydrologic properties of the UZ rock outside the invert, the initial conditions, and simulation
control parameters. The convergence criterion for relative error is set at 10°. Time steps are
automatically reduced whenever the convergence criterion is not met.

Input and output files for all TOUGHREACT simulations in this report are available in output
DTN: SN0607T0504506.002.

Hydrodynamic dispersion is not considered; however, numerical dispersion is inherent in the
calculations. For the regular rectangular numerical grid that is used, with a grid cell spacing of
10 cm, and with full upstream weighting of mobilities, numerical dispersion is approximately
0.05 m (Oldenburg 2003 [DIRS 176820], p. 244). Molecular diffusion is accounted for, with a
diffusion coefficient of 2.3 x 10~ m?*/s (Mills 1973 [DIRS 133392], Table III).

Table 6-16. Flow Conditions in Base-Case Simulations
Waste Package Flux Diverted Flux Size of Diverted

Flow Source

Case Scenario (mmlyr) (kgls) (mmlyr) (kg/s) Region (m)
1 Igneous 9.8 6.21086 x 107° 2000 1.26752 x 107° 0.02
2 Seismic 9800 6.21086 x 10°° 2000 1.26752 x 107® 0.02
3 Igneous 9800 6.21086 x 10™° 66 1.23393 x 107°* 0.59**

Source: Hand calculations.

Sample calculation 1: Flux (mm/yr) = flow rate (L/yr) x 1000 (cm?/L) + 5.1 m =2 cm x (1 m/100cm) x
(10 mm/cm).

Sample calculation 2: Flux (kg/s) = flow rate (mm/yr) x 10~ (m/mm) x 0.02 m x 1.0 m x 1000 kg/m® =
86400 s/day +365.25 day/yr.

* Total flux on one side of waste package, divided into 6 grid cells; same flux on the other side of waste package.
** Located on both sides of waste package flux source.

Table 6-17. Base Case Invert Properties
Residual Residual
Saturated van Saturation Saturation
Permeability Genuchten van (for Rel. (for Cap.
Invert Type Porosity (m?) avs (m™) Genuchten m Perm.) Pres.)
Well-sorted 0.450 151 %107 61.2 0.875 0.0853 0.0850
Poorly sorted 0.224 1.33x107"° 333.2 0.255 0.150 0.145

Source: Well-sorted properties come from Table 4-16, with the exception of the residual saturation for capillary
pressure, which was changed slightly from the residual saturation for relative permeability to avoid
numerical problems, as instructed in the TOUGH2 user’s manual (Pruess et al. 1999 [DIRS 160778], p.
189). The poorly sorted properties are calculated in Appendix G based on properties in Tables 4-15
and 4-18.
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Table 6-18. Total Flow Rates in Base-Case Simulations

Total Injected Water Flow

Case (kg/s) (mm?lyr)
1 1.27373 x 10°° 40,196
2 7.47838 x 10™° 236,000
3 8.67878 x 10™° 273,881

Source: Output DTN: SN0607T0504506.002.
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NOTE: Green arrow indicates waste package effluent; red arrow indicates location of diverted water for Cases 1
and 2; black arrows (along with red arrow) indicate location of diverted water for Case 3.

Figure 6-11. Numerical Grid Used in Base Case TOUGHREACT Simulations ( x-axis relative to edge of
grid)

Boundary conditions are the TOUGHREACT default conditions of no flow and no transport at
all boundaries. In order to maintain a constant pressure while water is injected into the top of the
invert, the grid volume of each grid cell in the bottom row of a cell in the grid is set to a large
value, 10" m’.

6.4.6.2 Grid Generation

For both the base case and the validation case, the grid is created using the MESHMAKER
module in TOUGHREACT. To create the dual permeability (fracture and matrix) grid for the
UZ portion of the grid, the initial grid created by invoking the MINC processing in
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TOUGHREACT. The specific sequence of steps to create the dual permeability grid is as

follows:

1.

Run TOUGHREACT wusing input file ‘flow.inp’ containing the keyword
MESHMAKER and the following set of inputs, which creates a 44 x 20 regular
rectangular vertical grid with grid spacing of 10 cm:
MESHMAKER
XY?Z
0.0

NX 44 0.10
NY 1 1.00
NZ 20 0.10
Edit the resulting output file ‘MESH” using Excel. First, in the ELEME data block,
change the grid cell volume of each cell in the bottom row of cells to 10" m’. Second,
identify all invert cells based on their location within a 5.5-m-diameter circle centered
at (x, z) = (2.2 m, 1.8864 m), which is the center of the drift relative to the top center of
the invert being designated as (x, z) = (2.2 m, 0.0 m). Third, move all grid cells
identified as invert cells to the bottom of the ELEME data block. Fourth, make the
grid cell volume of each invert grid cell negative; this tells the MINC process to leave
these as single continuum while converting all other grid cells to dual continuum.
Rerun TOUGHREACT with the edited MESH file now being considered an input file,
and with the input file ‘flow.inp’ containing the following set of inputs:
MESHMAKER
MINC
PART TWO-D MMALL

2 10oUT 0.3125
0.015
This tells TOUGHREACT to create a 2-D dual permeability grid in which the fracture
volume fraction in each original single continuum grid cell is 0.015. This run creates a
new version of the MESH file, called ‘MINC.’
Edit the ELEME data block in file ‘MINC’ to change the rock type labeled ‘2’ to

‘tswF5” (tsw35 fractures), type ‘3’ to ‘tswMS5S’ (tsw35 matrix), and type ‘1’ to ‘invu’
(upper invert). These rock type labels must agree with the corresponding rock type
labels in input file ‘flow.inp.” Change the grid cell volume for invert cells back to
positive values. Rename the edited file ‘MESH,’ which is the input file for the flow
and transport simulations.

By default, the MINC process results in connections between invert grid cells and UZ fracture
cells, but not between invert grid cells and UZ matrix cells. In the UZ, fracture cells are
connected to neighboring fracture cells, and matrix cells are connected to neighboring matrix
cells. At each grid cell location, the UZ fracture cell is connected to its corresponding UZ matrix
cell, but not to any other matrix cells. Similarly, a matrix cell is connected to its corresponding
fracture cell, but not to any other fracture cells.
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6.4.6.3 Base Case TOUGHREACT Simulations

The base cases for the poorly sorted invert are run in two steps. First, a flow calculation is run
without reactive transport. Then, using the flow and saturation field obtained from the flow-only
calculation, the reactive transport calculation is run.

The initial temperature and pressure is uniform everywhere at 25°C and 101.325 kPa. Since
there is no heat source, the heat transfer calculation is turned off, and the temperature remains
constant. The pressure remains nearly constant by virtue of the constant pressure boundary at the
bottom of the grid coupled with the relatively high permeability and gas saturation of the UZ
fractures and the invert.

For the simulations to complete successfully in a reasonable amount of time, the initial gas
saturations need to be close to the final steady-state values. The initial gas saturation is set at
0.75 1n the invert, 0.98 in UZ fractures, and 0.12 in UZ matrix. These initial conditions are based
on trial simulations in which these saturations were found to result at late times.

The flow calculation is run to 1.0 x 10° years. The flow-and-transport calculation is also run to
1.0 x 10° years. Although the saturations and tracer concentrations continue to change slightly
even after 2.0 x 10° years, the changes are so slight that the results are considered to be steady
state.

The base cases for the well-sorted invert are also run in two steps, with one difference from the
poorly sorted invert cases. The flow calculation, run without reactive transport, uses the results
of the corresponding poorly sorted invert flow calculation as the initial condition. This is
necessary because the well-sorted invert simulations appear to be much more sensitive to initial
conditions than the poorly sorted invert cases. Using the poorly sorted invert flow results as
initial conditions, the well-sorted invert cases reliably run to completion, whereas using the more
uniform initial conditions as in the poorly-sorted invert cases, they fail to complete. Then, as
with the poorly sorted invert cases, using the flow and saturation fields obtained from the
flow-only calculation, the reactive transport calculation is run.

6.4.6.4 Base Case Results

Results for the base case calculations include the cumulative flow across the invert-UZ fracture
boundary. This boundary is shown as the curved red line in Figure 6-11. In all plots (Figures
6-12 to 6-29), distances are shown relative to the left edge of the invert; thus, X = 0 m in Figures
6-12 to 6-29 corresponds to x = 0.20 m in Figure 6-11. Cumulative flow is calculated by starting
at the left edge of the invert (x = 0.2 in Figure 6-11) and summing the flow across the invert-UZ
fracture boundary (red line in Figure 6-11), proceeding from left to right. In other words, flows
are summed across the width of the invert, as projected onto the surface of the invert, from the
left edge of the invert to the right. In some instances, flow across the boundary has a horizontal
component as well as a vertical component. Thus, in plots of these results, jumps in flows can be
seen where the horizontal and vertical components of flux are accumulated at a single location.
In Table 6-19, the two flow components are indicated by duplicate values in the column labeled
“Distance from Edge of Invert.” The results for the six simulations are shown in Figures 6-12

ANL-EBS-GS-000002 REV 01 6-52 September 2006



Geochemistry Model Validation Report: External Accumulation Model

through 6-17. The numerical results, given in Table 6-19, are used in Section 6.4.7 to calculate
the location of the accumulation zone within the invert.

Concentrations of tracers from the waste package (Na') and from the diverted flow (K") are
shown in Figures 6-18 through 6-29. Results are shown as concentration profiles across the
width of the invert, X, at each level or depth within the grid, Z (in meters).
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Figure 6-12. Cumulative Water Flow out Bottom of the Invert: Case 1, Poorly Sorted
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Figure 6-13. Cumulative Water Flow out Bottom of the Invert: Case 1, Well-Sorted
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Figure 6-14. Cumulative Water Flow out Bottom of the Invert: Case 2, Poorly Sorted
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Figure 6-15. Cumulative Water Flow out Bottom of the Invert: Case 2, Well-Sorted
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Figure 6-16. Cumulative Water Flow out Bottom of the Invert: Case 3, Poorly Sorted
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Figure 6-17. Cumulative Water Flow out the Bottom of the Invert: Case 3, Well-Sorted

Table 6-19. Cumulative Flow out the Bottom of the Invert in Base-Case Simulations
Cumulative Flow
Distance (mm®/yr)
from Edge Case 1: Case 2: Case 3:
of Invert Poorly Case 1: Poorly Case 2: Poorly Case 3:
(m) Sorted Well-Sorted Sorted Well-Sorted Sorted Well-Sorted
0.05 1 0 3 0 31 0
0.05 1 0 7 0 61 0
0.15 2 0 11 0 104 0
0.25 3 0 19 0 216 2
0.25 5 0 26 0 327 5
0.35 6 0 39 0 585 26
0.35 8 0 52 0 839 47
0.45 11 0 75 0 1,378 166
0.45 13 0 98 0 1,908 282
0.55 17 0 139 0 3,032 882
0.55 21 0 180 0 4,147 1,462
0.65 25 0 233 0 5,709 2,908
0.75 31 0 339 0 8,068 5,632
0.75 37 0 442 0 10,453 8,157
0.85 45 0 581 0 13,415 12,310
0.95 57 0 896 3 16,756 16,088
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Table 6-19.  Cumulative Flow out Bottom of the Invert in Base Case Simulations (Continued)

Cumulative Flow
Distance (mm®lyr)
from Edge Case 1: Case 2: Case 3:
of Invert Poorly Case 1: Poorly Case 2: Poorly Case 3:
(m) Sorted Well-Sorted Sorted Well-Sorted Sorted Well-Sorted
0.95 68 0 1,200 6 20,197 20,012
1.05 83 0 1,637 15 24,259 25,315
1.15 100 0 2,245 39 27,862 29,713
1.25 128 0 3,892 245 31,565 32,327
1.25 157 0 5,497 440 35,368 35,051
1.35 193 1 8,131 1,053 40,285 37,718
1.45 238 2 12,261 2,562 46,354 40,301
1.55 296 6 18,452 5,853 54,061 44,186
1.65 370 13 26,814 11,883 63,441 50,519
1.75 505 29 42,143 27,548 79,229 66,211
1.75 640 43 57,939 43,387 95,611 82,182
1.85 823 78 83,354 76,376 121,605 115,255
1.95 1,070 124 113,815 120,419 152,447 159,334
2.05 1,397 166 140,440 154,779 179,285 193,722
2.15 1,817 205 159,580 174,846 198,547 213,824
2.25 2,252 247 170,690 183,264 209,737 222,281
2.25 2,724 293 182,084 191,651 221,193 230,702
2.35 3,494 435 187,978 194,202 227,099 233,341
2.45 4,721 812 193,054 195,788 232,136 235,084
2.55 6,526 1,703 197,490 197,148 236,427 236,739
2.65 8,969 3,657 201,651 199,205 240,262 239,054
2.75 11,457 6,062 205,184 201,864 243,373 241,550
2.75 14,165 8,868 208,863 204,718 246,589 244,184
2.85 18,040 15,196 213,147 211,012 249,971 248,576
2.95 22,858 24,593 218,234 220,368 253,891 253,879
3.05 26,583 29,775 222,156 225,589 257,146 257,643
3.05 30,458 35,082 226,177 230,895 260,512 261,567
3.15 33,120 37,616 228,867 233,419 263,457 265,726
3.25 35,007 38,687 230,784 234,492 265,802 268,348
3.25 36,896 39,719 232,693 235,525 268,178 270,974
3.35 37,850 39,987 233,648 235,792 269,738 272,421
3.45 38,515 40,080 234,318 235,885 270,860 273,022
3.45 39,169 40,170 234,975 235,975 271,974 273,601
3.55 39,462 40,182 235,268 235,987 272,513 273,720
3.55 39,750 40,193 235,556 235,998 273,043 273,836
3.65 39,884 40,195 235,690 236,000 273,301 273,857
3.65 40,017 40,196 235,822 236,001 273,556 273,878
3.75 40,076 40,196 235,881 236,001 273,668 273,881
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Table 6-19.  Cumulative Flow out Bottom of the Invert in Base Case Simulations (Continued)
Cumulatizve Flow
Distance (mm°/yr)
from Edge Case 1: Case 2: Case 3:
of Invert Poorly Case 1: Poorly Case 2: Poorly Case 3:
(m) Sorted Well-Sorted Sorted Well-Sorted Sorted Well-Sorted
3.75 40,135 40,196 235,940 236,001 273,779 273,883
3.85 40,160 40,196 235,964 236,001 273,822 273,883
3.95 40,178 40,196 235,983 236,001 273,853 273,883
3.95 40,197 40,196 236,001 236,001 273,883 273,883
Source: Output DTN: SN0607T0504506.002.
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Figure 6-18. Na’ Tracer Concentration across the Invert: Case 1, Poorly Sorted
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Figure 6-19. K' Tracer Concentration across the Invert: Case 1, Poorly Sorted
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Figure 6-20. Na® Tracer Concentration across the Invert: Case 1, Well-Sorted
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Figure 6-21. K" Tracer Concentration across the Invert: Case 1, Well-Sorted
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Figure 6-22. Na" Tracer Concentration across the Invert: Case 2, Poorly Sorted
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Figure 6-23. K" Tracer Concentration across the Invert: Case 2, Poorly Sorted
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Figure 6-24. Na® Tracer Concentration across the Invert: Case 2, Well-Sorted
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Figure 6-25. K" Tracer Concentration across the Invert: Case 2, Well-Sorted
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Figure 6-26. Na" Tracer Concentration across the Invert: Case 3, Poorly Sorted
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Figure 6-27. K" Tracer Concentration across the Invert: Case 3, Poorly Sorted
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Figure 6-28. Na" Tracer Concentration across the Invert: Case 3, Well-Sorted
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Figure 6-29. K" Tracer Concentration across the Invert: Case 3, Well-Sorted
6.4.7 Location of Accumulation Zone within the Invert

Because PHREEQC lacks the spatial dimension needed to present a full 3-D distribution of
mineral accumulation, the following approach has been developed. Each of the six cases
described has four attributes that need to be determined: (1) how much mixing occurs in the
bulk of the invert (in other words, what fraction of the waste package effluent contacts and mixes
with “fresh” percolation/dripping water in the bulk of the invert); (2) what is the shape of the
mixing zone in the bulk of the invert; (3) how much mixing occurs at the bottom of the invert;
and (4) what is the shape of the mixing zone at the bottom of the invert. Detailed calculations
are presented in DTN: MOO605SPAINVRT.000, files Summaries - Poorly+Well Sorted
Invert 1% 4.xls, Summaries - Poorly+Well Sorted Invert 3% 4.xls, Summaries - Poorly+Well
Sorted Invert 5% 4.xls, and Summaries - Poorly+Well Sorted Invert 1+3+5% 4.xls, tab
“Cover” in each spreadsheet.

6.4.7.1 Methodology to Determine Shape of Mixing Zone in Bulk of the Invert

As described in Section 6.4.6, two tracers were used to determine the amount of mixing in the
bulk on the invert. Waste package effluent water was tagged with Na' at an initial molal
concentration of 1 mol/kg, while resident water flowing into the drift but diverted around the
waste package uses K" as a tracer (at a concentration of 1 mol/kg). At steady state, areas within
the invert where Na" concentrations are low would suggest that no mixing is likely to take place
at those locations. Conversely, mixing also is not possible in areas with low K'. The mixing
zone can then be defined where both Na" and K" are above some concentration threshold. It
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follows that not all incoming flow streams necessarily interact. At the top of the invert, both
effluent and diverted water flows are spatially restricted. Depending on their relative flow rate
strength, part of the Na” or K™ flow may reach the bottom of the invert without reacting with
each other. Consequently, mixing can also potentially occur at the bottom of the invert.

The tracer relative concentration threshold has been chosen at 1% of the source concentration.
Relative concentration is defined as the ratio of tracer concentration in the invert water to its
concentration in the source (waste package) water. Because the Na' tracer concentration in the
waste package water in the numerical model was 1.0 molal, the relative concentration here is
equal to the absolute Na" concentration. It follows that the mixing zone in the invert is defined
as the intersection of the Na" and K™ plumes where both concentrations are above 0.01 mol/kg.
Figures 6-30 through 6-35 display the shape of the mixing zone for the 3 flow distribution and 2
types of invert properties described in Table 6-20. The plots were obtained by simply mapping
the concentrations as given in DTN: SN0607T0504506.002 (worksheets “CnX Tracers”), where
n and X represent the flow distribution case number (» = 1, 2, 3) and the invert properties (X= P
(poorly sorted), W (well-sorted)), respectively.

Figures 6-30 and 6-33, depicting cases C1P and C1W (effluent and diverted water flow rates are
1 L/yr and 200 L/yr, respectively), suggest that mixing can take place in most of the invert side
opposite to dripping area of the diverted water. The higher flow rate of the diverted water
dominates the system and the diverted water is transported throughout the invert, but the low
flow rate waste package water is restricted to the left side of the invert. Diffusion plays a large
role in controlling the shape of the mixing zone that does not seem to be impacted by the
capillary properties of the invert, as evidenced by the similar plots in Figures 6-30 and 6-33.
Figures 6-31 and 6-34, depicting cases C2P and C2W (effluent and diverted water flow rates at
1,000 L/yr and 200 L/yr, respectively), show a mixing zone where effluent and diverted water
flow rates are better balanced. In this case, capillary forces have a larger impact on the shape of
the mixing zone. If those forces are weak enough, that is, with a well-sorted invert, the effluent
and diverted water streams interact only in a narrow vertical slab located between the dripping
areas (Figure 6-34). The mixing zone in Figure 6-31 is nearly opposite of Figure 6-30, because
in this case the higher flow rate of the waste package effluent is spread throughout the invert and
the lower flow rate of the diverted water is restricted to the right side of the invert. Figures 6-32
and 6-35, depicting cases C3P and C3W (effluent and distributed diverted water flow rates are
1,000 L/yr and 400 L/yr, respectively), display a similar pattern as the previous set.

6.4.7.2 Methodology to Determine Effluent Fraction Mixing in the Bulk of the Invert

In some cases, part of the dripping streams may flow directly to the bottom of the invert without
interacting with one another. This is clear in cases C1P and C1W, where most of the diverted
water stream bypasses the mixing zone in the bulk of the invert and flows directly to the bottom
of the invert. One can compute the fraction of that flow by referring to
DTN: SN0607T0504506.002 (worksheets “CnX Flows”), where n and X represent the flow
distribution case number (n = 1, 2, 3) and the invert properties (X = P, W), respectively. Those
worksheets present the total flow rate at the bottom of the invert as a function of the coordinate
transverse to the drift axis. In the C1P case (Figure 6-30), interaction between the two streams is
minimal beyond horizontal coordinate x =2.40 m. A glance at the “CI1P Flows” worksheet
reveals that more than 90% of the diverted water flows directly to the bottom of the invert while
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all of the effluent stream is somehow contacted by the diverted water and participates in the
mixing. It follows that some mixing can still take place at the bottom of the invert. Case C1W
(Figure 6-33) has a similar treatment.

Case C2P (Figure 6-31) is the reverse case compared to case C1P. All of the diverted water is
used up in the mixing zone and no mixing can take place at the bottom invert. Case C2W
(Figure 6-34) is similar to case C2P. However, some of the diverted water still reaches the
bottom of the invert. It follows that mixing at the bottom of the invert is also possible in that
case. Figure 6-32 (Case C3P) shows that the mixing zone covers most of the invert, except for a
small vertical zone directly under the effluent dripping area. In that case, all of the mixing
occurs in the bulk of the invert and none at the bottom. Case C3W (Figure 6-35) suggests that
mixing will occur in two wide vertical slabs leaving a central zone as well as two zones on the
edges with no mixing. In that case, too, mixing will occur in the invert.

Table 6-21 gives the total flow rate where mixing in the invert took place. Columns B to D are
input to the TOUGHREACT simulations. Column E gives the range(s) of x-coordinate where
there is no mixing. The coordinates are determined by a simple reading of Figures 6-30 through
6-35. Column F shows the total flux going through the invert mixing zone and is obtained
through the “CnX Flows” worksheets. Column G information is simply the fraction of data in
Column F relative to the total flux going through the system. Table 6-22 summarizes the results.
Flow rates are now expressed in L/yr instead of mm*/yr. The flow rates are computed from
simple mass balances. For example, in Figure 6-35, it is clear that diverted water reaching the
bottom of the invert between coordinate 0 and 0.9 did not mix with the effluent. The same thing
can be said of the diverted water reaching the invert bottom between x-coordinate 3.1 and 4.0.
Similarly, effluent water between x-coordinate 1.8 and 2.1 reaches the bottom of the invert
without interacting with the diverted water. The mixing flow rate is then the remainder of the
total flow rate.

6.4.7.3 Methodology to Determine Number of PHREEQC Cells to Consider

The number n of PHREEQC cells to consider for each case can be calculated using
Equation 6.4.5-1, by solving for n:

n=1n| 5P| 1y : (Eq. 6.4.7-1)
WPflux 1 — MixingRatio

Using total flow rate (column D) in Table 6-20 for the seeprate and 0.1 for the MixingRatio, the
number of cells are calculated to be: 51 for Case 1, 2 for Case 2, and 4 for Case 3. So, even if
the PHREEQC output files show accumulation in cells above the cutoff, those values are not
considered in the total accumulation. The analyses of the location of the accumulation, as
displayed in Table 6-22, cases C2P and C3P, are straightforward. There is no mixing in the
bottom of the invert: 100% of the accumulation taking place in PHREEQC cells 1 through 2
(C2P) or cells 1 through 4 (C2P) should be applied to the mixing zone as defined in Figures 6-31
and 6-32, respectively. Cases CIP and CIW include mixing at the bottom of the invert, but
those cases are a simple continuation of the mixing that already occurred in the invert, that is, the
effluent is diluted further. In those cases, as given in Table 6-22, 100% of the accumulation
given by PHREEQC cells 1-29 (C1P) or 1-25 (C1W) should be applied to the invert mixing zone
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as defined in Figure 6-30. 100% of accumulation found in PHREEQC cell 30-51 (C1P) or 25-51
(C1W) should also be applied to the bottom of the invert.

Cases C2W and C3W are more complex. Neither the effluent nor the diverted water is
exhausted in the invert mixing zone. It follows that mixing can start anew at the bottom of the
invert. This is different from the previous C1P and C1W cases where the mixing at the bottom
of the invert was a simple extension of the mixing in the bulk of the invert. When computing the
number of PHREEQC cells to consider in the invert mixing zone for cases C2W and C3W, the
approach is similar to the previous cases, but it is applicable only to a fraction of the
accumulation as given by the fraction of the total flow rate mixing in the invert. The remainder
of the effluent and diverted water can still mix and react at the bottom of the invert. Since they
are both “fresh,” it is legitimate to apply PHREEQC results starting from cell #1; the number of
relevant cells being computed using Equation 6.4.7-1.

6.4.7.4 Where in the Mixing Zone Is the Precipitation?

The previous paragraphs develop the size and location of the mixing zone envelopes. One way
to use the results would be to assume that the accumulation is uniformly distributed across the
mixing zone by adding up accumulation of relevant PHREEQC cells. However, it is likely that
the accumulation will not be uniform. To gain insight into the way to apply PHREEQC results
of individual cells, Figures 6-36 through 6-41 depict additional results. The figures use a
threshold of 0.03 and 0.05, in addition to the value of 0.01 assumed until now. The general
shape implied by the different subdomains helps in distributing the PHREEQC results. Figures
6-36 and 6-39 suggest that the mineral accumulation will be deposited around the effluent
dripping zone in somewhat concentric half-cylinders with horizontal axis. The shape of half-
cylinders is caused by modeling the effluent and the diverted waters as line sources. If the
waters were modeled as point sources, the accumulation would be hemi-spheres deposited
around the effluent dripping zone. Similarly, for the higher flux cases, for the water inputs
modeled as line sources, Figures 6-37, 6-38, 6-40, and 6-41 suggest that the accumulation will be
in vertical slabs the length of the waste package. If the waters were modeled as point sources,
instead, the accumulation would be concentric cylindrical layers with a vertical axis.

In addition to the material that accumulates within the bulk of the invert, as depicted in Figures
6-36 through 6-41, mineral accumulation also occurs along the drift-wall interface below the
invert for some cases (Table 6-22). The shape of the accumulation zone along the drift-wall is
unknown, but could range from a thick, crescent-moon shape to a thin, spread-out layer along the
bottom of the curved interface. A range of possible shapes should be considered in criticality
calculations.

As mentioned in Section 6.4.6, the 2D line-source approximation increases the extent of
predicted mixing within the invert thickness, compared to discrete 3D point sources (which were
not simulated for this report) because the 2D geometry is already better mixed at the source
locations. The 2D approximation is therefore conservative for mixing, and therefore for the
accumulation of fissile mass within the invert (see below for discussion of mixing at the drift-
wall interface). This statement is supported by recognizing that if 3D point sources can be
superposed to constitute 2D line sources, then the net effect is the same as if each individual
incremental point source mixes only with the incremental point source directly opposite on the
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other line, without 3D flow spreading as occurs with isolated 3D point sources. The net effect is
the same because of the symmetry of mixing contributions from all the superposed point sources
along each line.

Percolation through the invert is modeled by the Richards equation as implemented in
TOUGHREACT. The van Genuchten characteristic equation, and the relative permeability
relations typically used, are nonlinear functions so superposition does not apply. However, the
Richards equation can be linearized as is done for the validation problem in Section 7.2.5, and in
fact the 2D validation problem is mathematically equivalent to a superposition of 3D point
sources to constitute 2D line sources. Thus the superposition analogy is valid to the extent that
the validation problem agrees with the TOUGHREACT simulations used in this report. This
agreement is discussed extensively in Section 7.2.5.9. This supports the argument above, that
the 2D line-source approximation increases the extent of predicted mixing within the invert
thickness, compared to discrete 3D point sources.

If mixing and accumulation within the invert thickness are over-predicted, then accumulation at
the drift-wall interface below the invert is under-predicted. — Although apparently non-
conservative for representing potential criticality at the drift-wall interface, this condition is not
significant to the intended use of the results from this model. This is because the results include
cases for which most of the released mass breaks through to the drift-wall interface, and for
which complete mixing at the interface (and the resulting accumulation) is assumed. The
conservative 2D line-source approximation is most useful in representing the cases for which all
accumulation occurs within the invert.
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Figure 6-30. Mixing Zone Shape (black diamonds), Case C1P
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NOTE: Relative concentration threshold of 1%. Waste package effluent flow 1,000 L/yr; diverted water 200 L/yr.

Figure 6-31. Mixing Zone Shape (black diamonds), Case C2P
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NOTE: Relative concentration threshold of 1%. Waste package effluent flow 1,000 L/yr; diverted water 400 L/yr.

Figure 6-32. Mixing Zone Shape (black diamonds), Case C3P
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Figure 6-33. Mixing Zone Shape (black diamonds), Case C1W
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NOTE: Relative concentration threshold of 1%. The few points on the right have not been considered part of the
mixing zone. Waste package effluent flow 1,000 L/yr; diverted water 200 L/yr.

Figure 6-34. Mixing Zone Shape (black diamonds), Case C2W
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NOTE: Relative concentration threshold of 1%. The few points on the left have not been considered part of the
mixing zone. Waste package effluent flow 1,000 L/yr; diverted water 400 L/yr.

Figure 6-35. Mixing Zone Shape (black diamonds), Case C3W
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Figure 6-36. Nested Mixing Zones with Increasing Concentration Threshold, Case C1P
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Figure 6-37. Nested Mixing Zones with Increasing Concentration Threshold, Case C2P
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Relative concentration threshold of 1%. Waste package effluent flow 1,000 L/yr; diverted water 400 L/yr.

Figure 6-38. Nested Mixing Zones with Increasing Concentration Threshold, Case C3P
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6.4.8 Accumulation within the Fractures and Lithophysae of the Host Rock

Accumulation in the fracture network depends on the fracture porosity, which is the product of
two terms: the average fracture aperture (mm) and the fracture frequency (number of fractures in
a unit distance in 1/m). Fracture frequency results from direct field measurements and is the
simplest measure of fracture intensity. Because most fractures are near vertical (Mongano et al.
1999 [DIRS 149850], Table 7, p. 74), the fracture-only model invoked will consist of parallel
plates of in-filled fractures separated by slabs of intact tuff.

6.4.8.1 Fracture Aperture

Fracture apertures in the repository horizon (Topopah Spring Tuff — Tpt) are invariably thin
(median value across all repository units less than 0.16 mm) or non-measurable by hand tools in
the field. The median aperture values are portrayed in Table 6-23. Measurements were taken on
over 11,500 fractures in these three units and include all fractures over 30 cm. Of those fractures
in the repository horizon with measurable apertures, the median values range from 0.23 mm (unit
tsw33) down to 0.098 mm (tsw34). These data were obtained from
DTN: LB990501233129.001 [DIRS 106787], file: frac prop RO0A2.xIs.

Table 6-23. Fracture Apertures in the Repository Units
UZ Model Layer Geologic Formation Median Aperture width
tsw33 Tptpul 0.23mm
tsw34 Tptpmn 0.098 mm
tsw35 Tptpll 0.15 mm
tsw36 Tptpln 0.16 mm

Source: DTN: LB990501233129.001 [DIRS 106787], file: frac_prop_RO0AZ2.xls.

Furthermore, detailed line survey studies have been conducted by the USGS and archived in
DTNs: GS990408314224.001 [DIRS 108396] and GS990408314224.002 [DIRS 105625],
which contain fracture aperture data for stations 0 to 2,663 meters in the ECRB Cross Drift.
These detailed line surveys are recorded fracture data along stations in the ECRB, including
fracture aperture data. The fracture aperture data in DTNs: GS990408314224.001
[DIRS 108396] and DTN: GS990408314224.002 [DIRS 105625] (both minimum and maximum
fracture apertures) indicate that over 60% of the fractures in Tptpul (tsw33) are closed (0
aperture), more than 80% of the fractures in Tptpmn (tsw34) are closed, more than 43% of the
fractures are closed in unit Tptpll (tsw35), and more than 45% of the Tptpln (tsw36) unit
fractures are closed (Table 6-24). Overall, for the entire data sets including all of the ECRB
units, roughly 60% of fractures in the Cross Drift have zero aperture. The percentages were not
presented in the DTNs; however, a percentage was easily deduced by summing the zero
apertures fracture and dividing by the overall fractures noted in the dataset for each geologic
formation. Mongano et al (1999 [DIRS 149850], Figures 16-20) also summarized the data
presented in DTNs: GS990408314224.001 [DIRS 108396] and GS990408314224.002
[DIRS 105625] into five histograms and show the same percentages for the four geologic units
as well as the overall ECRB, as stated above.

The fracture apertures presented in Table 6-23 are representative of the median values of the

units in question and do not take into account the reported “closed” fractures or zero aperture
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fractures. In light of the data on “closed” fractures presented in DTNs: GS990408314224.001
[DIRS 108396] and GS990408314224.002 [DIRS 105625], there is reason to believe that the
median fracture aperture data in Table 6-23 are conservative and over-represent the median
aperture spacing in the proposed repository units. Although these “closed” fractures have a high
probability of transmitting water under favorable hydrologic conditions, the volume of secondary
mineral phases that will be precipitated in such fractures will be insignificant relative to large
(long length, aperture of at least 0.1 mm) fractures.

6.4.8.2 Fracture Spacing

Analysis of Hydrologic Properties Data (BSC 2004 [DIRS 170038]) contains fracture frequency
and fracture spacing data, which are important characteristics when considering the amount of
space available for secondary mineral phase precipitation within the fractures. Fracture
frequency  values  were  obtained from  qualified fracture  property  data
(DTN: LB990501233129.001 [DIRS 106787]) developed from field measurements. These
include the detailed line survey fracture data (collected from the ESF North and South Ramps,
Main Drift, and ECRB Cross-Drift, providing spatially varying frequency, length, and fracture
dips and strikes) and fracture frequency data from boreholes. The fracture properties for a given
hydrogeologic unit correspond to fractures that represent 80% of the fractures with trace lengths
larger than 30 cm for that hydrogeologic unit.

The mean fracture frequency (BSC 2004 [DIRS 170038], Equation 6-2) is calculated as the
inverse of the mean spacing (BSC 2004 [DIRS 170038], Equation 6-1) obtained from the
detailed line surveys in the ESF and the ECRB Cross-Drift. Analysis of Hydrologic Properties
Data (BSC 2004 [DIRS 170038], Equation 6-1) calculates the apparent spacing. This is not the
normal distance between the fracture planes and is therefore a rough estimate of the #rue spacing.
These values are not corrected for any possible bias in orientation in the detailed line survey due
to a lack of fracture orientation information. Note that the detailed line surveys exclude small
fractures that are considered not to connect the connective fracture networks in the large scale
(i.e., site scale).

Borehole data were first processed to normalize for core recovery and corrected for orientation
bias. To correct for orientation bias in vertical boreholes, dip distributions were appropriated as
in Analysis of Hydrologic Properties Data (BSC 2004 [DIRS 170038], Equation 6-3). Because
the borehole data include small fractures that are considered not to be connected to the
conductive fracture networks in the large scale (i.e., site scale), the borehole fracture frequency
values calculated are scaled to represent larger length fractures on the scale of those
characterized in the ESF. A simple correction ratio (BSC 2004 [DIRS 170038], Equation 6-4) is
used in calculating the final average fracture frequency for each model layer based on
comparisons of ESF data with corresponding vertical boreholes for that model layer.

The characterization of units tsw34, tsw35, and tsw36 represented approximately 11,500
fractures from Analysis of Hydrologic Properties Data (BSC 2004 [DIRS 170038], Table 6-5).
Table 6-24 provides the salient values for fracture spacing in these units. Note that all three main
units of concern (tsw34, tsw35, and tsw36) have a fracture frequency between 3.95 and 5.40 per
meter. The standard deviation in unit tsw34 is 3.42. To put this in perspective, units tsw34 and
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tsw36 have fractures that are approximately 0.20 m apart on average, while unit tsw35 has the
highest average fracture spacing, with fractures every 0.25 m (Table 6-24).

Table 6-24. Fracture Frequency in the Repository Units

UZ Model Layer Number of Number of Average
(Geologic Fractures per Meter | Fractures per Meter | g¢andard Number of Fracture
Formation) (80% Measured) (Calculated 100%) Deviation Samples Spacing / (m)
tsw34 (Tptpmn) 4.32 5.40 3.42 10646 0.19
tsw35 (Tptpll) 3.16 3.95 NC 595 0.25
tsw36 (Tptpln) 4.02 5.03 NC 526 0.20

Source: DTN: LB0205REVUZPRP.001 [DIRS 159525], FRACTURE _PROPERTY .xIs.
NC = Not Calculated.

6.4.8.3 Fracture Porosity

The porosity values listed in Table 6-25 summarize the relevant results from
DTN: LB020SREVUZPRP.001 [DIRS 159525] (file: fracture property.xls) for median values
for repository units tsw34, tsw35, and tsw36.

Table 6-25. Fracture Porosity in the Repository Units

UZ Model Layer
(Geologic Median Air CALC by CALC plus 1 cm
Formation) Porosity Test Standard Deviation Geologic data Fracture
tsw34 (Tptpmn) 0.85% 0.25% 0.054%
tsw35 (Tptpll) 0.96% NC 0.081%
tsw36 (Tptpln) 1.30% NC 0.080% 1.06%

Source: DTN: LB0205REVUZPRP.001 [DIRS 159525].
NC = Not Calculated.

The fracture porosity reported in Table 6-25, measured with an air porosity test, measures the
full void space and represents the space available for precipitation. In comparison, a scoping
calculation was performed using the geologic data presented in Table 6-23 and Table 6-24
(fracture frequency) to estimate porosity. Rounding the tsw36 fracture frequency calculated
value (5.03 / m) leads to 5 fractures per meter. The median aperture for unit tsw36 is 0.16 mm.
If calculated on the basis of a 1 m® block and 1 m fractures, the following porosity is derived.
The geologic data leads to an open fracture volume of 5 fractures x 0.16 mm x 1 m* in a 1 m’
block, that is, 0.08% porosity. The geologic data derived porosity is within one order of
magnitude of some of the measured air porosity test values. This is a reasonable scoping value,
considering the following three factors. First, there are more fractures in the rock mass than
taken into account in Table 6-24, namely those fractures less than 0.3 meters in length. Second,
the larger fractures observed (greater than 5 mm and rarely ranging from 20 to 80 mm) in Figure
15 of the study by Mongano et al. (1999 [DIRS 149850], p. 79) were not taken into account in
the scoping calculation. Third, fracture planes are not vertical and not normal to the drift and
they may also be tortuous, adding more volume. Note that by substituting a single 1 cm aperture
fracture for one of the 0.16 mm aperture fractures in unit tsw36 (well within the bounds of
observed fractures in Mongano et al. 1999 [DIRS 1498501, p. 79) scoping calculation, the newly
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derived fracture porosity is 1.06%. As shown in Table 6-25, this value coincides well with the
median fracture porosity determined by air tests. It is quite likely that the air tests for fracture
porosity preferentially sampled the rare, larger fractures observed in the ECRB survey.

To summarize, the three potential contributing factors considered for the fracture porosity
variance (one order of magnitude difference) are as follows. Factor number one, small thin
fractures have been observed (for example, Mongano et al. 1999 [DIRS 149850]; BSC 2004
[DIRS 170038]), though their exact dimensions have not been documented. Factor number
three, fractures that are non-vertical, non-normal to the drift, and perhaps tortuous, also have not
been characterized fully in the field as to added volume. Even though both factors have been
recognized in the drifts and ECRB, because there is a lack of documented field values, these
factors will not be considered. The second factor, rare large aperture fractures (which have been
documented Mongano, et al. 1999, figure 15), are most probably randomly mixed with the
median aperture fractures as presented in Table 6-23. When one large fracture (1 cm aperture)
was substituted into the scoping calculation above, the geologic data fracture porosity mimics the
air test fracture porosity. This factor (some small aperture fractures (0.16 mm each) and one
relatively large aperture fracture (1 cm) per meter of tuff is the most reasonable (and geologically
substantiated) model for fracture apertures and therefore fracture porosity. Therefore, to provide
conservatively large median fracture porosities, the air flow porosity test values quoted in Table
6-25would provide sufficiently high porosity values.

6.4.8.4 Lithophysal Porosity

Lithophysae vary in size from a fraction of a cm to over 0.7 m in horizontal dimension within the
tuff tsw35 unit (average diameter is about 21.7cm) (DTN: GS980308315215.008, [DIRS
107355]). The lithophysal porosity in unit tsw35, as obtained from Drift Degradation Analysis
(BSC 2004, [DIRS 166107] Appendix O, Table O-10, [cavities, fitted value]), is portrayed in
Table 6-26. It should be noted that the lithophysae that are unfilled add porosity to the tuff.

Table 6-26. Lithophysal Porosity in Unit tsw35

UZ Model Layer Minimum Median Maximum Std Dev.
(Geologic
Formation)
tsw35 (Tptpll) 4.0 % 12.9% 29.2% 5.3

Source: BSC 2004 [DIRS 166107] Appendix O, Table O-10 (cavities, fitted value).

For lithophysae to be available for accumulation of fissile material, the lithophysae must be
connected to fractures that could transport flow. Of particular interest is the statement in Drift
Degradation Analysis (BSC 2004 [DIRS 166107], p. 6-15) that “the Tptpll (lower lithophysal
zone)... shows few fractures that actually intersect the lithophysae.” This may in part be due to
the tight interlocking fabric of the quartz and feldspar rim material in the lithophysae (Byers and
Moore 1987 [DIRS 101321], Figure 12d, p. 32) causing fractures to deflect around the cavities.
Barr et al. (1996 [DIRS 100029], p. 118) describe such fractures refracting around and between
lithophysal cavities. Barr et al. (1996 [DIRS 100029], p. 118) also state that “In many locations,
fractures cut across lithophysal cavities,” and that fractures terminating in such cavities are
commonly coated with vapor phase minerals. The authors go on to state that since there are also
concentric fractures around many cavities that the features suggest that the formation of
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lithophysal cavities induced fracturing. The work of Barr et al. (1996 [DIRS 100029]) describes
two types of fracture systems: (1) those fractures (lined by vapor phase minerals) induced by
vapor phase created lithophysal cavities when the vapor phase gases exceed lithostatic pressure,
and (2) subsequent tectonic fractures which refract around lithophysal cavities. Therefore, an
unknown percentage of the lithophysal porosity listed in Table 6-26 is likely to be unavailable
for accumulation due to the lack of fractures intersecting the cavities. However, in the absence
of more accurate values, the values listed in Table 6-26 can be used as an upper limit on the
lithophysae porosity available for fissile accumulation.

6.4.8.5 Lithophysae Fill Depth

Filling lithophysae is one potential mechanism for accumulating actinide secondary mineral
phases to the necessary mass and geometry for criticality. Theoretically, the best geometry for
actinide material to produce a critical mass is a sphere (Lamarsh 1983 [DIRS 149069]). To
investigate the possibility that lithophysae could provide such a void space in the repository
units, a review of the ECRB Cross Drift data was undertaken. Even though the mechanisms
involved in the historical precipitation of calcite and opal in the lithophysal cavities
(depressurization of high Si0,-fCO; fluids), would be different from the mechanisms involved in
the external accumulation model (mixing of solutions resulting in precipitation and adsorption),
the existing infill quantities can be used as estimates of possible accumulation volumes.

Mongano et al (1999 [DIRS 149850]) provided an exhaustive study of lithophysae shapes and
infill by secondary mineral phases. A total of 274 samples were measured and recorded for
secondary fill material. Primarily, calcite thicknesses deposited in lithophysae were recorded in
the ECRB study; minor opal was also observed. As shown in DTN: GS980308315215.008
[DIRS 107355], the median fill depth in the lithophysae was 0.4 cm and was commonly
deposited along the bottom of the lithophysal cavity. In fact, 87.5 percent of all the fill depths in
lithophysal cavities were less than 0.6 cm. None of the void spaces were filled entirely; the
highest fill ratio observed was less than one-half filled (sample # 201). The maximum fill depth
for a lithophysae was 2.5 cm (sample # 35), but the dimensions of that lithophysae were 18 cm
high by 20 cm wide.

Although large, spherical lithophysae may be capable of creating conditions favorable to a
criticality event (Lamarsh 1983 [DIRS 149069]), evidence from the ECRB Cross Drift does not
indicate that would happen. From the detailed mapping of the ECRB, it is shown that most of
the lithophysae were only minimally filled (averaging 0.4 cm depth) with secondary phases
(calcite, opal) over a 12 million year period. In addition, the lithophysae with secondary phases
form as shallow discs (or hemispheres) in the bottom of the voids rather than as spheres. In the
unlikely event that fissile material did precipitate in the lithophysae, the fissile minerals would
precipitate along with other non-fissile minerals as described in Section 6.4.5.6.

6.4.8.6 Matrix Properties

The proposed repository units of concern (tsw34-36) were investigated to determine both matrix
porosity and permeability characteristics. The results are presented in Analysis of Hydrologic
Properties Data (BSC 2004 [DIRS 170038]).
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Matrix porosity was measured in core samples from the unsaturated zone (UZ). Porosity was
determined after drying samples in a 105°C oven for at least 48 hours to obtain a standard dry
weight (Flint 1988 [DIRS 100033], p.17). According to Flint (1988 [DIRS 100033], pp. 17 and
18), porosity is considered a normally distributed quantity, so the arithmetic mean of core
measurements and standard deviation were used to characterize the porosity for a model layer.
Matrix porosity values for the units in question range from approximately 10 to 13% and are
presented in Table 6-27. These values are relatively low with respect to other rock units within
Yucca Mountain (BSC 2004 [DIRS 170038], Table 6-6).

Table 6-27. Matrix Porosity and Residual Porosity in the Repository Units

UZ Model Layer
(Geologic Formation, Matrix Porosity, Matrix Porosity, Residual
Hydro Unit) Mean Standard Deviation Saturation
tsw34 11.1% 2.0% 19%
(Tptpmn, TMN)
tsw35 13.1% 3.1% 12%
(Tptpll, TLL)
tsw36 10.3% 2.5% 18%
(Tptpin, TM2)

Source: DTN: LB0207REVUZPRP.002 [DIRS 159672]

Matrix permeability was measured on core samples from several boreholes at Yucca Mountain.
Measurements are available for all units in the unsaturated zone (BSC 2004 [DIRS 170038],
Table 6-6). Two different methods were used to measure permeability, with the detection limit
of the first higher than the second. Most of the samples were tested using the first method; the
second was used to test some new samples and retest some old samples originally tested using
the first method, including some with permeabilities too low to measure (nondetect results).
When the same sample was tested with both methods, the permeability measured on the one with
the lower detection limit was used since it was expected to result in a more precise measurement.

The measured data was presented in terms of saturated hydraulic conductivity (m/s), K, which is
converted to permeability (m?%), k, by the following relationship (BSC 2004 [DIRS 170038],
Equation 6-27):

Ku

w

&P

k=

where 4, is the viscosity of water (0.001 N s/m), g is the acceleration of gravity (9.81 m/s®) and
pw is the density of water (998 kg/m®). These parameter values correspond to a temperature of
25°C (room temperature at which the hydraulic conductivities were measured) (Lide 2002
[DIRS 160832], p.6-3). Permeability is a lognormally distributed quantity (Gelhar 1993
[DIRS 101388]). Therefore, the geometric mean was used to estimate the average permeability
of each unit. The matrix permeability values for the three units of interest range from 3.7 x 107"’
to 2.3 x 10%° m* and are listed in Table 6-28. Such permeability values are extremely low and
would limit the extent of diffusion into the tuff matrix. Therefore, the potential for secondary
phases to precipitate in the matrix is low. However, as a bounding case, precipitation in the
matrix should be included along with precipitation in the fractures.
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Table 6-28. Matrix Permeability in the Repository Units

UZ Model Layer
(Geologic Formation, Mean Upscaled k Number of
Hydro Unit) (mz) Samples Tested
tsw34 4.5E-19 74
(Tptpmn, TMN)
tsw35 3.7E-17 51
(Tptpll, TLL)
tsw36 2.3E-20 21
(Tptpln, TM2)

Source: DTN: LB0207REVUZPRP.002 [DIRS 159672].

Physical evidence of the low permeability in the tuffs is observed in the study by Vaniman (1993
[DIRS 142216], Appendix 9). The microphotograph depicts coarse-grained calcite filling a
fracture in borehole USW-G3 at a depth of 358 m. The calcite does not cross the boundary into
the tuff matrix.

The calculation of the matrix permeability standard deviation is presented in Section 6.2.1 of
Analysis of Hydrologic Properties Data (BSC 2004 [DIRS 170038]). The analysis considers the
rock as a highly heterogeneous porous media, and takes into account the number of nondetect
measurements Analysis of Hydrologic Properties Data (BSC 2004 [DIRS 170038], Eq. 6-38).
However the authors do not take into consideration the existence of fractures, which may act as a
capillary barrier that can increase tortuosity of liquid water flow in the matrix and therefore
reduce the effective permeability compared to the case without fractures. To account for this, the
upscaling (standard deviation) for unit tsw36 is capped at 1.5 orders of magnitude. For the other
two units (tsw34 and tsw35) the upscaling is less than 1.5 orders of magnitude. Such upscaling
of the matrix permeability values would still result in rock matrices with low permeability.

6.4.8.7 Fracture System Modeling Results

As one can see from the results of data presented in Sections 6.3.1 (fracture aperture) and 6.3.3
(fracture spacing), very little fissionable material can accumulate in units tsw34 — tsw36. With
fracture apertures ranging from 0.16 mm to 0.98 mm (DTN: LB990501233129.001
[DIRS 106787]) and fracture spacing ranging from 0.25 m to 0.32 m in (BSC 2004
[DIRS 170038], Table 6-5) per fracture (0.3 m or longer), what little material can accumulate
will be in thin vertical sheets bounded by thick plates of ash flow tuff. For a combination of
fractures and small lithophysae filled with fissionable material, very few lithophysae were
actually observed to be intersected by fractures (BSC 2004 [DIRS 166107], p. 6-15). This is due
in part to the fracture spacing (Section 3.3.3), but also due to the extremely tough outer rind of
microcrystalline material (quartz and feldspar) on the lithophysae (Byers and Moore 1987
[DIRS 101321]). Therefore, this conceptual model allows very little additional accumulation of
fissionable material. Finally, larger lithophysae were averaging only 21.7 cm in width and had
an average fill depth of 0.4 cm (DTN: GS980308315215.008 [DIRS 107355).
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6.5 BOTTOM FAILURE AND SOLID RELEASE FOR ALL SCENARIOS

The mass of corrosion products that formed in the waste package, as a result of EQ6 calculations
(see input files listed in Table 4-6, files: CSNF Nominal.6i, CS-S-Mx-C5 adEH and
CSNFIG1.61), were extracted and tabulated in Table 6-29, Table 6-30, and Table 6-31 for time=0
and for the first EQ6 result for time after 10,000 years. For the igneous scenario (CSNFIG1.61),
the initial conditions (time=0) represent the beginning of the second stage of the igneous
simulation. In the first stage, the CSNF was oxidized to schoepite and other minor minerals, as
shown in Table 6-31 at time=0. The second stage exposes the remainder of the waste package
contents to corrosion. The mass of corrosion products at the final time in Tables 6-29 through 6-
31 represents the mass of material that could flow out of the waste package as a slurry if the
bottom of the waste package failed due to corrosion.

Once the slurry is released from the waste package, the final geometry of the material would be
determined by the extent of horizontal spreading on top of the invert and the extent of
penetration into the invert. The horizontal spreading could range from low to high; where, low
spreading results in a fairly compact mound on top of the invert and high spreading results in a
thin layer of material spread over a large area on top of the invert. The extent of penetration
could also range from low to high; where, low penetration would result in very little penetration
of the slurry material in the invert and high penetration would result in the slurry filling the voids
of the invert.

Table 6-29. Nominal Scenario, CSNF Waste Package (EQ6 run CSNF_Nominal.6i)

Component Time (Years)
0 15,524

A516, kg 5,600 0
NiGd, kg 2,394 1992
Al_6061, kg 438 285
316, kg 10,720 10717
CSNF_35at40_10K, kg 11,045 9746
Anatase (TiOy), kg 0 0
(UO2)3(P04)2:4H20,kg 0 3
Barite (BaS0O.),kg 0 3
C028i04,kg 0 5
Eskolaite (Cr,03),kg 0 31
Fex(MoOs)s3, kg 0 39
GdPO4:xH20, kg 0 25
Gibbsite (Al(OH)s3), kg 0 345
Goethite(FeOOH), kg 0 8492
Nontronite-Na (Nax(Fe,Al)2(Si,Al)2019(OH), nH20), kg 0 67
NpOo, kg 0 3
PuO,(OH)2:H,0, kg 0 11
Pyrolusite (MnO3), kg 0 93
RuO, kg 0 3
Schoepite(UO3:2H,0), kg 0 1399
Trevorite (NiFe04), kg 0 323
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Table 6-29.  Nominal Scenario, CSNF Waste Package (EQ6 run CSNF_Nominal.6i) (Continued)
Component Time (Years)
Total reactants and fuel remaining, kg 30,197 22,740
Corrosion products formed, kg 0 10,841
Total solids (remaining reactants, fuel, and formed minerals), kg 30,197 33,581

Source: For t=0, the source is DTN: MO0O608MWDGEOMA.001 [DIRS 177332],
/Spreadsheets/ CSNF WP.xls; for t=15,524 years, see Output DTN:

MOO0608SPASOLID.002, file: bfailf2.xls.

Table 6-30. Seismic Scenario, CSNF Waste Package (EQ6 run CS-S-Mx-C5_adEH)
Time (years)
Component 0 20,137
A516, kg 5,600 0
NiGd, kg 2,394 1,649
Al_6061, kg 438 0
316, kg 10,720 0
CSNF_35at40 10K, kg 11,045 0
Anatase (TiOy), kg 0 1
Chalcedony (SiO;), kg 0 0
Barite (BaS04), kg 0 26
Co0,Si04, kg 0 20
Eskolaite (Cr,03), kg 0 2,879
Fes(MoOs)s, kg 0 630
GdPO4:10H,0, kg 0 97
Gibbsite (Al(OH)3), kg 0 1,210
Goethite (FeOOH), kg 0 14,734
Nontronite-Mg(Mg(Fe,Al)2(Si,Al)4010(0OH), nH»,0), kg 0 381
NpOo, kg 0 27
Powellite (CaMoQy), kg 0 2
PuO,(OH)2:H,0, kg 0 82
Pyrolusite (MnO3y), kg 0 445
RuO», kg 0 29
Schoepite (UO3:2H,0), kg 0 12,881
Trevorite (NiFe2O4), kg 0 6,671
Total reactants and fuel remaining, kg 30,197 1,649
Corrosion products formed, kg 0 40,115
Total solids (remaining reactants, fuel, and formed minerals), kg 30,197 41,764

Source: For t=0, the source is DTN: MO0608MWDGEOMA.001 [DIRS 177332],
/Spreadsheets/ CSNF WP.xls; for t=20,137 years, see Output DTN:

MOO0608SPASOLID.002, file: bfailf2.xls.
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Table 6-31. Igneous Scenario, CSNF Waste Package (EQ6 run CSNFIG1.6i)

Time (Years)

Components 0 12,764
A516 Mass, kg 5,600 0
NiGd Mass, kg 2,394 1,854
Al_6061 Mass, kg 438 0
316 Mass, kg 10,720 0
BaU207, kg 9 0
CsTcOuq, kg 4 0
Gdz (CO3) 3,kg 96 0
NpO,, kg 27 27
PuO, (OH)2:H20, kg 98 97
RuOy, kg 29 29
Schoepite (UO3:2H,0), kg 12,872 12,871
Anatase (TiOy), kg 0 1
(UO2) 3 (PO4)2:4H20, kg 0 10
Barite (BaS0a), kg 0 24
C028i04, kg 0 13
Eskolaite (Cr,03), kg 0 2,831
Fez (MOO4)3, kg 0 628
GdPO4:xH,0, kg 0 143
Gibbsite (Al(OH)s3),kg 0 1,210
Goethite (FeOOH), kg 0 15,139
Nontronite-Mg (Mg(Fe,Al) 2(Si,A)4010(OH) 2 : nH 20),kg 0 359
Nontronite-Na (Na, (Fe,Al) 2(Si,Al) 4019(OH) 2 : nH20),kg 0 51
Pyrolusite (MnO3y), kg 0 444
Trevorite (NiFe204), kg 0 6,134
Total reactants and minerals formed from oxidized fuel, 32,287 14,879
remaining, kg
Corrosion products formed, kg 0 26,988
Total solids (remaining reactants, remaining minerals from 32,287 41,867
oxidized fuel, and formed minerals), kg

Source: For t=0, the source of mass of reactants (A516, NiGd, Al_6061 and 316) is DTN:
MO0608MWDGEOMA.001 [DIRS 177332], /Spreadsheets/ CSNF WP.xls; for t=0 mass of
minerals and all masses for t=12,764 years, see Output DTN: MO0608SPASOLID.002,
file: bfailf2.xls.

6.6 SEISMIC SCENARIO—ENTRAINED RELEASES

In the seismic scenario, the mass transfer model (BSC 2004 [DIRS 172624]) was implemented in
Geochemistry Model Validation Report: Material Degradation and Release Model (BSC 2006
[DIRS 176911], Section 6.2.2.2.2). The mass transfer model evaluates the loss of insoluble
materials from the waste package due to entrainment transport in a fully flooded (bathtub)
configuration. In a bathtub configuration, one mechanism that could lead to the necessary
upward flow to cause entrainment losses is convective mixing from temperature gradients in the
waste package (BSC 2006 [DIRS 176911], Section 6.2.2.2.2). The entrained solids exit the
waste package at a rate depending on the flow velocity of water through the waste package.
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Table 4-5 lists the entrainment percentages for major minerals that are formed during EQ6
degradation calculations in Geochemistry Model Validation Report: Material Degradation and
Release Model (BSC 2006 [DIRS 176911]). To determine the entrained releases from the waste
package, the entrainment percentages listed in Table 4-5 were multiplied by the masses of
corrosion products present in the waste package at 20,000 years, as listed in Table 6-30. The
entrained releases listed in Table 6-32 only apply to the bathtub scenario in which a bottom
failure has not occurred.

Two scenarios are presented here to explain the entrainment of the solids from the waste
packages into the invert. In the first scenario, effluent from the waste package encounters
unsaturated materials on the invert floor. The entrained solids remain on the surface and water
will seep through. The accumulated solids most likely will be shaped as a mound on top of the
invert with only residual saturation water. In the second scenario, the effluent from the waste
package encounters portions of the invert surface where draining through is slower than the
effluent coming out of the waste package. In this case the effluent will pool until it finds a drain
path, resulting in dispersion of entrained solids on the surface of the invert.

Table 6-32. Release of Major Minerals by Entrainment Process at 20,137 Years, Seismic Scenario,
CSNF Waste Package (EQ6 run CS-S-Mx-C5_adEH), Bathtub Configuration

Masses of Major Minerals Entrained (kg)
Flow Rate, g (L/yr)

Minerals 1 5 10 15 50 100 150
Gibbsite (Al(OH)s) 0 6 19 29 74 114 145
Goethite (FEOOH) 0 0 44 126 494 826 1078
Schoepite (UO3:2H,0) 0 0 12 79 374 642 845
Pyrolusite (MnOy) 0 0 0 2 12 21 28
Trevorite (NiFe;O4) 0 0 1 34 182 316 417
Eskolaite (Cr,03) 0 0 0 14 77 135 178
Fea(MoOs) 3 0 0 1 5 20 34 44

Output DTN: MOO0608SPASOLID.002, file: ent_rel_bathtub.xls.
6.7 ALTERNATIVE CONCEPTUAL MODELS

The Disposal Criticality Analysis Methodology Topical Report (YMP 2003 [DIRS 165505],
Section 3.3.2) lists nine external criticality configuration classes to be addressed by criticality
analyses. The nine classes are listed in Section 8.2.2. Two of the classes (Section 8.2.2, items
(1) and (7)), that address accumulation in a reducing zone and accumulation in the saturated
zone, are not covered in the external accumulation model. The next two sections discuss those
methods of accumulation as alternative conceptual models.

6.7.1 Accumulation in Reducing Zone

In a previous document (CRWMS M&O 2000 [DIRS 135790]), a reducing zone in the invert
resulted in uranium and plutonium accumulation. The assumptions were that fully oxidizing
conditions existed inside the waste package, but that the iron oxide in the invert (gantry rail, etc.)
was not fully oxidized and caused a local reducing zone. This is highly unlikely. The conditions
outside of the waste package are expected to be oxidizing. If water is available to get inside the
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waste package and cause corrosion, then water would be available outside the waste package to
corrode the steel in the invert. Even if the steel was not totally converted from metal to an
iron-oxide mineral, the oxidized layer on the outside surface of the steel would prevent
unoxidized metal from being available to contact water exiting the waste package.

6.7.2 Accumulation in Saturated Zone

For accumulation in the saturated zone to be a criticality concern, a concentrated plume of
plutonium or uranium would need to intercept a reducing zone at the water table. Reducing
groundwaters have been detected in saturated zone waters in the Yucca Mountain area
(BSC 2004 [DIRS 170036], Appendix F); however, the likelihood of a concentrated plume
reaching the water table (depth approximately 1 km) is very low. As the source term fluids exit
the waste package and flow through the invert and the unsaturated zone, many processes work to
spread out the radionuclide plume. Diffusion and dispersion cause the contaminated zone to
spread out. Adsorption causes material to be deposited along the travel path. Resident water
present in the unsaturated zone provides a source of dilution as the plume moves toward the
water table. By the time the radionuclide plume reaches the water table, it would be dispersed
and the density of accumulation would be lower than the accumulation in the unsaturated zone.
Therefore, accumulation in the saturated zone is not covered in this report as a separate model,
because accumulation in the saturated zone is less likely to cause a criticality concern than
accumulation in the unsaturated zone and invert. If downstream users of this report determine
that criticality can occur in the unsaturated zone or invert, then accumulation in the saturated
zone will need to be modeled.

6.8 SENSITIVITY ANALYSES
6.8.1 Sensitivity Analyses by Modification of Input Parameters
The following inputs parameters were evaluated for uncertainties:

e Composition of seepage water entering the drift. For the Seismic Scenario a pore water
from SD-9 was chosen. This potential seepage water is from the unit Tptpll, at a depth of
990.4 to 991.7 feet (DTN: GS020408312272.003 [DIRS 160899]). The use of a
different pore water or well water (J-13) with a different starting chemistry may impact
the resulting accumulation in the invert.

e The log K values from the PHREEQC thermodynamic database. The log K is the log of
the equilibrium constant of chemical reaction. A mineral dissolution reaction log K is a
function of temperature. All of the PHREEQC simulations were conducted at 25°C.
However, there is a standard deviation associated with measurements or estimates of each
log K value that is not taken into consideration. The log K value for uranophane and the
log K for boltwoodite-Na were modified by the standard deviation to see the impact on
the resulting accumulation.
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6.8.1.1 Variation of the Composition of Seepage Water Entering the Drift

The water chosen as the mixing water for the seismic run for CSFlux9 is a pore water extracted
from the tuff at the repository horizon from unit Tptpll in borehole SD-9 at a depth of 990.4 to
991.7 feet (DTN: GS020408312272.003 [DIRS 160899]). The Tptpll is the major repository
host rock unit and thus a good choice for representing mixing water in the invert. A PHREEQC
sensitivity simulation was conducted for the CSFlux9 waste package to see the change when the
mixing water was changed from the SD-9 pore water to a J-13 well water from
DTN: MOO0006J13WTRCM.000 [DIRS 151029]. The pore water simulation yielded uranium
accumulation of 942.03 moles, and the J-13 well water yielded uranium accumulation of 858.05
moles. Thus, there is 9% less accumulation of uranium in using J-13 well water compared to
SD-9 pore water as the mixing water. The starting chemistries of both the SD-9 pore water and
the J-13 well water as included in the PHREEQC input files are presented in Table 6-33.

Table 6-33. Compositions of Mixing Waters, SD-9 Pore Water and J-13 Well Water

Pore Water
from SD-9° J-13 Water”
Composition Composition
Constituent (mol/kgw) Constituent (mol/kgw)
pH 7.9 (standard units) pH 7.41(standard units)
Ca 1.40E-03 Ca 3.24E-04
Mg 3.70E-05 Mg 8.27E-05
Na 3.65E-03 Na 1.99E-03
K 2.02E-04 K 1.29E-04
Cl 6.49E-04 Cl 2.01E-04
S 1.04E-04 S 1.92E-04
C 5.13E-03 N(5) 1.42E-04
N(5) 2.74E-04 F 1.15E-04
F 1.32E-04 Si 1.01E-03
Si 8.32E-04
Mn 3.82E-07
Mo 2.29E-07
u 1.39E-07

@ From DTN: GS020408312272.003 [DIRS 160899], sample SD-9/990.4-991.7/UC.

® From DTN: MO0006J13WTRCM.000 [DIRS 151029].

NOTE: Both sources were converted to units mol/kgw. Both sources provided compositions of
S as sulfate and N as nitrate.

The differing solute concentrations and pH values of 7.9 and 7.41 for the SD-9 pore water and J-
13 well water, respectively, influenced the uranium accumulation. The total-U, 235U, and **°Pu
accumulation for both the SD-9 pore water and the J-13 well water are presented in Table 6-34.
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Table 6-34. Total Uranium and Plutonium Accumulated for Source Term CSFlux9, Seismic Scenario,
Flow at 1,000 L/yr, Method: Separate Simulations Using Two Separate Mixing Waters,
Pore Water SD-9 and J-13 Water

Uranium B5y Uranium Plutonium Plutonium
Accumulation Accumulation Adsorbed Accumulation Adsorbed
Details (moles) (moles) (moles) (moles) (moles)
Original Mixing 942.03 10.47 7.51E-04 0.00 5.11E-07
Water SD-9%
Sensitivity Mixing 858.5 9.54 7.77E-04 0.00 5.11E-07
Water J-13°

@ For SD-9 mixing water data, Output DTN: MO0609SPAINOUT.002, path:
CSFlux9/CSFlux_Acc_with_decay/CSFlux9_Acc_with_decay.xls for accumulation; file adsorption_calc.xls for
adsorption.

® For J-13 mixing water data, Output DTN: MO0609SPASENSI.003, path: CSFlux9_J-13/CSFlux__ J-
13_Acc_with_decay/CSFlux9_J-13_ Acc_with_decay.xIs for accumulation; file sens_adsorption_calc.xls for
adsorption.

6.8.1.2 Variation of the Values of log K for Uranium Minerals Uranophane and
Boltwoodite-Na

Equilibrium thermodynamic-based geochemical codes like PHREEQC use log K to access the
position of equilibrium for specific chemical reactions at specific conditions. In most cases, the
uncertainty for the log K values is not reported in the databases. In order to evaluate the effects
of log K uncertainty on precipitation and accumulation of uranium minerals, the log K’s for
uranophane and boltwoodite-Na were modified by the standard deviation. The log K values for
uranophane and boltwoodite-Na are presented in Table 6-36. The log K value used in the
PHREEQC thermodynamic database was previously qualified for the EQ 3/6 data0 databases in
Qualification of Thermodynamic Data for Geochemical Modeling of Mineral-Water Interactions
in Dilute Systems (BSC 2004 [DIRS 171916]). As discussed in Section 4.1.1, the EQ 3/6
data0.ymp.R4 database was translated for use in PHREEQC and presented in
DTN: MO0604SPAPHR25.001 [DIRS 176868]. The sources of this log K value (Pérez et al.
2000 [DIRS 157910]; Nguyen et al. 1992 [DIRS 100809]) were also justified for intended use in
this model in Section 4.1.14.3.

Table 6-35. Log K values for Uranophane and Boltwoodite-Na

Mineral Source Temperature C log K value
Uranophane Pérez et al. 2000 [DIRS 157910], p. 606 25 11.7+£0.6
. Nguyen et al. 1992 [DIRS 100809], 30
Boltwoodite-Na Tabie 6, p. 374 5.82+0.16

For the source terms CSFlux9 and FFTFIGladEhdec, source term sensitivity simulations were
done by changing the log K by =+ the standard deviation for uranophane and boltwoodite-Na,
respectively. The input files were modified to override the log K value in the PHREEQC
thermodynamic database. The results of these simulations are presented in Tables 6-37 and 6-38.
By changing the log K value of boltwoodite-Na by adding and substracting one standard
deviation, which is 2.7% of the log K, the accumulation either decreased by 10% or increased by
17%. By changing the log K value of uranophane by the standard deviation (both up and down),

ANL-EBS-GS-000002 REV 01 6-88 September 2006



Geochemistry Model Validation Report: External Accumulation Model

which is 5% of the log K, the accumulation either decreased by 24% or increased by 13%. The
overall findings were that varying the log K value by the standard deviation did not impact the
type of minerals that formed, but it did impact the amount of uranium accumulation.

Table 6-36. Comparison of Uranium Accumulation for CSFlux9 Source Term in the Invert with Changes
in log K for Uranophane by Standard Deviation

Percentage Difference
Total Uranium from Original Value of
Uranophane Accumulation |Moles of Uranium Total Uranium
Details log K Value (moles) Adsorbed Accumulation
Original case 11.6981 942.03 7.51E-04 N/A
+0.6 (standard deviation) 12.2981 718.49 1.13E-03 -23.7%
-0.6 (standard deviation) 11.0981 1066.04 4.86E-04 +13.2%

Source: For original case, Output DTN: MO0609SPAINOUT.002, path:
CSFlux9/CSFlux9_Acc_with_decay/CSFlux9_Acc_with_decay.xls for accumulation; file
adsorption_calc.xls for adsorption.

For +0.6 sensitivity case, Output DTN: MOO609SPASENSI.003, path
CSFlux9_logK_sens_12.2981/CSFlux9_logK_sens_12.2981_Acc_with_decay/
CSFlux9_Acc_with_decay logK_12.2981.zip for accumulation; file sens_adsorption_calc.xls for
adsorption. For —0.6 sensitivity case, follow similar path.

Table 6-37. Comparison of Uranium Accumulation for FFTFIG1adEhdec Source Term in the Invert with
Changes in log K for Boltwoodite-Na by Standard Deviation

Uranium Percentage
Boltwoodite-Na, | Accumulation | Moles of Uranium | Difference from
Details log K value (moles) Adsorbed Original Value
Original case 5.9649 31.17 3.56E+01 N/A
+0.16 (standard deviation) 6.1249 28.10 3.57e+01 -9.9%
-0.16 (standard deviation) 5.8049 36.53 3.53E+01 +17.2%

Source: For original case, Output DTN: MO0609SPAINOUT.002, path: FFTFIG1adEhdec /
FFTFIG1adEhdec_Acc_with_decay/ FFTFIG1adEhdec_Acc_with_decay.xls for accumulation; file

adsorption_calc.xls for adsorption.

For +0.16 sensitivity case, Output DTN: MO0609SPASENSI.003, path
FFTFIG1adEhdec_logK_sens_6.1249/ FFTFIG1adEhdec_logK_sens_6.1249 Acc_with_decay/
FFTFIG1adEhdec_logK_sens_6.1249_Acc_with_decay.zip for accumulation; file
sens_adsorption_calc.xls for adsorption. For —0.16 sensitivity case, follow similar path.
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7. VALIDATION

The purpose of the external accumulation model is to estimate the quantity and geometry of the
accumulation of fissile and non-fissile isotopes and corrosion products in the invert (near-field)
and the surrounding fractured tuff (far-field) external to the waste package from a degrading
waste package. The technical work plan (BSC 2006 [DIRS 177153], Section 2.2.1) states that
validation will include a discussion of decisions and activities that were implemented during the
model development process (Section 7.1) and post-development validation of the model will
consist of four methods (Methods A through D), see Section 7.2. The first validation activity,
Method A, is an independent model validation technical review of the entire model. The
remaining validation activities address portions of the model. Method B compares the
PHREEQC simulation estimates to the minerals observed in natural analogues and laboratory
experiments. Method C uses the PHREEQC external accumulation model to estimate the
accumulation of uranyl minerals observed in UO, degradation drip tests. Method D is a
validation of the two-dimensional numerical flow and transport model by corroboration of model
results with the results from a two-dimensional analytical model.

7.1 DOCUMENTED DECISIONS AND ACTIVITIES IMPLEMENTED DURING
MODEL DEVELOPMENT PROCESS

The technical work plan (BSC 2006 [DIRS 177153], Section 2.2.1) indicates that the external
accumulation model requires a low level of confidence (Level I) because the model is of limited
or no importance to the calculation of mean annual dose.

Achieving Level I criteria requires discussion of documented decisions and activities that are
implemented during the model development process that build confidence and verify that a
reasonable, credible technical approach using scientific and engineering principles was taken.

The following items describe how Level I criteria have been satisfied during the model
development efforts:

(a) Evaluate and select input parameters and/or data: Section 4.1 provides the inputs used
in the external accumulation model, which include thermodynamic databases, mixing
water and source water compositions, solid losses from the waste package, isotopic
content of waste forms, flow rates, tuff composition, dissolution rates for tuff minerals,
invert properties, adsorption coefficients, characteristics of fractures, and atomic
weights. .

(b) Formulate defensible assumptions and simplifications:  Assumptions that were
necessary were included in Section 5. Modeling assumptions and simplifications are
described in Sections 6.1, 6.2, and 6.4. All model assumptions and simplifications have
been justified as reasonable or captured within the uncertainty of the model.

(c) Ensure consistency with physical principles, such as conservation of mass, energy, and
momentum: All modeling efforts described in Sections 6.4.5 and 6.4.6 are based on

conservation of mass. Both codes, PHREEQC and TOUGHREACT, are qualified and
are consistent with conservation of mass.
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(d) Represent important future state (aleatoric), parameter, and alternative model
uncertainties: Future state conditions are addressed by modeling igneous events in
which the drift is filled with basalt, resulting in a basalt-equilibrated mixing water. A
range of flow rates (1 to 1000 L/yr) to represent future climates that may have a higher
infiltration rate than today’s climate. Uncertainties in seepage water composition and
equilibrium constants are addressed in Section 6.8.1. Alternative model uncertainties
that address the dissolution of minerals during the PHREEQC simulations are
addressed in Section 6.8.2. Alternative models that address accumulation in a reducing
zone and in the saturated zone are discussed and discounted in Section 6.7.

(e) Ensure simulation conditions have been set up to span the range of intended use and
the avoidance of inconsistent outputs: The types and ranges of inputs described in
Sections 4.1, 6.2, and 6.7 were developed to address the external accumulation
mechanisms identified in Disposal Criticality Analysis Methodology Topical Report
(YMP 2003 [DIRS 165505]). These mechanisms include accumulation due to
precipitation, adsorption, mass loss due to bottom failure and entrained solids, and
accumulation in a reducing zone or saturated zone.

(f) Ensure that model predictions (performance parameters) adequately represent the
range of possible outcomes, consistent with important uncertainties: The important
uncertainties equilibrium constant (log K), mixing water compositions, and mineral
dissolution) are discussed in Section 6.8. The results presented in Section 8.1
incorporate the uncertainties.

7.1.1  Corroboration of PHREEQC and EQ3/6 Model Outputs

The mathematical calculations of the external accumulation process model are performed using
PHREEQC. As a validation exercise to build confidence in the ability of PHREEQC to execute
the mathematical model, two base case simulations were performed using comparable
geochemical software, EQ3/6 V8.1 (see Section 3.1.8).

EQ3/6 V8.1 has many of the same features as PHREEQC, including capabilities for kinetic
processes, mixing reactions, and flow of water through a cell. EQ3/6 was developed at
Lawrence Livermore National Laboratories and is qualified for use on the Yucca Mountain
Project. It was chosen for the validation because most of the processes simulated by the
PHREEQC external accumulation model can be simulated using EQ3/6. One difference between
the codes relevant to the model is that EQ3/6 cannot easily simulate advection through a
multi-cell column. Instead, sequential EQ3/6 simulations are required to model each cell.
Transfer of information from one cell to the next is not automatic in EQ3/6. Consequently, the
EQ3/6 validation is limited to the first three cells, which is a minimum number of cells that still
results in a thorough code-to-code comparison of PHREEQC and EQ3/6. Another difference
between the software is that EQ3/6 cannot simulate adsorption. The adsorption aspect of the
PHREEQC model, however, is easily checked by hand, and therefore separate software is not
needed for corroboration of predicted adsorbed concentrations.

The treatment of pH and activities at high ionic strength is another difference between the codes.
Although the B-dot equation is used by each code in this validation, the activity coefficients and
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pH diverge as ionic strength increases above 0.1 molal. The divergence could be due to
differences in pH scaling conventions. EQ3/6 offers three choices for pH scales: (1) no
rescaling (“internal”); (2) National Bureau of Standards (Bates-Guggenheim equation); and (3)
Mesmer (molality equals activity) scales. The National Bureau of Standards (NBS) scale is
typically used in EQ3/6 calculations on the Yucca Mountain Project and is used in this
validation. The treatment of pH and activities at high ionic strength is another difference
between the codes. Although the B-dot equation is used by each code in this validation, the
activity coefficients and pH diverge as ionic strength increases above 0.1 molal. This divergence
is addressed in Section 7.1.1.3.2.

The EQ3/6 simulation in this section uses the fluid mixing approach because the solid-centered
flow-through mode of EQ6 cannot be forced to perform a complete displacement (full flush)
prior to its first equilibration like PHREEQC does. Without a full flush prior to equilibration, a
portion of the initial water is retained in the cell, which affects water composition in the cell to a
small degree for a number of subsequent flushes. Because the PHREEQC model fully flushes
out the initial water, it does not retain a residual. The EQ6 fluid mixing approach avoids this
conflict and therefore better replicates the PHREEQC model.

Two validation simulations are presented below. The first is performed at low ionic strength to
show that the two codes produce essentially identical results at low ionic strength
(Section 7.1.1.1). A second simulation is performed at higher ionic strength to assess the effects
of high ionic strength on the calculations (Section 7.1.1.2). Results of these simulations are
presented and discussed in Section 7.1.1.3.

7.1.1.1 Validation Simulation at Low Ionic Strength

The validation simulation at low ionic strength follows the igneous intrusion scenario described
in Section 6.2.3.3. In this scenario, magma flows through the drift, encapsulates the waste
package in basalt, and causes the waste package to rupture. Seepage water flows through the
fractures in the basalt and is chemically altered by basalt minerals. Water that flows through and
around the breached waste package mixes at the bottom of the invert. The PHREEQC and EQ6
validation simulations for this scenario are developed below.

7.1.1.1.1 Inputs

In the igneous intrusion scenario, the composition of the ambient water is a basalt water taken
from calculations documented in Igneous Intrusion Impacts on Waste Packages and Waste
Forms (BSC 2004 [DIRS 168960]). The calculations involved modeling the dissolution of basalt
minerals in contact with a specified pore water. The resulting water, reproduced in Table 7-1, is
taken from file 568 _3.6p (BSC 2004 [DIRS 168960]).

The waste package for this scenario is TMI and the waste package water is from a simulation
with a flow rate of 1 L/yr and oxidizing conditions (tmi_igl.6i). The composition at 38 years
provides a low ionic strength validation test case. It is presented in Table 7-2.

The fugacities of oxygen and carbon dioxide were fixed at 1077 and 107 bar, respectively.
Nitrate was prevented from reducing to nitrogen gas, and chromium was limited to the (+3)
oxidation state.
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Table 7-1. Composition of Basalt Water Used in Igneous Scenario Validations
EQ6 Input Composition Values
Element Concentration Units
Al 6.46 x 107 molality
N 4.47 x 107 molality
Si 6.74 x 10™° molality
Ca 4.76 x 10°° molality
K 1.24 x107° molality
Mg 469 x 107° molality
pH 9.02 standard units
Fe 1.43 x 107" molality
F 2.96 x 107" molality
Cl 5.61 x 107 molality
Mg 4.69 x 107° molality
P 9.87 x 107° molality
C 2.19 x 107 molality
N 3.97 x 107° molality
S 3.55x 107 molality

Source: BSC 2004 [DIRS 168960], Attachment Ill, file b8b_3.6p; pH
obtained from File B8b_3.60.

Low lonic High lonic
Strength Strength
Constituent Units Scenario Scenario
pH (NBS) standard units 6.75 8.75
Ca molality 1.36E-04 1.28E-05
Mg molality 5.46E-04 1.27E-04
Na molality 3.48E-02 9.12E-01
K molality 3.34E-03 9.33E-02
Si molality 4.04E-05 1.78E-04
N molality 1.86E-02 4.65E-02
Cc molality 1.44E-04 4.68E-01
Cl molality 3.81E-06 4.91E-04
F molality 1.31E-04 1.06E-13
S molality 9.27E-03 1.45E-02
Al molality 1.27E-08 4.37E-08
Mn molality 5.16E-13 1.21E-15
Fe molality 4.96E-12 3.84E-12
u molality 9.99E-06 1.49E-01
Cr(lll molality 9.94E-13 3.22E-14
B molality 2.24E-02 9.97E-02
Cu molality 1.11E-16 1.84E-17
Zn molality 1.11E-16 1.84E-17
Ni molality 3.60E-05 7.38E-09
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Table 7-2. Compositions of Waste Package Water Used in Igneous Scenario Validations (Continued)

Low lonic High lonic
Strength Strength
Constituent Units Scenario Scenario
Mo molality 1.05E-03 1.22E-01
Ba molality 6.46E-08 6.99E-07
P molality 4.39E-07 9.21E-03
Br (tracer) molality 1.00E-06 1.00E-06

Source: BSC 2006 [DIRS 176911], Appendix A, folders Igneous Scenario
and Seismic Scenario; DTN: MO0608MWDGEOMA.001
[DIRS 177332].

The databases used in the EQ3/6 and PHREEQC validation simulations are equivalent. The
EQ3/6 database was data0.cr3 (see DTN: MO060SMWDGEOMA.001, [DIRS 177332]), file:
data0 files.zip) and the PHREEQC database was phreeqcDATA025bdotCr3.dat. The PHREEQC
database phreeqcDATA025bdotCr3.dat (located in output DTN: MOO0609SPAINOUT.002), is a

modified version of the PHREEQC database (phreeqcDATA025.dat) located in
DTN: MO0604SPAPHR25.001 [DIRS 176868]. The modifications contained in
phreeqcDATA025bdotCr3.dat  are the same as those in dataO.cr3 see DTN:

MO0608MWDGEOMA.001, [DIRS 177332], file: data0 files.zip]). These changes, noted at the
top of each database, included suppression of Cr(II), Cr(V), and Cr(VI) species, modifications to
specific log K values, and addition of Cr(OH);(am).

Mineral reactants are listed in Table 7-3. The initial amount of each mineral in each cell was set
at 100 moles. The exact quantity is irrelevant to the calculations as long as it is high enough to
ensure an unending supply.

Table 7-3. Mineral Reactants and Dissolution Rates Used in Validation Simulations

Abundance Dissolution Rate

Mineral (mol) (mol/s/L)
Cristobalite(alpha) 100 4.370e-12
Annite 100 2.493e-14
Phlogopite 100 1.511e-16
Maximum Microcline 100 3.914e-14
Albite Low 100 2.328e-12
Anorthite 100 5.142e-13

Source: Estimated using preliminary EQ6 output files that used
pH-dependent rates.

The mineral dissolution rates were fixed at constant values to avoid the complications of
synchronizing the timing of equilibrations in PHREEQC and EQ6. As mentioned in
Section 7.1.1, the timing of equilibrations cannot be completely synchronized between the two
codes. Dissolution rates are determined for each equilibration time step. If the dissolution rates
are defined in terms of chemical parameters, such as pH, and the time steps are not synchronized,
differences in time steps could cause differences in dissolution rates. The constant rates used in
the validation simulations are listed in Table 7-3 and are based on preliminary EQ6 calculations
that contained pH-dependent rates. The actual values that were used are not important to this
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validation exercise. The important aspect is the exact same rates were used in the EQ6 and
PHREEQC simulations.

7.1.1.1.2 PHREEQC Simulation

The input file for this PHREEQC validation simulation is igh8lowv. To reduce model output,
this file was set up to model reactive transport through five one-liter cells over eight years at a
flow rate of 1 L/yr. Reducing the number of cells and the modeling period has no effect on the
calculations for these cells.

The input waters were defined in the PHREEQC input file as shown in Table 7-4 and Table 7-2
(low ionic strength). The basalt water is the dilution water (solution 999) and is also the initial
solution in each cell (solutions 1 through 5). Solution 0 is the waste package water. The
fugacities of oxygen and carbon dioxide were fixed at 10*7 and 10> bar, respectively, for each
input water.

In the cells, a long list of potential minerals was defined to encompass potential equilibrium
phases. At a minimum, this list must contain the minerals that become supersaturated during the
simulation. It should not, however, contain minerals that are kinetically unfavored at the
temperature and pressure of the simulation, such as those in Table 6-8, which are suppressed in
the PHREEQC calculations.

The cells were further constrained by gas fugacities and mineral reactions. The fugacity of
carbon dioxide was fixed at 10> bar and that of oxygen was fixed at 10" bar. Tuff minerals
dissolving in each cell were defined by the dissolution rates listed in Table 7-3.

As in the general PHREEQC model in Section 6, reactive transport was defined by the
apveCTION keyword. Thus, no diffusion or dispersion was simulated. The time step was set
at 3.1557 x 10"’ seconds (one year), and the number of shifts was set at 8 to simulate 8 years of
advection.

The complete set of PHREEQC input and output files for this validation exercise are documented
in DTN: MOO0608SPACONFI.001. The file names are:

e Input file: igh8lowv
e Output file: igh8lowv.out
e Tabulated output: ighSlowv.xls.

7.1.1.1.3 EQ3/6 Simulation

The EQ3/6 validation simulation required a number of input and output files to predict mineral
accumulation in the first three cells. The development of these files is described below. A
summary of the input and output files is presented in Table 7-4 and Table 7-5.
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Table 7-4. EQ3/6 Files Used to Define Basalt Water and Waste Package Water for the Low lonic
Strength Validation Simulation

Source Water Input file Output files Pickup Source Fluid Source
Basalt water (initial) valbw.3i valbw.30, valbw.3p NA Table 7-1
Basalt water (equilibrated) valbw.6i valbw.60, valbw.6p valbw.3p NA
Basalt water (equilibrated valbwsol.3i valbwsol.30, NA valbw.60
aqueous) valbwsol.3p
Waste package water valwp2.3i valwp2.30, NA Table 7-2
(initial) valwp2.3p
Waste package water valwp2.6i valwp2.60, valwp2.3p NA
(equilibrated) valwp2.6p

Source: Output DTN: MOO608SPACONFI.001.
NA = not applicable.

Table 7-5. EQ3/6 Files Used to Simulate Cells 1, 2, and 3 for the Low lonic Strength Validation

Simulation
Fluid Reactant | Secondary Mineral
Simulation Input file | Output files | Pickup Source Source Source

Cell 1 Time 1 igh8lo1.6i igh8lo1.60, valbwsol.3p valwp2.6p NA
igh8lo1.6p

Cell2 Time 1 | igb8lo2a.6i | igb8lo2a.60, valbwsol.3p valbwsol.3p NA
igh8lo2a.6p

Cell 2 Time 2 igh8lo2.6i igb8lo2.60, valbwsol.3p igh8lo1.6p igb8lo2a.60
igb8l02.6p

Cell 3 Time 2 | igb8lo3b.6i | igb8lo3b.60, valbwsol.3p igh8lo2a.6p igh8lo2a.60
igh8lo3b.6p

Cell 3 Time 3 igh8l03.6i igh8l03.60, valbwsol.3p igh8lo2.6p igh8lo3b.60
igh8l03.6p

Source: Output DTN: MOO608SPACONFI.001.
NA = not applicable.

Basalt Water—Basalt water was used both as a reactant and as the water that initially exists in
the cells. Three EQ3/6 simulations were needed to prepare this water for the application. First,
valbw.3i was created to define the basalt water composition as presented in Table 7-4. In this
file, the following options were chosen:

e Mineral suppressions as needed in accordance with Table 6-8 presented in Section 6.4.4

e Suppression of paragonite, a high-temperature mineral similar to muscovite

e Suppression of N(aq) aqueous species to keep dissolved N as nitrate (important when
simulating slightly reducing conditions)

e B-dot equation for activity coefficient model

e NBS pH scale.
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EQ3NR execution of this input file produced the pickup file, valbw.3p, (note all files are found
in output DTN: MO0608SPACONFI.001) which was used to build an EQ6 input file, valbw.61.
Input file valbw.6i was used to fix the CO, fugacity at 10~ bar and the O, fugacity at 107 bar
and to precipitate unsuppressed supersaturated minerals.

No minerals precipitated during the valbw.61 simulation (note that all files are found in output
DTN: MO0608SPACONFI.001). The equilibrium aqueous solution from valbw.60 was entered
into valbwsol.31, a third input file that used valbw.3i as a template. Except for the slight changes
in aqueous concentrations, the only other change from valbw.31 was the selection of the option to
write an EQ6 input file with “fluid 1” set up for fluid mixing. This produced a valbwsol.3p
pickup file that could be used as an EQ6 input file template for fluid mixing.

Waste Package Water—The water from the waste package was used as a reactant in cell 1. To
generate the waste package water reactant for the EQ3/6 simulation, two EQ3/6 simulations were
necessary. The first simulation defined the waste package water composition according to
Table 7-2. The input file, named valwp2.31 (output DTN: MO0608SPACONFI.001), used the
following options:

Mineral suppressions as needed in accordance with Table 6-8 presented in Section 6.4.4
Suppression of paragonite

B-dot equation for activity coefficient model

NBS pH scale.

The file valwp2.3p (found in output DTN: MO0608SSPACONFI.001), generated by EQ3NR
execution of valwp2.31, was used as the pickup file for EQ6 simulation valwp2.6i. In this second
input file, the CO, fugacity was fixed at 10~ bar and the O, fugacity was fixed at 10 bar.
The option of a fluid-centered flow-through system was selected, as was the option to generate
an EQ6 input file with “fluid 17 set up for fluid mixing.

Cell 1—A flow rate of 1 L/yr implies that the full aqueous volume of cell 1 is flushed in exactly
one year. To simulate a time step of one year, as PHREEQC does for this simulation, the fluid-
mixing approach was required, as explained in Section 7.1.1. The EQ6 input file (igb8lo1.61)
used the basalt water from valbwsol.3p (note that all files are found in output
DTN: MOO0608SPACONFI.001) as the pickup file and the waste package water (fluid 2)
reactant from valwp2.6p as a reactant. To achieve the correct ratio of basalt water to waste
package water, 9 liters of waste package water reactant were mixed with the liter of basalt water
from the pickup file. The one-year time step was defined by setting the equation for the waste
package water reactant at a linear rate of 2.852 x 107 mol/sec, which was calculated by
dividing 9 moles by the number of seconds in a year. The tuff minerals were added at the linear
reaction rates listed in Table 7-3 multiplied by 10 to account for the final volume of 10 liters.
Other settings in the igb8lo1.61 input file were:

Starting time of 0 seconds

Maximum time of 3.1557 x 10™" seconds (1 year)
Starting and ending values for Xi, 0 and 10

Zero order step size (in Xi) of 5

Fugacity of carbon dioxide fixed at 10~ bar
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Fugacity of oxygen fixed at 10" bar

Titration system

True kinetics

Create EQG6 input file with fluid 1 set up for fluid mixing.

The inputs do not change from year to year for cell 1. Therefore, the results of this simulation
can be used for any year in the simulation period. The only outputs that change over time are the
total accumulations of precipitating minerals, which can be calculated by multiplying the moles
precipitated in this simulation by the number of years. Note, however, that this simulation
produces 10 times the precipitate as the PHREEQC model because it is scaled to 10 liters instead
of 1.

Cell 2 Time 1—The first time step for cell 2 is not affected by waste package water. Instead, the
water from cell 1 at time 0, which is also unaffected by waste package water, is diluted by basalt
water at a 9:1 ratio. However, because the water in cell 1 at time O is also the basalt water,
the water in cell 2 at time 1 is simply the basalt water with one year’s worth of dissolved
tuff minerals.

In keeping with the format for the cell 1 simulation, a fluid-mixing approach was used to
simulate cell 2 at time 1. The input file, named igb8lo2a.6i (note that all files are found in output
DTN: MOO0608SPACONFI.001), used the pickup file from the valbwsol.31 basalt water
simulation to provide both the bottom part (pickup) of the input file and the fluid-mixing
reactant. Otherwise, the settings in igb8lo2a.61 were identical to igb8lo1.61.

This simulation calculates the water and mineral composition for each cell except the first cell in
the PHREEQC model at time 1. Thus, it simulates cell i at time 1 for 1> 2.

Cell 2 Time 2—The second time step for cell 2 is affected by waste package water. The input
file for cell 2 time 2, named igb8lo2.61 (note that all files are found in output
DTN: MOO0608SPACONFI.001); 2), the secondary minerals precipitated in the cell 2 time 1
simulation (igb8lo2a.61); and 3) the basalt water pickup file, valbwsol.3p. Nine liters of the fluid
reactant from igb8lol.6p were entered with a linear reaction rate of 2.852 x 107 mol/sec
(equivalent to 9 mol/yr). The secondary minerals were entered from igb8lo2a.60 as rapidly
dissolving mineral reactants with linear rates of 0.01 mol/sec. The moles of these minerals were
not divided by 10 because each simulation ends with 10 kg of water. The addition and rapid
dissolution of these minerals ensure conservation of mass in the cell. If the forced rapid
dissolution of the secondary mineral reactants causes these minerals to be supersaturated (which
is usually the case), they will precipitate and there will be no net effect associated with their
temporary absence at the beginning of the time step.

Other settings were identical to the cell 2 time 1 (igb8lo2a.6i) simulation except for
the following:

e Starting time of 3.1557 x 10”7 seconds (one year)
e Maximum time of 6.3114 x 10”" seconds (2 years)

e Starting and ending values for Xi, 0 and 1 x 10"*,
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This cell 2 time 2 simulation also calculates the water and mineral composition for cell 2 beyond
two years. After two years, the inputs do not change. Therefore, this simulation is representative
of cell 2 at time j for j > 2 years.

Cell 3 Time 1—The simulation for cell 3 time 1 is equivalent to cell 2 time 1 (see above).

Cell 3 Time 2—In this simulation, called igh8/03b.6i (note that all files are found in output
DTN: MO0608SPACONFI.001) progressed to cell 3. However, this cell at this time step begins
with an initial amount of mineral precipitation from the first time step. The pickup file is
valbwsol.3p, the mixing fluid is fluid 2 from igh8lo2a.6p, and the initial minerals are taken from
igh8lo2a.60. Other settings were the same as for cell 2 time 2. This simulation represents cell i
at time 2 for i > 3.

Cell 3 Time 3—In the third time step, water affected by the waste package reaches cell 3. For
this  simulation, igh8lo3.6i (note that all files are found in  output
DTN: MO0608SPACONFI.001), the pickup file is valbwsol.3p, the mixing fluid is fluid 2 from
igh8lo2.6p, and the initial minerals are taken from igh8/o3b.60. Other settings were the same as
for cell 2 time 2, except that the starting and ending times were 6.3114 x 107 (2 years) and 9.467
x 10" (3 years) seconds, respectively. This simulation represents cell 3 at time j for j > 3 years.

7.1.1.2  Validation Simulation at High Ionic Strength

The validation simulation at high ionic strength follows the low ionic strength scenario above,
except that the waste package water is from a later time period when it has higher ionic strength.
Its composition is compared to that of the low ionic strength simulation in Table 7-2.

7.1.1.2.1 PHREEQC Simulation

The input file for the PHREEQC validation simulation at high ionic strength is igh8hiv (note that
all files are found in output DTN: MO0O608SPACONFI.001). It is a copy of the low ionic
strength simulation file igh8lowv, except for the low ionic strength water is replaced with the
high ionic strength waste package water.

The complete set of PHREEQC input and output files for this validation exercise are documented
in output DTN: MO0608SPACONFI.001. The file names are:

e Input file: igh8hiv
e Output file: igh8hiv.out
e Tabulated output: igh8hiv.xls.

7.1.1.2.2 EQ3/6 Simulation

The EQ3/6 simulations are nearly identical to the simulations described in Section 7.1.1.1.3 for
the low ionic strength scenario. In fact, the valbw*.* files in Table 7-4 and Table 7-5 are
identical (note that all files are found in output DTN: MO0608SPACONFI.001. Files valwp2.*
differ only in the waste package water composition as presented in Table 7-2. The input files for
the different cells at various times were built in the same way as described in Section 7.1.1.1.3
and Table 7-5; however, the file names were changed from igb8lo*.* to igb8hi*.*.
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7.1.1.3 Comparison of EQ3/6 and PHREEQC Results

The largest changes in a cell in a given time step occur when the waste package water reaches
the cell. Thus, for this validation exercise the results of the two codes are compared at the front
of the plume, i.e., at cell 1 time 1, cell 2 time 2, and cell 3 time 3.

Spreadsheets called Accumulation igh8lowv 4.xls and Accumulation igh8lhiv 4.xls in output
DTN: MO0608SPACONFI.001 were generated for graphical comparison of the PHREEQC and
EQ3/6 results. Relevant graphs from these spreadsheets are reproduced and discussed below.

7.1.1.3.1 Low Ionic Strength Simulation

In the low ionic strength simulation, uranium minerals do not precipitate, but several other
minerals do. Figure 7-1 shows the mineral assemblages at the front of the plume for the first
three time steps. Not only did PHREEQC and EQ®6 predict the same minerals to precipitate, but
they also predicted nearly the same amounts of mineral precipitation. The largest relative
differences are for pyrolusite, which is predicted to precipitate in extremely small quantities.
Such low quantities have negligible effects on the primary purpose of the model; i.e., prediction
of the accumulation and distribution of U, Pu, and neutron absorbers in the invert.

Another indication of corroboration is the comparison of predicted pH values at the front of the
plume. As shown in Figure 7-2, the EQ6 predictions of pH match the PHREEQC predictions
almost exactly. The predicted pH values in cells 1 through 3 (7.8, 8.2, and 8.3) are reasonable
considering that the incoming waste package water has a pH of 6.75 and the background water
has a pH of 9.0.

The external accumulation model is designed to predict the accumulation of components
important to criticality at various distances along the flow path. The distances are represented by
cell number in the model, and the accumulation in each cell is the sum of the components in all
phases, whether aqueous, solid, or gas. In the model, components in the gas phase contribute
negligibly to overall accumulation of the components of interest. In addition, in the validation
simulation, adsorption is not included because EQ6 cannot model adsorption. Therefore, the
accumulation of components in each cell in these validation simulations is the sum of the
components in the aqueous and mineral phases.

The total accumulations of each component in the aqueous and mineral phases in cell 1 at time 1
and cell 3 at time 3 are presented in Figure 7-3 and Figure 7-4 as predicted by each code. The
largest differences in these figures are the small differences in the components that have
negligible concentrations (less than 1 x 107 molal).
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Cell 1 Time 1 Cell 2 Time 2 Cell 3 Time 3
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o PHREEQC

Precipitation (moles)

00690DC_046.ai

Source: Output DTN: MOO608SPACONFI.001, Accumulation igb8lowv 4.xls.

Figure 7-1. Comparison of Minerals Precipitated at Front for Low lonic Strength Simulation
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Source: Output DTN: MO0608SPACONFI.001, Accumulation igb8lowv 4.xls.

Figure 7-2. Comparison of Predicted pH at Front for Low lonic Strength Simulation
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Source: Output DTN: MOO608SPACONFI.001, Accumulation igb8lowv 4.xls.

Figure 7-4. Comparison of Cell 3 Time 3 Accumulation for Each Component in the Low lonic Strength
Simulation
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7.1.1.3.2 High Ionic Strength Simulation

In the high ionic strength simulation, U precipitates in the form of boltwoodite-Na. Figure 7-5
shows the mineral assemblages at the front of the plume for the first three time steps.
The predictions between the codes are similar but two minerals that precipitate in the
PHREEQC calculation in cell 3 at time 3 do not precipitate in the EQ6 calculation (fluorapatite
and hydroxyapatite).

Differences in activity coefficients calculated by each code are likely responsible for the
differences in mineral assemblages. These differences are larger in the high ionic strength
simulation because activity coefficients become more sensitive to ionic strength as ionic strength
increases. In each of the PHREEQC and EQ3/6 simulations in this report, the extended
Debye-Hiickel (B-dot) equation is used to calculate the activity coefficients (Parkhurst and
Appelo 1999 [DIRS 159511], p. 11; SNL 2003 [DIRS 162494], p. B-32). PHREEQC uses the
extended Debye-Hiickel (B-dot) equation whenever the “-gamma” option is included for a given
species (Parkhurst and Appelo 1999 [DIRS 159511], p. 157). In the database used
(phreeqcDATA025bdotCr3.dat) this option is included for each dissolved species, so the B-dot
equation is used for each species in the PHREEQC simulations.

The equilibrated waste package water provides a good example of the differences in calculated
activity coefficients at high ionic strength. The activity coefficient of the dominant uranyl
aqueous species in this water, UO,(COs)s*, was calculated by PHREEQC to be 1.112 x 10
(igh8hiv.out). EQ3/6 calculated it to be 0.967 x 10™* (valwp2.60), which is 13% lower. (Note
that all files noted in this section are in output DTN: MO0O608SPACONFI.001.) The activity
coefficient for this species is especially low because of the high charge of the species (—4) and
the high ionic strength of the solution (2.008 molal).

Much of the 13% difference is due to adjustments performed by EQ3/6 to ensure that activity
coefficients are consistent with the NBS pH scale. PHREEQC does not perform this type of
rescaling. This explanation was confirmed by rerunning the waste package water files in EQ3/6
(Table 7-4) with the “no-rescaling” option selected as the pH scaling choice. Using the
“no-rescaling” option, the activity coefficient for UO,(COs);*™ increased to 1.080 x 1077
explaining 78% of the difference between the PHREEQC and original EQ3/6 simulations.

The remaining difference is due to small differences in the values of the Debye-Hiickel A and B
parameters. The Debye-Hiickel “azero” (4.0) and “bdot” (0.0410) are identical in both
databases. In the EQ3/6 database, the A and B parameters at 25°C are 0.5114 and 0.3288
(DTN: SN0410T0510404.002). Entering these values and the values for ionic strength, charge,
“azero” and “bdot” from above into the extended Debye-Hiickel equation gives an activity
coefficient of 1.080 x 10" for UOQ(C03)347, which is the same value calculated by EQ3/6 when
there is no pH rescaling. The PHREEQC values for A and B are calculated in the subroutine
“model.c” of the PHREEQC code as a function of temperature. At 25°C, the calculated values
for A and B are 0.5093 and 0.3283. Using these values in the extended Debye-Hiickel equation
gives the same 1.112 x 107" activity coefficient calculated by PHREEQC and explains the
remaining difference in activity coefficient calculations.
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While the mineral assemblages differ to a greater extent in the high ionic strength simulation, the
predicted pH values and total accumulations nevertheless match well, as shown in Figure 7-6
through Figure 7-8. The largest differences in predicted cell accumulations are the small
differences in the components that have negligible concentrations (less than 1 x 10™'? molal).
The high degree of agreement in these figures suggests that marked differences in the mineral
assemblages do not necessarily imply considerable differences in the total accumulations of the
various components.
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10771
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o PHREEQC

Cell 1 Time 1 Cell 2 Time 2 Cell 3 Time 3
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Precipitation (moles)

00690DC_050.ai

Source: Output DTN: MOO608SPACONFI.001 Accumulation igb8hiv 4.xls

Figure 7-5. Comparison of Minerals Precipitated at Front for High lonic Strength Simulation
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Figure 7-6. Comparison of Predicted pH at Front for High lonic Strength Simulation
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Figure 7-7. Comparison of Cell 1 Time 1 Accumulation for Each Component in the High lonic Strength

Simulation
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Figure 7-8. Comparison of Cell 3 Time 3 Accumulation for Each Component in the High lonic Strength
Simulation

7.1.1.3.3 Validation Conclusion

Overall, the differences observed between the EQ3/6 and PHREEQC validation simulations are
small compared to model uncertainties and compared to the ranges of concentrations predicted
for each of these components over the time period modeled. Although differences are observed,
particularly in the mineral assemblages of the high ionic strength test case, the corroboration of
predicted total elemental molalities in each cell supports the argument that the execution of the
PHREEQC external accumulation model is valid. To be clear, this exercise validates the
execution of the conceptual model with regard to advection and mineral precipitation. It does
not validate the conceptual model itself.

7.2 POST-MODEL DEVELOPMENT VALIDATION METHODS

Level I validation requires one method of post-model development validation consistent with a
model of limited importance to mean annual dose. To cover all aspects of the model, four
methods of validation are employed.

7.2.1 Summary of Validation Methods

The TWP (BSC 2006 [DIRS 177153], Section 2.2.1) names four methods for validation, as listed
in Table 7-6.
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7.2.2 Method A: Independent Technical Review

The TWP (BSC 2006 [DIRS 177153]) specifies that an independent model validation technical
review will be conducted. The technical reviewer is assigned the following tasks:

1. Review the validation criteria in the TWP (BSC 2006 [DIRS 177153]) to determine if
they are adequate for intended use of the model.

2. Review the external accumulation model report in draft.

3. Assess whether or not the model as documented in the report meets the validation
criteria.

4. Assess whether or not the model is adequate for its intended use. Meet with the author
to resolve comments, and recommend actions, as appropriate, to resolve any
inadequacies found as part of the review.

5. Document this review process, and the final conclusion as to whether the model is
valid for its intended use, as a memo to be included in the report.

In addition, the independent technical reviewer was tasked with confirming that the criteria listed
in Table 7-6 were met.

7.2.2.1 Qualifications of Independent Technical Reviewer

Dr. Thomas J. Wolery, who is independent of the development and checking of the document
conducted a technical review of the external accumulation model. Dr. Wolery has a B.S. in
geochemistry, an M.S. in Geology with concentration on heavy metals in lacustrine sediments,
and a Ph.D. in Geological Sciences with emphasis on marine hydrothermal geochemistry, global
geochemical cycling, and numerical modeling. He has 28 years of experience, most of it in
activities related to nuclear waste disposal and hazardous waste disposal and remediation. He is
the author of EQ3/6, an internationally recognized code package for thermodynamic and kinetic
modeling of rock/water interactions. He has conducted or participated in various studies for the
Salt Repository Project, the Waste Isolation Pilot Plan, and the Yucca Mountain Project,
addressing problems in rock—water interaction, aqueous speciation, radionuclide solubilities, and
radionuclide migration. He is currently the Chemical Environment Modeling and Analysis Lead
for the Yucca Mountain Project at Lawrence Livermore National Laboratory. He has particular
interests in the fundamental theory and application of solution thermodynamics in aqueous
solutions and solid solutions. He is the author of numerous technical papers and reports on the
topics of radioactive waste disposal, actinide chemistry, environmental contamination and
remediation, global geochemical cycles, thermodynamics, chemical kinetics, and electrolyte
theory. He is on the editorial advisory board of the journal Computers & Geosciences and is a
member of the Geochemical Society, the International Association for GeoChemistry, the
American Chemical Society, and the American Geophysical Union. Dr. Wolery’s report is
presented in Appendix H.
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The qualifications and training of Dr. Wolery to serve as the ITR were approved by a memo
from the Technical Work Plan Manager (LeStrange 2006 [DIRS 177518]) as required in the
TWP (BSC 2006 [DIRS 177153], Appendix A).

7.2.2.2 Validation of Adsorption Model

As listed in Table 7-6, Validation Method A, the second acceptance criteria to be addressed by
the independent technical reviewer is to determine whether “adsorption of U and Pu on the invert
materials (tuff), as implemented in the PHREEQC modeling, is based on sound scientific
principles.” This section presents that validation.

Section 7.2.2.2.1 explains that the PHREEQC adsorption model is based on scientific principles
documented in standard textbooks and refereed journals. Section 7.2.2.2.2 shows quantitatively
how this model works for various U/Pu ratios and examines the results with respect
to uncertainty.

7.2.2.2.1 Scientific Basis

As indicated in Section 6.4.3.1, adsorption models vary widely in complexity. The model
developed in this report for adsorption of U and Pu in the invert is based on the equilibrium K,
approach, an approach that is widely used for predicting adsorption and retardation of
radionuclides in porous media (e.g., BSC 2004 [DIRS 164500]; McKinley and Scholtis 1993
[DIRS 170365], pp. 347 to 363). This approach was chosen for two main reasons. First, there is
an extensive database of K; values measured on crushed devitrified tuff (BSC 2004
[DIRS 164500], Sections A8.4.1 and A8.9.1), the material that will make up the bulk of the
invert. Second, thermodynamic data and parameter characterization for crushed tuff are lacking
for a more sophisticated surface complexation model.

In a simple K; model, the ratio of adsorbed concentration to aqueous concentration is constant
for any given aqueous concentration. To see if the simple model applies in the repository
environment, plots of the experimental K, data for U and Pu on crushed devitrified tuff were
investigated. Measured K, values show a wide scatter and show no clear dependence to aqueous
concentrations (BSC 2004 [DIRS 164500], Sections A8.4.1 and AS8.9.1). If there is any
dependence to aqueous concentration within this data set, the scatter in measurements obscures
it. Either way, the large uncertainty evident in these measurements does not justify adopting a
more sophisticated adsorption model in place of the K; model for these ranges of aqueous
concentrations.

The U and Pu K; measurements cited above were obtained from experiments in which the
adsorption site concentrations greatly exceeded the aqueous concentrations. These conditions,
which imply a low loading of adsorption sites, were maintained by design because adsorption of
elements to the solid—water interface is limited at high concentrations by the total concentration
of adsorption sites. Thus, linear adsorption (simple K;model) cannot be justified at high aqueous
concentrations that would cause the adsorbed concentration to approach or exceed the
concentration of adsorption sites. Because of this limit, the partitioning ratio between the
adsorbed and aqueous phases cannot remain constant at high loading.
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Nonlinear behavior at high loading is typically represented by Langmuir adsorption (Stumm and
Morgan 1996 [DIRS 125332], pp. 521 to 525). Langmuir adsorption is analytically and
quantitatively described by the following generalized chemical reaction (Stumm and Morgan
1996 [DIRS 125332], pp. 521 to 524):

Sor + R; = SorR; (Eq. 7.2.2-1)
and associated mass action equation:
K. = m. (Eq. 7.2.2-2)
(R;)(Sor)

Sor is an unoccupied surface site, R; is aqueous adsorbate i, SorR; is adsorbed R;, and
concentrations are denoted by parentheses. The mass balance equation for the adsorption site is:

(Sor); =(Sor) + Z(SorRi) (Eq. 7.2.2-3)

where (Sor)r is the total adsorption site concentration. These equations represent an adsorption
model in which numerous adsorbates compete for the same surface sites and all surface sites are
in the same class. They also show that competition is negligible at low loading because at low
loading (Sor) is abundant and remains essentially constant, consistent with linear (K,) adsorption.

In the adsorption model adopted for this report, U and Pu compete for the available adsorption
sites when loading is high. Competitive adsorption studies in the literature indicate that some
ions compete for the same sites while others do not. For example, arsenate and phosphate
compete for surface sites on goethite (Gao and Mucci 2001 [DIRS 173750]), cadmium and
calcium compete for surface sites on amorphous iron hydroxide (Cowan et al. 1991
[DIRS 177177]), and molybdate, selenite, selenate, chromate, and sulfate compete for sites on
aluminum oxide (Wu et al. 2000 [DIRS 177175]). The single-site Langmuir model validated
here was specifically shown to accurately simulate the competition of nickel and zinc on goethite
(Trivedi et al. 2001 [DIRS 173021]). Examples of ions that do not compete include calcium with
either nickel or zinc on goethite (Trivedi et al. 2001 [DIRS 173021]) and phosphate with arsenate
on goethite when pH exceeds 7 (Gao and Mucci 2001 [DIRS 173750]). The lack of competition
in these instances is attributed to different types of adsorption reactions or chemical changes in
reactants. For example, calcium adsorbs as an outer sphere complex whereas nickel and zinc
adsorb as inner sphere complexes (Trivedi et al. 2001[DIRS 173021]).

Whether or not U and Pu compete for the same adsorption sites is unknown. A single-site model
was chosen for U and Pu adsorption for simplicity. In this way, only one concentration of
surface sites, (Sor)r, required estimation. As explained in Section 6.4.3.2, (Sor)r was estimated
from physical measurements of the specific surface area of crushed tuff and an approximated
surface site density.

Solving the above equations for two competing adsorbates (U and Pu) gives (Stumm and Morgan
1996 [DIRS 125332], p. 524):
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_ (Sor); (U)K, )
(SorU) = I+ (U)K, + (Pu)K,, (Eq. 7.2.2-4)
and
(SorPy) = — OOD(PWK,, (Eq. 7.2.2-5)

1 + (U)KU + (Pu)KPu

For additional scientific basis, the equations above can be directly derived from surface
complexation model equations (Stumm and Morgan 1996 [DIRS 125332], pp. 529 to 530). The
following section shows how these equations represent the linear K; model at low loading and
how U and Pu compete for adsorption sites at high loading.

7.2.2.2.2 Quantitative Evaluation

According to Figures A-33b and A-63b in Radionuclide Transport Models Under Ambient
Conditions (BSC 2004 [DIRS 164500]), the median values of U and Pu K, measurements for
crushed devitrified tuff at 25°C are approximately 2 and 200 mL/g, respectively. Given a dry
bulk density of 1.8 g/mL and a water content equal to the average porosity (0.31) multiplied by
the water saturation (0.6) (Section 6.4.3.2), the corresponding nondimensional U and Pu
distribution coefficients (K';) are 19.4 and 1940 (Equation 6.4.3-4).

The K'; values represent the ratios of the molal concentrations of SorR; and R; in
Equation 7.2.2-2. Thus, factoring in the 0.33 molal concentration of total adsorption sites (Sor)r
(Section 6.4.3.2) into Equation 7.2.2-2 provides Ky and Kp, values of 58.7 and 5870 molal .

These values were entered into Equations 7.2.2-4 and 7.2.2-5 to calculate adsorbed
concentrations as a function of aqueous concentration at three aqueous U/Pu ratios: 1, 100, and
10,000. The results are plotted in Figures 7-9 and 7-10.

The figures show that linear adsorption prevails at low aqueous concentrations. They also show
that adsorption cannot exceed the total adsorption site concentration, regardless of which
radionuclide is the dominant adsorbate. In addition, they show that an aqueous U/Pu ratio
greater than 100 is needed for higher adsorbed concentrations of U than Pu. This is consistent
with the Kp,/Ky; ratio of 100. (Note that curves in these figures are vertically comparable only at
an aqueous U/Pu ratio of 1. For vertical comparison at ratios of 100 and 10,000, Figure 7-10
should be shifted to the right by a factor of 100 and 10,000, respectively.)
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The PHREEQC simulations described here comply with Equations 7.2.2-1 through 7.2.2-5 and
thus maintain the relationships portrayed in Figures 7-9 and 7-10. The implementation is more
complicated, however, because reactions have to be defined for each of the dominant aqueous U
and Pu species, and the activities of these aqueous species must be converted to concentrations.
Section 6.4.3.2 explains how the adsorption model is implemented in PHREEQC.

To verify that the PHREEQC approach obeys the Langmuir competitive model, a set of
PHREEQC results was compared to calculations from the competitive adsorption equations. The
selected set of PHREEQC model calculations is presented in Table 7-7. It is taken from
simulation ff#fG110.936k.xls (output DTN: MO0606SPAINOUT. 001, folder: FFTFIgladEhdec,
folder FFTFG1 Phreeqc Post, folder: fftfG1 10.936, file: ffifG110.936k.xls) at 10 years and
includes cells 1 through 10. The concentrations of U and Pu are highest in the first several cells.
These high concentrations result in Langmuir competitive effects on K; values. As shown in
Table 7-7, the U K, decreases from 2 mg/L at low aqueous U concentrations (cells 5 through 10)
to 0.33 mL/g at the highest aqueous U concentration (cell 1). For the same cells, the Pu K
decreases from 200 mL/g to 33 mL/g.

Calculations from the Langmuir competitive adsorption model equations (Equations 7.2.2-4 and
7.2.2-5) are presented in Table 7-8 for the same conditions as Table 7-7. These calculations
corroborate the PHREEQC calculations, exceeding them by 2% or less. Considering the large
uncertainty in U and Pu K, values (Table 6.5), the RPD values are very small and verify that the
prescribed adsorption model is functioning as intended in the PHREEQC model and easily
within the limits of K; uncertainty.

Table 7-7. PHREEQC Calculations from fftfG1_10.936k.xIs Output File at 10 years.

U (aq) Pu (aq) SorU SorPu U Ky Pu Ky
Cell (molal) (molal) (molal) | (molal) (mL/g) (mL/g)
1 8.8E-02 5.9E-06 2.7E-01 | 1.8E-03 0.33 33
2 6.7E-02 5.2E-08 2.6E-01 | 2.0E-05 0.41 41
3 8.4E-03 4.9E-11 1.1E-01 | 6.3E-08 1.35 135
4 3.7E-04 1.7E-14 6.8E-03 | 3.2E-11 1.96 196
5 1.3E-05 5.5E-18 2.4E-04 | 1.0E-14 2.00 200
6 3.6E-07 2.0E-19 6.8E-06 | 3.8E-16 2.00 200
7 7.6E-09 2.0E-19 1.4E-07 | 3.8E-16 2.00 200
8 1.1E-10 2.0E-19 2.2E-09 | 3.8E-16 2.00 200
9 1.1E-12 2.0E-19 2.0E-11 | 3.8E-16 2.00 200
10 4.6E-15 2.0E-19 8.7E-14 | 3.8E-16 2.00 200

Source: Output DTN: MO0609SPAINOUT.002, folder: FFTFIg1adEhdec,
folder FFTFG1_phreeqc_post, folder: fftfG1_10.936, file:
fftfG110.936k.xIs.
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Table 7-8. Comparison of Langmuir Competitive Adsorption Equation Calculations to PHREEQC
Calculations from fftfG1_10.936k.xls Output File at 10 Years

U (aq) Pu (aq) SorU SorPu SorU | SorPu
Cell | (molal) (molal) (molal)? (molal)® (RPD)° | (RPD)®

1 8.8E-02 5.9E-06 2.7E-01 1.8E-03 0.3% 0.4%
6.7E-02 5.2E-08 2.6E-01 2.0E-05 0.4% 0.5%
8.4E-03 4.9E-11 1.1E-01 6.4E-08 1.3% 1.3%
3.7E-04 1.7E-14 7.0E-03 3.3E-11 2.0% 2.0%
1.3E-05 5.5E-18 2.5E-04 1.1E-14 2.0% 2.0%
3.6E-07 2.0E-19 6.9E-06 3.9E-16 2.0% 2.0%
7.6E-09 2.0E-19 1.5E-07 3.9E-16 2.0% 2.0%
1.1E-10 2.0E-19 2.2E-09 3.9E-16 2.0% 2.0%
1.1E-12 2.0E-19 2.0E-11 3.9E-16 2.0% 2.0%
10 4.6E-15 2.0E-19 8.9E-14 3.9E-16 2.0% 2.0%

Source: Output DTN: MO0607SPADSORP.000; File: fftfG1_10.936k
adsval.xls.

& Calculated from Equation 7.2.2-4.

® Calculated from Equation 7.2.2-5.

° RPD is relative percent difference (i.e., the difference between the equation
value and PHREEQC output value divided by the PHREEQC output value).

© |0 |N[O|o |~ W|N

7.2.3 Method B: Types of Minerals Accumulated Corroborated with Natural
Analogues and Experimental Work

7.2.3.1 Introduction

As mentioned above, Method B model validation will corroborate the PHREEQC modeling
results with information published from natural analogues and experimental data. In particular,
the corroboration will be successful if the types of minerals that form (such as clays and
Fe-oxides) and radionuclide-bearing phases that are estimated to form in the model are
corroborated with natural analogues or experimental work published in peer-reviewed or
industrial literature or both.

The minerals that are estimated to form by the model are controlled by the thermodynamic
database. Whereas not all minerals that are known to form in nature are included in the database,
a representative set of uranium minerals is included. The database includes single end member
compositions (such as boltwoodite-Na) and does not include some intermediate, metastable
phases. As an example, compreignacite (as seen at the Shinkolobwe Mine, Zaire) is a K-rich
uranyl phase and would not be stable at Yucca Mountain due to differing rock major element
chemistry (lack of potentially mobile K in the source rock). Another phase, becquerelite, is
shown to be unstable in the experimental work of Wronkiewicz et al. (1996 [DIRS 102047]) and
is described as such in Section B.4.1 of this report. It is also depicted as unstable in the long
term experiments plotted in Figure B-1.
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Considering the many potential end member compositions of a family of mineral phases, one
must make a decision of the most likely end member to use. Numerical modeling of the stability
and transport of dissolved inorganic constituents is limited to those components for which
thermodynamic data are available for both the solid phases (minerals) and common complexes in
solution. Thermodynamic data are usually collected on pure mineral phases. These data are
used in simulations of the transport of a component in a given groundwater solution along a
specified path through a reactive rock matrix. The result of these simulations provides a list of
phases that should precipitate and the resulting concentrations of the constituents in solution.
Because many of the minerals are isostructural (i.e., belong to a structural family such as
boltwoodite), major ions of similar charge and size in solution will substitute for one another in a
mineral and will form a solid solution. Thus, alkali metal constituents present in groundwater
solutions in minor or trace concentrations will not form an individual mineral phase, but will be
incorporated into a solid solution. There are minerals that have widely varying chemical
compositions due to the incorporation of ions that are not present in sufficient concentrations to
form their individual minerals. An example of this would be the widely variable compositions of
boltwoodite. This mineral can contain weight percents of elements that are present as traces in
solution. For example, boltwoodite-Na formed in oxidizing conditions often contains high
concentrations of calcium or potassium. Because there are so many possibilities, the
thermodynamic data for boltwoodite are limited to relatively pure Na(UO,)(SiO4)-1.5(H;0).
One would expect, however, that under the conditions expected at the Yucca Mountain
repository the trace amounts of the elements calcium and potassium would be coprecipitated
with the dominant sodium in boltwoodite and would not form identifiable uranyl minerals on
their own. The numerical simulation of the fate and transport of these constituents provides the
saturation indicies for the individual oxides. However, the incorporation of the trace elements
into the solid solution should provide lower actual concentrations in solution.

Natural uraninite (UQO,) is similar to nuclear fuel. The paragenesis of uraninite alteration phases
depends on the age of the primary uraninite, the mineralogy of surrounding host rocks, and on
groundwater composition, pH, and redox potential. In a general oversimplification, the
progression of phases of uraninite alteration, in the absence of radiogenic lead in-growth, will be
to uranyl silicates, culminating in uranophane (Ca(UO,SiO30H),'5H,0) in an oxidizing
environment. Numerous compositional variations can be caused by trace elements present in the
system. The composition of schoepite (UO32H,0) is often used to represent an alteration
product in models of spent fuel alteration, but this is in the absence of common groundwater
constituents such as silica. As shown by Finch and Ewing (1992 [DIRS 113030], p. 144), the
formation of intermediate-phase schoepite may be favored early during the corrosion of
uraninite. Schoepite is not, however, a long-term solubility-limiting phase for oxidized uranium
in natural groundwaters containing dissolved silica or carbonate (e.g., the type of groundwaters
at Yucca Mountain). Despite the analogy between uraninite and spent fuel, there are important
differences between the two. For one thing, spent fuel is artificially enriched in **°U and
contains nuclear fission products that are not present in uraninite; in contrast, uraninite contains a
higher proportion of nonradiogenic trace element impurities. Also, the thermal history of spent
fuel, unlike that of natural uraninite, may cause lattice and structural crystallization defects in the
spent fuel that are not present in the uraninite. In addition, geologically old uraninite contains
in-grown radiogenic lead, which would not be found in younger uraninite or in spent fuel.
Because the presence of lead effectively reduces the mobility of uranium in oxidizing waters, the
concentration of uranium in groundwaters associated with oxidized uranium ore deposits will
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depend in part on the age of the primary uraninite (Finch and Ewing 1992 [DIRS 113030],
p. 133).

The experimentally determined mineral sequence that appears to be controlled by precipitation
kinetics and is nearly identical to secondary uranium phases observed during the weathering of
naturally occurring uraninite under oxidizing conditions, such as that which occurs at the Nopal I
uranium deposit at Pefia Blanca, Mexico (Wronkiewicz et al. 1996 [DIRS 102047], Figure 7). In
laboratory UQ; tests and in the natural uranium deposits at Nopal I, the alkali- and alkaline-earth
uranyl silicates represent the long-term solubility-limiting phases for uranium (Stout and Leider
1997 [DIRS 100419], Section 2.1.3.5). Furthermore, at Nopal I, uranium concentrations in
groundwater and seepage waters ranged from 170 parts per trillion (ppt) to 6 parts per billion
(ppb) (Pickett and Murphy 1999 [DIRS 110009], Table 2). In general, the upper part of this
range is similar to concentrations seen in filtered samples from spent fuel dissolution
experiments (Stout and Leider 1997 [DIRS 100419], p. 2.1.3.5-4). This added similarity
increases confidence that the experiments and the natural analogue reactions may simulate the
long-term reaction progress of spent UO, fuel following disposal at Yucca Mountain.

Laboratory experiments have shown that UO, dissolution is accompanied by the formation of
secondary phases on the fuel surface and that these corrosion products can retard further
dissolution (Wronkiewicz et al. 1996 [DIRS 102047], p. 79). At the temperature and time scales
of laboratory experiments, these phases are amorphous. However, natural sites where uraninite
accumulations occur and where dissolution has taken place over long time periods could provide
insights into the structure and mineralogy of the secondary passivating phases, and indicate
whether they have been able to prevent further mobilization of radionuclides.

7.2.3.2 Natural Analogues and Experimental Data

There are three main natural analogue uranium deposits described in Appendix B: Oklo, Gabon
(Section B.1), Pefia Blanca, Mexico (Section B.2), and Shinkolobwe, Zaire (Section B.3). Of
those three deposits, the main comparison for validation purposes will be with the uranium
deposit at Pefia Blanca, Mexico.

The natural reactor sites at Oklo, Gabon, can be excluded for the following reasons: differing
rock types (Archean basement (granites, gneisses), sandstones, conglomerates, manganese-rich
rocks, dolerites, and bitumen-rich black shale), age (2 billion years old), water content (6%,
allowing for over-moderation), **°U enrichment (3.5%), and quartz moderating layers.

The uranium deposit at Shinkolobwe, Zaire, can be excluded based on the rock type and the
mineral assemblage produced by Na, K and Pb enrichment such as becquerelite
(Ca(UO,)604(0OH)6-8H,0), compreignacite  (Ky(UO,)604(OH)6-8H,0), vandendriesscheite
(PbU;0,,-22H,0), fourmarierite (PbU40;3-6H,0), billietite (Ba(UO;)s04(OH)s-8H,0), and
schoepite (UO3-2H,0). Becquerelite and schoepite (as fine-grained powder on becquerelite) are
the most common hydrated uranyl oxides in the samples studied. Billietite and compreignacite
occur as intergrowths with becquerelite. The Pb-uranyl oxide hydrates vandendriesscheite and
fourmarierite are the most abundant Pb-uranyl minerals and are commonly associated with
becquerelite and uraninite.
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Pefia Blanca is a good natural analogue for the following factors:
¢ Climatologically: both are located in semi-arid to arid regions.

e Structurally: both are parts of a basin-and-range host structure composed of Tertiary
rhyolitic tuffs overlying carbonate rocks.

e Hydrologically: both are located in a chemically oxidizing environment within an
unsaturated zone (UZ), 200 m or more above the water table (DOE 1998 [DIRS 100548],
Section 2.2.4, and this study), and have broadly similar water chemistries.

e Chemically: Results indicate that in spent-fuel alteration experiments (Wronkiewicz et al.
1996 [DIRS 102047], Figure 7) the alteration of primary uraninite (Pearcy et al. 1994
[DIRS 100486], p. 714) to secondary uranium minerals at Nopal I may be similar to the
eventual fate of uranium fuel rods in a geologic repository such as Yucca Mountain.

Therefore Oklo, Gabon, and Shinkolobwe, Zaire, will not be discussed further in the comparison
of Yucca Mountain external accumulation PHREEC simulations. Comparisons for validation
purposes will be restricted to Pefia Blanca, Mexico, and the experiments of Wronkiewicz et al.
(1996 [DIRS 102047]), Efurd et al. (1998 [DIRS 108015]), and the thermodynamic study of
Kazuba and Runde (1999 [DIRS 122379]). The details of the experiments and the
thermodynamic study are provided in Appendix B (Section B.4).

7.23.3  Comparison of Yucca Mountain and Pefia Blanca Whole Rock and Trace
Element Chemistry

The ignimbrites of Pefia Blanca, Mexico, and the repository horizon (Topopah Springs Member)
of Yucca Mountain are extremely similar in their major element compositions. As can be seen in
Table 7-9, many of the major elements are virtually identical in weight percent amounts when
comparing the Yucca Mountain values of Peterman and Cloke (2002 [DIRS 162576], Table 6)
and the Pefia Blanca average values (PB ave.) calculated by Goodell (1981 [DIRS 149484]) and
George-Aniel et al. (1991 [DIRS 105636]). Elements such as silica, combined iron values,
calcium, manganese, phosphorus, and aluminum are within 5% of each other at the respective
ash flow sites. Magnesium is approximately twice as high at Pefia Blanca. The alkali metals
(sodium and potassium) closely balance each other at the two locations with sodium
approximately 2 weight percent higher at Yucca Mountain, while potassium is 1.5 weight
percent at Pefia Blanca. This would indicate that perhaps more sodic minerals may be present at
Yucca Mountain, while more potassic phases would occur at Pefia Blanca. Accessory whole
rock elements were analyzed for Yucca Mountain (F, S, Cl, and CO;) but not for Pefia Blanca.
Water contents at Pefia Blanca were higher than at Yucca Mountain.
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Table 7-9. Pefa Blanca / Yucca Mountain Igminbrite Whole Rock Analyses
Yucca Mountain
(Peterman and Pena Blanca Pena Blanca
Cloke 2002 (Goodell 1981 (George-Aniel et al 1991

[DIRS 162576]), [DIRS 149484]), [DIRS 105636]), Pena Blanca
Component wt% wt% wt% Average, wt%
SiO, 76.29 75.6 74.48 75.04
AlLO3 12.55 12.3 13.57 12.94
FeO 0.13 0.1 0.07 0.9
Fe20s 0.97 1.3 1.38 1.34
MgO 0.12 0.08 0.42 0.25
Ca0 0.5 0.29 0.52 0.41
Na20 3.52 0.75 243 1.59
K20 4.83 6.5 6.12 6.31
TiO, 0.109 0.25 0.22 0.24
ZrOv 0.016 NA NA NA
P20s <0.05 0.07 0.07 0.07
MnO 0.068 0.06 NA NA
Cl 0.017 NA NA NA
F 0.038 NA NA NA
S <0.05 NA NA NA
CO, 0.011 NA NA NA
HO~ 0.24 0.25 1.38 0.82
H,0" 04 NA NA NA
SUM 99.81 97.45 100.66 99.91

Trace element concentrations (Rb, Sr, Ba and Zr) appear to be almost twice as concentrated in
the Pefia Blanca ash flow tuffs as in the Topopah Springs Member of Yucca Mountain (see
Table 7-10). An interesting observation is that select lanthanide series elements are virtually
identical in concentration at the two sites.

Table 7-10. Pefa Blanca / Yucca Mountain Igminbrite Trace Element Analyses

Yucca Mountain Pefa Blanca
(Peterman and Cloke 2002 (George-Aniel, et al 1991
[DIRS 162576]) [DIRS 105636])
Trace Element ppm ppm

Rb 188 277

Sr 25 38

Ba 55 146

Zr 116 344

La 51 50

Ce 84 103

Source: George-Aniel et al 1991 [DIRS 105636], Table 1, Average of 3 Nopal tuff samples; Peterman

and Cloke 2002 [DIRS 162576], Table 6, Cross Drift sample.
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7.2.3.4 Comparison of Yucca Mountain and Pefia Blanca Host Rock Water Chemistry

In comparing major-element chemistry for SZ waters from Pefia Blanca to SZ waters at Yucca
Mountain in Table 7-11, both similarities and differences are apparent. The differences are due
to host rock. Radionuclide transport from the Yucca Mountain repository would be
predominantly through tuffaceous rock and alluvial deposits (Zyvoloski et al. 2003
[DIRS 163341], p. 745), whereas the regional aquifer at Pefia Blanca is the carbonate aquifer
(BSC 2004 [DIRS 169218], Figures I-1, I-4 and 1-5). Components that are nearly identical
include pH, silicon, potassium, and fluoride. Both water types are broadly similar in that the
principal cations are sodium and calcium, and the principal anions are bicarbonate and sulfate.
However, SZ waters at Pefia Blanca are roughly two times as concentrated for both calcium and
bicarbonate and show much larger ranges for sodium and sulfate. Alkalinity is twice as high in
Pefia Blanca carbonate groundwaters as in the tuff aquifer at Yucca Mountain. As is the case for
waters from the Yucca Mountain area, calcium concentrations appear to be roughly limited by
calcite solubility, and silicon concentrations are close to silica solubility (Pickett and Murphy
1999 [DIRS 110009]). Uranium concentrations are also broadly similar (0.2 to 20 ppb range),
with the exception of the high uranium values in the newly drilled wells at Pefia Blanca, which,
as discussed above, are likely a result of drilling. In contrast, Pefia Blanca SZ waters have
significantly higher magnesium and strontium than Yucca Mountain SZ waters. In summary,
although there are some exceptions, Pefia Blanca SZ waters appear to be at least broadly similar
to their counterparts at Yucca Mountain. However, the higher alkalinity in Pefia Blanca
groundwaters provides a greater solubility for uranium and its daughter products, and thus would
provide more favorable conditions for transport than would Yucca Mountain groundwaters.
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7.2.3.5 Comparison of Modeled Water Compositions to Yucca Mountain and Peiia
Blanca Groundwaters

Of the six PHREEQC runs, only three cases accumulated uranium due to precipitation
(Table 6-15):

e TMI IGI1 (TMI SNF, igneous scenario, 1 L/year flow rate)
e FFTFIGladEhdec (FFTF SNF, igneous scenario, 1 L/year flow rate)
e CSFlux9.(CSNF, seismic scenario, 1,000 L/year flow rate).

The CSFlux9 case involved an upper bound flow rate (1,000 L/yr) and therefore is not
representative of cases experienced in the natural analogues and was not used in the comparison.
The minerals formed in FFTFIG1ladEhdec were very similar to TMI_IG1 (Table 6-9 and 6-11),
but FFTF fuel contains plutonium, which is not an element in the analogues, and therefore the
TMI_IG1 case was chosen for comparison in this section. TMI IG1 is an igneous scenario with
a seepage rate of 1 L/year. As shown in Table 7-12, the original source term and basalt water
compositions were presented in moles per kilogram; however, to make comparisons to the host
rock groundwater chemistries, the elemental compositions were converted to milligrams per
kilogram (i.e., ppm). The Yucca Mountain saturated zone groundwater chemistry values were
taken from Natural Analogue Synthesis Report (BSC 2004 [DIRS 169218], Table 10.4.2). The
Pefia Blanca groundwater most applicable for this comparison is the PB-SZ-FF values of
Table 7-11. The other Pefia Blanca values in the near field are suspect due to contamination in
the drill hole. This hypothesis was supported by the changes in pH and uranium values between
the pump (PB-SZ-NF-pump) and bailer (PB-SZ-NF-bailer) values. The Pefia Blanca adit water
value (PB-UZ-adit of Table 7-11) will also not be considered, due to potential evaporative and
oxidation effects.

The TMI _IG1 waste package water used as input to the PHREEQC simulations (source term) is
described in Section 6.2.2, and a plot of dissolved U versus time is presented in Figure 6-11. The
Basalt water was used as the mixing water in the PHREEQC simulations. Therefore, the source
term and the basalt mixing waters have significant differences when comparing compositions to
the Pefla Blanca or Yucca Mountain saturated zone waters. A comparison will give some
insights as to which types of mineral classes should form by mixing of these two Yucca
Mountain water types (as compared to those found at Pefia Blanca).

The pH values of the mixing waters are at least one unit higher than the Yucca Mountain value,
and similar to the Pefia Blanca far field value. The CO, fugacity of the TMI IG1 simulation is
set at Log P CO, = —3, which is close to the atmospheric value of Log P CO, = —3.5. Calcium
values for the natural analogue waters are two orders of magnitude higher than that of the
TMI_IG1 simulation (tens of ppm vs. tenths of ppm). Magnesium values are comparable
between the TMI _IG1 simulation and the Pefia Blanca far field water composition, while the
Yucca Mountain value is only slightly lower. Silica values in the mixing waters are
approximately one order of magnitude lower than those of the natural analogue values, with the
analogue values maximizing in the tens of ppm.

The major differences in cation concentration occur between the TMI IG1 source term and the
natural analogue waters for sodium (Na), potassium (K), and uranium (U). The sodium value in
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the waste package water (20,965 ppm) is four orders of magnitude greater than that of either the
Yucca Mountain value (58 ppm) or the Pefia Blanca far field value (23 ppm). Similarly,
potassium concentrations in the waste package water (3,639 ppm) are very elevated relative to
Yucca Mountain (2.5 ppm) or Pefia Blanca (3.6 ppm). Furthermore, the uranium in solution in
this example of waste package water (35,385 ppm) is extremely elevated relative to waters at
either Yucca Mountain (maximum of 25 ppm) or Pefia Blanca (3.9 ppm). These elevated
concentrations in the waste package water, upon mixing with the basalt water, should
precipitate silicate minerals enriched in Na, K, and U relative to the Pefla Blanca natural
analogue mineral suite.

The anions (F, CI', SO4%) reported for both the TMI IG1 source term and the natural waters at
Yucca Mountain and Pefia Blanca show the following characteristics. Fluorine concentrations
are higher in Yucca Mountain (2.1 ppm) and Pefia Blanca (1.1 ppm) than in the TMI IG1 source
term waters (approximately 10~ ppm); however, all concentrations are insignificant in the ability
to produce F-bearing mineral precipitates. Sulfur concentrations in the waste package water
(464 ppm) are elevated relative to saturated zone water chemistry at either Yucca Mountain
(25 ppm) or Pefia Blanca (12 ppm). This could potentially lead to precipitation of sulfates in the
TMI _1G1 PHREECQC simulations. Chloride values for both mixing waters (17 and 20 ppm)
are slightly higher that those from the natural analogue systems (YM = 8 ppm, PB = 6.6 ppm)
but can be considered roughly equivalent in that very little, if any, chloride minerals should
precipitate from the mixing waters (and as validated from the natural systems considered).

Table 7-12. Comparisons of Waters for TMI_IG1 Scenario
TMI_IG1 Yucca
Source Term Waste Pena Blanca Mountain
at 10,933 Package (PB-SZ-FF)** (YM-SZ)**
Years* Basalt Water* Water* Basalt Water
mol/kg mol/kg mg/kg = ppm | mg/kg = ppm ppm ppm
(staT;ard 8.75 9.02 8.75 9.02 8.4 7.5
units)
Ca 1.28E-05 4.76E-06 0.512 0.1904 34.2 10.6
Mg 0.00012789 4.69E-05 3.06936 1.1256 4.5 0.85
Na 0.911515 4.47E-02 20964.85 1028 23.2 58.1
K 0.0933129 1.24E-09 3639.2 4.84E-05 3.6 2.5
Cl 0.00049054 5.61E-04 17.4 19.91 6.6 8.1
S 0.01450154 3.55E-03 464.0 113.6 12.0 (SO4) 25.0 (SO4)
F 1.06E-13 2.96E-13 2.01E-09 5.62E-09 1.1 2.1
Si 0.0001777 6.74E-05 4.98 1.89 10.3 22.7
U 0.148677 1.00E-16 35385.1 2.38E-11 3.9 0.34 t0 25.2

* Output DTN: MO0609SPAINOUT.002, folder TMI_IG1\ TMI_IG1_phreeqc_runs\rlz9; file tmi_10.933.in.

** Sources:Benson et al. 1983 [DIRS 100727]; Pickett and Murphy 1999 [DIRS 110009]; BSC 2004
[DIRS 169218]

7.2.3.6  Predicted and Observed Mineralogy Comparison
The objective of this section is to compare the mineralogy of secondary minerals at Nopal, Pefia
Blanca, Mexico (Reyes-Cortes 2002 [DIRS 168028]; Pearcy et al. 1994 [DIRS 100486];
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Wronkiewicz et al. 1996 [DIRS 102047]) with the mineralogy produced in the six PHREEQC
simulations (Tables 7-5.1 to 7-5.6). Primary focus will be on uranium, clay, and oxide
mineralogy to provide validation between the PHREEQC simulations and the observations of
natural systems. Uranium mineralogy at Pefia Blanca, Mexico, was identified by Pearcy et al.
(1994 [DIRS 100486]), while other secondary mineralogy (clays, oxides, etc.) in the Coloradas
and Pozos formations at Pefia Blanca were characterized by Reyes-Cortes (2002
[DIRS 168028]).

The main mineralogy for the TMI IG1 PHREEQC simulation compares quite favorably with
both the natural analogue data at Pefia Blanca and the experimental work of Wronkiewicz et al.
(1996 [DIRS 102047]). The wuranyl mineral boltwoodite-Na (Table 7-13) parallels the
boltwoodite found at Pefla Blanca (Section B.2.6) and the eight-year experiments of
Wronkiewicz et al. (1996 [DIRS 102047]) shown in Figure B-1. Saponite clay is present in the
TMI _IG1 simulation and alkali rich compared to the clays at Pefia Blanca (Reyes-Cortes 2002
[DIRS 168028], pp. 323 to 324) and the palygorskite clay identified by Wronkiewicz et al. (1996
[DIRS 102047], p. 91). Such alkali enrichment for uranyl minerals, clays, zeolites, and micas in
TMI IG1 are due to the high alkali content in the source term and basalt waters, as described in
the previous section. The high abundance of celadonite mica over saponite-Na clay is most
likely due to the higher content of K and the lower content of Mg in the source term compared to
the waters of Pefla Blanca. Fe oxides are virtually absent in the TMI IG1 simulation (as
opposed to the natural analogue site at Pefia Blanca), which is due to the low Fe content of the
source term (with most Fe left in the waste package). Zeolites, in the form of erionite, formed in
the TMI IGI1 simulation due to the high amount of Si available from the dissolution of the
TMI _IG1 alkali-rich glass.

The occurrence of carbonate minerals magnesite and dawsonite predicted by the model is not
reported to occur at the Pefia Blanca natural analogue site or in the experimental simulations of
Wronkiewicz et al. (1996 [DIRS 102047]). The source of the carbonates can be explained by the
fact that during the PHREEQC simulations, the source term and the basalt water are equilibrated
with a CO, partial pressure of 10 bar. When the high pH basalt water is mixed with the lower
pH source term, the resulting pH is lower, causing carbonates to precipitate.

7.2.3.7 Summary

The validation criteria for Method B has been met since the types of minerals that formed during
the model simulations (Table 7-13) were shown to match the natural mineralogy occurring at
Pefia Blanca and verified in the fuel degradation experiments of Wronkiewicz et al. (1996
[DIRS 102047]). In the case of carbonates, which were predicted to form by the model, but were
not observed in the analogues, the differences were explained by the differences in chemistry.
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Table 7-13.  TMI_IG1 Accumulated Minerals at 10,000 Years

Volume

(cm®/kg of solution)
Uranyl Minerals
Boltwoodite-Na 35.93
Clays
Celadonite (mica) 46.38
Saponite-Na 11.72
Zeolites
Erionite 27.04
Chabazite 8.82
Carbonates
Magnesite 63.07
Dawsonite 2.70
Oxides
Gibbsite 1.68

Source: Output DTN: MO0609SPAINOUT.002, folders: TMI_IG1/
TMI_IG1_MinAcc, file: tmi_Vol_Summary.xls, tab: Sorted Minerals,
columns E and F.

7.2.4 Method C: Simulation of Argonne UQO; Drip Test

As directed in Method C of Section 2.2.1 of the TWP (BSC 2006 [DIRS 177153]), a validation
exercise is performed to determine whether PHREEQC can be used to predict the accumulation
of uranyl minerals and leachate compositions observed in the Argonne National Laboratory
(ANL) UO; drip test (Wronkiewicz et al. 1996 [DIRS 102047]). A PHREEQC model is
developed in the same manner as the external accumulation model to simulate the
reactive transport of ground water through an unsaturated column containing UO, pellets over a
ten-year period.

The ANL UO, drip test is not an ideal analogue for validation of the PHREEQC external
accumulation model because it involves oxidation of uraninite, a process not simulated in the
model. However, this test is better than any other experiment or natural analogue available for
validation. The PHREEQC external accumulation model simulates U(VI) precipitation via
advection and mixing of two waters. Similarly, a certain amount of mixing (or contact of two
phases) is involved in the UO, oxidation analogues, and this mixing determines the various
uranyl phases that form. Uranophane and becquerelite require a source of calcium, which can be
provided by percolating ground water and nearby calcium minerals. Silica, which is needed for
uranophane, weeksite, boltwoodite, and soddyite, can also be provided by the seeping ground
water and nearby minerals. In this sense, the ANL UO, drip test presents a geochemical mixing
process that causes precipitation of uranyl mineral phases.

The relevant materials, methods, and results of the ANL UQO, drip test are described in
Section 7.2.4.1.  Section 7.2.4.2 lists the validation criteria from the TWP (BSC 2006
[DIRS 177153]). The PHREEQC model simulation is developed in Section 7.2.4.3, and the
results are compared to experimental observations and the validation criteria in Section 7.2.4.4.
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7.2.4.1 The Argonne UO; Drip Test

In the ANL UO, drip test, simulated ground water was slowly dripped onto UO, samples
at 90°C, primarily to measure uranium release rates and degradation of UO,. The experiments
are documented by Wronkiewicz et al. (1991 [DIRS 176891]; 1992 [DIRS 100493]; 1996
[DIRS 102047]) and summarized here. The UO, samples were press sintered into wafered
pellets from UO, powder and crushed into granules. They were prepared and arranged in the
following configurations (Wronkiewicz et al. 1996 [DIRS 102047], p. 81):

e A stack of eleven wafered pellets, 13.9 mm in diameter and 1.8 mm thick (experiments 1
and 2)

e —60 to +80 crushed grains sandwiched between two wafers of the same dimensions as the
first configuration (experiments 3 and 4)

e A stack of three wafered pellets, 13.9 mm in diameter and 10 mm thick (experiments 5
through 8).

The samples were held in place by eight Zircaloy metal tubes (13.9 mm ID) placed vertically so
that water deposited on the top UO, wafer would eventually flow out the bottom. A crimp at the
bottom of each tube prevented the samples from falling out and touching the Teflon stand below.
The assemblies were sealed in reaction vessels made of 304L stainless steel. A port at the top of
the vessel allowed injection of the simulated ground water. To maintain a temperature of 90°C,
the reaction vessels were housed in an oven. Further details of the apparatus can be found in the
work of Wronkiewicz et al. (1991 [DIRS 176891]; 1992 [DIRS 100493]; 1996 [DIRS 102047]).

The injectate, called EJ-13, was prepared by equilibrating J-13 well water with core samples
from the Topopah Springs Member of the Paintbrush Tuff from Yucca Mountain (Wronkiewicz
et al. 1996 [DIRS 102047], p. 82). Equilibration involved placing 10 grams of crushed tuff in
one liter of J-13 well water at 90°C for two weeks, followed by filtering and dark storage. The
composition of EJ-13 is presented in Table 7-14.
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Table 7-14. Composition of EJ-13 water

Component Units Value
pH standard units 8.2
Si ppm 45.5
Na ppm 541
K ppm 8.08
Ca ppm 8.81
Mg ppm 0.96
Al ppm 0.63
B ppm 0.16
Sr ppm 0.045
Li ppm 0.044
Fe ppm 0.01
Mn ppm 0.005
U ppm 0.0024
F ppm 2.4
cr ppm 7.15
NO;~ ppm 7.60
NO,™ ppm <0.5
S04~ ppm 17.3
HCO;™ ppm 135
C (organic) ppm 5.0
C (inorganic) ppm 26.5

Source: Wronkiewicz et al. 1996 [DIRS 102047], p. 82.

EJ-13 was injected at a rate of 0.075 mL every 3.5 days (7.82 mL/yr) for experiments 1 through
6 and at 0.0375 mL every 7 days (1.95 mL/yr) for experiments 7 and 8 (Wronkiewicz et al. 1996
[DIRS 102047], p. 82). To clear the injection line, 0.25 mL of air was injected after each EJ-13
injection. The injection process resulted in a buildup of pressure inside the reaction vessels,
released only when leachate samples were collected. Sample collection times were 5 to 8 weeks
for the first year, 23 to 28 weeks between years 1 and 4.6, and 52 to 67 weeks between years 4.6
and 10 (Wronkiewicz et al. 1996 [DIRS 102047], Table 1). Each experiment began with 0.2 mL
of EJ-13 water in the bottom of the vessel to generate a humid atmosphere and prevent initial
evaporation of the injectate. When leachate samples were collected, the UO, surfaces and
accumulation of secondary minerals were analyzed and photographed.

7.2.4.2 Validation Criteria

The TWP (BSC 2006 [DIRS 177153], Section 2.2.1) specifies the following validation criteria
for this validation exercise:

1. The model should predict that U(VI) minerals accumulate over time and throughout
the column. Predicting the exact same mineral assemblages observed in the drip
tests is not required, because the total uranium accumulation is what is important
to criticality.
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2. The uranium release rate measured in the drip tests is the total uranium released from
the sample, including the uranium that precipitated on the vessel but excluding the
portion that reprecipitates on the UO,-Zircaloy assembly. That is, it is the sum of the
aqueous uranium and the solid-phase uranium in the leachate and on the bottom of the
stainless steel reaction vessel. The solid phase includes secondary minerals and UO,
particles that detach from the sample surfaces. Because the model neither simulates
entrainment of solid particles nor spallation of UO, particles, the predicted aqueous
release rates should not exceed the mean measured cumulative uranium release rates.

3. Only toward the end of the experiments, between 8 and 10 years, was leachate filtered
to separate suspended uranium from aqueous uranium. These measurements
determined that approximately 2% of the uranium released was in the filtered <5 nm
size fraction (Wronkiewicz et al. 1996 [DIRS 102047], p. 86). Experiments 3 and 6
were the only experiments that continued to 10 years with a flow rate (7.82 mL/yr)
equal to the simulated flow rate (Wronkiewicz et al. 1996 [DIRS 102047], Table 1).
Therefore, the predicted aqueous uranium release rates should be approximately 2%
(plus or minus a factor of 10) of the mean measured cumulative uranium release rates
between 8 and 10 years for experiments 3 and 6.

4. Predicted leachate pH should be within the range observed in the experiments.

5. Predicted leachate concentrations of Na, Ca, and Si should be within the ranges
observed in the experiments. Other than OH, the components Na®, Ca*", CO5*” and
Si0, are the primary controls on U(VI) solubility in the experiments.

7.2.4.3  Drip Test Simulation

The five processes that the drip test simulation has in common with the external accumulation
model are: (1) “mixing” of ambient water with a uranium source, (2) aqueous equilibration, (3)
air-water equilibration of carbon dioxide, (4) precipitation of supersaturated minerals, and (5)
advection of aqueous components. Minerals that are effectively allowed or suppressed in the
drip test simulation are the same minerals effectively allowed or suppressed in the external
accumulation model. Also, the PHREEQC databases used in the external accumulation model
and the drip test simulation were directly translated from the same original thermodynamic
database  (data0.ymp.R4). The  external  accumulation  model wuses  the
phreeqcDATA025bdotCr3.dat database modified from the database (phreeqcDATAO025.dat)
located in DTN: MO0604SPAPHR25.001 [DIRS 176868], as explained in Section 4.1.1 and the
drip  test simulation uses  phreeqcDATA090.dat  (DTN: MO0604SPAPHR90.000
[DIRS 176909]). The only difference between the two databases, relevant to the drip test
simulation, is that the former has log K values for 25°C and the latter has log K values for 90°C.
When carbonate is present, the solubility of uranium decreases markedly as temperature
increases from 25°C to 90°C. This retrograde solubility is due to the retrograde solubility of
carbon dioxide and the stability of aqueous uranyl carbonate complexes.

The processes of the external accumulation model not modeled in the drip test simulation are: (1)
the dissolution of tuff minerals, the injectate is J-13 water equilibrated with crushed tuff at 90°C
for two weeks, but the model does not simulate this equilibration; (2) mixing of waste package
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water with ambient water; and (3) uranium adsorption onto crushed tuff. These processes are not
modeled because the EJ-13 injectate does not mix with ambient water and does not contact tuff
after it is injected.

The UO,/Zircaloy tube assembly is represented in the simulation by a one-dimensional six-cell
column. The actual flow of water in the drip test experiments, however, was not
one-dimensional. In addition to vertical percolation, water spread radially, as indicated by rings
of secondary mineralization in photographs of the top surface (Wronkiewicz et al. 1996
[DIRS 102047], Figure 6). Effluent exited the lower end of the Zircaloy tube and collected at the
bottom of the vessel. The six-cell one-dimensional representation used in the simulation,
therefore, is meant to capture the general evolution of water and minerals along a flow path from
the top of the tube to the bottom.

Cells 1 through 6 represent the UO,/Zircoloy tube assembly in the crushed pellet configuration
of experiments 3 and 4. The inner diameter was 13.7 mm and the height was 22.5 mm (19 mm
of crushed UO, sandwiched between two 1.75 mm UO, wafers) (Wronkiewicz et al. 1991
[DIRS 176891], p. 4). Accordingly, the total volume per cell was set at 0.55 mL. The porosity
was set at 0.3, which is in the range of unconsolidated sand (Freeze and Cherry 1979
[DIRS 101173], p. 37) and consistent with the estimated porosity (0.31) of crushed tuff in the
external accumulation model (BSC 2004 [DIRS 168138], Table 5). Water saturation was set
at 67 percent, implying a water volume of 0.11 mL per cell. The flow rate of water through the
cells was based on the EJ-13 injection rate of 7.82 mL/yr (0.075 mL per 3.5 days) in experiments
1 through 6. Because each cell was defined to contain 0.11 mL of water, the time step for each
shift (i.e., each complete flush of a cell) was set at 5.2 days.

Pressurization of the vessel was also modeled in the simulation. Injection of EJ-13 pressurizes
the vessel by reducing the volume of air inside the vessel. In addition, purging of the injection
lines with air adds additional pressure and CO,. As the total pressure in the vessel increases, the
partial pressure of CO, in the vessel increases, which in turn affects pH, water composition, and
mineral solubilities.

The air volume in the reaction vessel was not reported. However, it was noted that 10 mL of
liquid reached a level just above the Teflon stand (Wronkiewicz et al. 1991 [DIRS 176891],
p. 5). Based on this information and the schematic drawing of the apparatus (Wronkiewicz et al.
1991 [DIRS 176891], p. 3), the void space in the vessel outside the Zircaloy tube was estimated
to be between 20 and 25 mL when no water was present.

For the first year of the simulation, when leachate was collected for analysis every five to eight
weeks, the air space surrounding the Zircaloy tube was set at 20 mL. Over the course of eight
weeks, 1.2 mL of EJ-13 water (56 days * 0.075 mL/3.5 days) collected in the vessel. Because
this volume is low compared to the estimated void space in the vessel (20 to 25 mL), a volume
of 20 mL of air space was maintained in the vessel for the first year.

Between 1 and 4.5 years, the sampling periods ranged from 23 to 28 weeks. During these
periods, 3.5 to 4.2 mL of EJ-13 water collected in the vessel. Reducing the air volume to 16 mL
between 1 and 4.5 years simulated the resulting loss of air space. Incrementally reducing the air
space as injectate is added between sampling periods would have been more realistic, but doing
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so is unnecessary when model predictions are only compared to measurements at the end of
sampling periods.

Beyond 4.5 years, sampling periods ranged from 52 to 67 weeks, implying 7.8 to 10 mL of EJ-13
water collected in the vessel by the end of the sampling periods. Accordingly, the air volume
was reduced to 12 mL for this time period. Compression of the air space from 20 to 25 mL to 12
mL in a closed vessel due to injectate additions implies that the air pressure in the vessel
approximately doubles.

Added to this pressurization is the air injected to purge the EJ-13 injection lines. At 0.25 mL per
3.5 days, air accumulates at a rate of 26 mL/yr. Thus, for the year-long sampling periods, in
addition to the doubling of air pressure by injectate displacement of the air space, there is an
additional doubling of pressure from the doubling of the mass of air in the vessel, implying an
approximate four-fold overall increase in vessel pressure.

Cells 2 through 6 were defined to have a headspace of 0.055 mL (0.55 mL total per cell * 0.3
porosity * 0.67 water saturation). Cells 1 and 6 were directly exposed to the air space
surrounding the UO,/Zircoloy tube assembly. In the simulation, cell 1 was directly in contact
with, and equilibrated with, this air space at all times. Cell 6 was equilibrated with this air space
by setting the CO, partial pressure in its 0.055 mL headspace equal to the partial pressure in
cell 1 at all times.

The injected air was added to the air space in the simulations by increasing the moles of air in the
headspace over time. The temperature of the injected air was not reported and was taken to be
25°C. The ideal gas equation, PV=nRT (Mahan 1975 [DIRS 125331], p. 43) can be solved for
the number of moles (n) of air per injection, where P is pressure, V is volume, R is the universal
gas constant (0.08206 L-atm/mol-K), and T is temperature (K). For a 0.25 mL injection at 298 K
and 1 atm, n is 1.0 x 10” moles of air, implying an injection rate of 3.3 x 10™" mol/s ((1.0 x 10~
mol/3.5 day)/(24 hr/day)/(3600 s/hr)). This injected air was distributed at each time step to each
cell in proportion to the headspace defined for each cell. The air composition used was 0.04%
COy, 1% Ar, 21% O,, and 78% N,. This composition was taken from the 62nd edition of the
CRC Handbook of Chemistry and Physics (Weast and Astle 1982 [DIRS 100833], p. F-172),
with CO; rounded up from 0.033%. In the simulation, argon (which is inert) was used in place
of nitrogen to prevent nitrogen oxidation/reduction.

The original amount of UO; in each cell was set at 0.016 moles. This amount is equivalent to the
initial UO, volume in each cell (0.39 mL) multiplied by the density (11 g/mL) divided by the
molecular weight (270 g/mol) (Weast and Astle 1982 [DIRS 100833], p. B-161). A fixed UO,
degradation rate of 1 x 10" mol/s per cell was chosen to approximately match the secondary
mineralization observed in the experiments. This rate was the only parameter in the simulation
that was adjusted to fit the observations. Degradation rates were not reported for the drip test;
thus, the best choice was to adjust the degradation rate to match the experimental observations.

PHREEQC V2.11 was used to execute the simulation. The input file is dr90h and the output
files are dt90h.out and dt90h.xls, located in output DTN: MO0604SPAPREDI.000. The
dt90h.xls output file was post-processed in files dt90h3.5yrfig.xls and dt90h8yrfig.xls, which are
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also located in output DTN: MOO0604SPAPREDI.000. The latter two spreadsheets contain the
same dr90h.xls output but are filtered for 3.5 and 8 years, respectively.

7.2.4.4 Results

The results of the drip test simulation are compared to observations as each validation criterion is
addressed below. Each criterion is met, validating the PHREEQC external accumulation model
for its ability to simulate: (1) mixing of ambient water with a uranium source, (2) aqueous
equilibration, (3) air-water equilibration of carbon dioxide, (4) precipitation of supersaturated
minerals, and (5) advection of chemical components.

Simulation results are presented in Table 7-15 and Figure 7-11 through Figure 7-14. The figures
show model predictions for mineral phases, pH, partial pressure of carbon dioxide, and
concentrations of aqueous components in each cell after 3.5 and 8 years. These times were
chosen for the validation because mineral phases were analyzed in experiments that were
terminated at these times.

Table 7-15. Comparison of Simulation to Drip Test Results

Component Units Range of Measurements® Range of Predictions”
pH pH units 58t07.9 7.51t07.8
Si C/Cy’ 0.01to1 0.13t0 0.24
Na C/C, 0.1t0 1.6 0.87 t0 0.94
ca’ C/Co 0.001t0 1.0 0.00017 to 0.00019

@ Wronkiewicz et al. 1996 [DIRS 102047], p. 88.

® See files dt90h3.5yrfig.xls and dt90h8yrfig.xls in output DTN: MO0604SPAPREDI.000, Cell 6, for
corresponding measurements.

¢ CIC, is the concentration relative to concentration in EJ-13 (Table 7-14).

¢ The bulk of the measured Ca release is likely colloidal or particulate which is not modeled in the
simulation. Detection limits may also have prevented lower C/C, measurements.

ANL-EBS-GS-000002 REV 01 7-42 September 2006


http:dt90h3.5yrfig.xls

Geochemistry Model Validation Report: External Accumulation Model

e — U(aq) —&— Uraninite —=— Uranophane(alpha)
—»— U(VI)total —e— UO,(OH)y(beta) —— Boltwoodite-Na
1071 - %~ H,0(kg) —— pH 10
5] i s s e 2 A
10 149
B 1073
© +8
E — e —
E 1074 ¥—————- K- ———— W-———— W-————- *-——-—-—-—- X
m N N
= — & & A — 17 &
e ®
O 10751 ot - ‘
2 \
£ 16
48]
© 1076
=
1077 T
10_8 T T T T T T 4
0 1 2 3 4 5 6 7
Cell 00690DC_056 ai
Figure 7-11. Predicted Drip Test Mineral Phases and pH at 3.5 Years
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Figure 7-12. Predicted Drip Test Aqueous Concentrations at 3.5 Years
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Figure 7-13. Predicted Drip Test Mineral Phases and pH at 8 Years
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Figure 7-14. Predicted Drip Test Aqueous Concentrations at 8 Years
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1. Accumulation of U(VI) minerals. The first validation criterion is to predict the
accumulation of U(VI) minerals over time and throughout the column. Predicting the same
mineral assemblages observed in the drip tests is not required because only the total uranium
accumulation is important to criticality calculations.

Figure 7-11 and Figure 7-13 show accumulation of uranophane, boltwoodite-Na, and dehydrated
schoepite (shown as UO,(OH),(beta)) in the simulated 6-cell column at 3.5 and 8 years. Each of
these phases was also observed in the drip tests (Wronkiewicz et al. 1996 [DIRS 102047], p. 87).

In the first cell, uranophane and boltwoodite-Na are the predominant U(VI) mineral phases. This
prediction agrees strongly with observations, which show that these phases were primarily found
on the surface of the top UO, pellet where EJ-13 water was injected. At 3.5 years, uranophane
was the most common secondary phase observed on the top surface (Wronkiewicz et al. 1992
[DIRS 100493], p. 118). At 8 years, boltwoodite-Na became the dominant alteration phase on
the surface while uranophane was confined to the periphery of the central mat of boltwoodite-Na
(Wronkiewicz et al. 1996 [DIRS 102047], p. 89).

In cells 2 through 6 of the simulation, dehydrated schoepite (shown as UO,(OH)(beta)) is the
dominant uranyl phase, uranophane is absent, and a very small amount of boltwoodite-Na
accumulates (Figure 7-11 and Figure 7-13). Uranophane disappears because, as indicated in
Figure 7-12 and Figure 7-14, Ca is depleted due to uranophane precipitation in cell 1. These
results also agree strongly with observations. In the drip tests, dehydrated schoepite occurred on
the sides and bottom surfaces of the UO, samples and was virtually absent on the top surface
(Wronkiewicz et al. 1992 [DIRS 100493], p. 122).

Other minerals observed in the drip tests were apparently transient. Soddyite, which was a
predominant phase at 3.5 years (Wronkiewicz et al. 1992 [DIRS 100493]), was in such small
quantities at 8 years that its presence was not discussed in the later paper (Wronkiewicz et al.
1996 [DIRS 102047]). Becquerelite was continuously replacing dehydrated schoepite and then
being replaced by uranophane and boltwoodite-Na (Wronkiewicz et al. 1996 [DIRS 102047],
p- 90). Becquerelite is not included in the PHREEQC thermodynamic database.

A mineral precipitate that apparently is not transient is palygorskite. This magnesium-hydroxyl
clay does not contain uranium, so it does not affect the validation criteria. However, it should be
noted that it also is not included in the PHREEQC thermodynamic database and therefore was
not allowed to precipitate in the simulations.

Overall, the drip test simulation predicts accumulation of uranyl minerals throughout the column
similar in assemblage and distribution to experimental observations. Therefore, the first
validation criterion is met.

The paragenesis of UO, to uranyl oxide hydrates and uranyl alkali silicates in the drip test and
simulation is similar to the paragenesis observed at Pefia Blanca (Pearcy et al. 1994
[DIRS 100486]). For the last three million years, the Pefia Blanca uraninite deposit has been
exposed to an arid, oxidizing setting far above the water table, much like Yucca Mountain.
Further, the groundwater at the site is broadly similar to the groundwater below Yucca Mountain
(BSC 2004 [DIRS 169218], p. 10-31). Uraninite is oxidized at Pefia Blanca to various U(VI)
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secondary minerals, mainly uranophane and schoepite or dehydrated schoepite and to a lesser
extent soddyite, weeksite, and boltwoodite (Pearcy et al. 1994 [DIRS 100486]).

2. Total uranium release rate. The second validation criterion is to predict aqueous release
rates less than the mean measured cumulative uranium release rates. Predictions should be less
than the measurements because the release rates measured in the drip tests are the total uranium
released from the samples, including the uranium that precipitates on the vessel and UO,
particles that detach from pellets and collect in the leachate. Both uranyl minerals and UO,
particles collected in the leachate. In fact, less than two percent of the uranium released in years
8 through 10 passed through a 5 nm filter (Wronkiewicz et al. 1996 [DIRS 102047], p. 86). The
model does not simulate entrainment of solid particles, spallation of UQO, particles, or
precipitation at the bottom of the vessel.

Based on the data in Table 1 of the study by Wronkiewicz et al. (1996 [DIRS 102047]), the mean
measured release rate for experiments 1 through 6 was 0.96 mg/yr. This calculation is presented
in the sheet U release of dt90h8yrfig.xls (output DTN: MO0604SPAPREDI.000). Experiments
7 and 8 were not included because their drip rates were 25% of the simulation drip rate (and of
the drip rates of experiments 1 through 6).

The predicted release rate of dissolved uranium ranges from 0.039 to 0.051 mg/yr over the
10-year simulation period. These rates were calculated by multiplying the dissolved uranium
concentration in cell 6 by the molecular weight of uranium and the flow rate. These values are
approximately 4% to 5% of the mean measured cumulative uranium release rates; thus, the
second validation criterion is met.

3. Aqueous uranium release rate. The third criterion is that the predicted aqueous uranium
release rates be approximately 2% (plus or minus a factor of 10) of the mean measured
cumulative uranium release rates between 8 and 10 years for experiments 3 and 6.

The release rates for experiments 3 and 6 between 8 and 10 years were approximately 0.29 mg/yr
(see sheet U release of dt90hSyrfig.xls in output DTN: MOO0604SPAPREDI.000). Of
experiments 1 through 6, only 3 and 6 lasted beyond 8 years. Less than two percent of the
uranium during this time period passed through a 5 nm filter, suggesting that the release rate of
dissolved uranium was less than 0.0058 mg/yr. This calculation presumes that dissolved
uranium was not lost by sorption to the filtration apparatus, complications of sample handling, or
other mechanisms.

As indicated above, the simulation predicts a dissolved concentration in the effluent of 0.039 to
0.051 mg/yr. These values are 13% to 18% of the mean measured cumulative uranium release
rates between 8 and 10 years for the experiments 3 and 6, which is within the 0.2% to 20% range
of the criterion.

4. Predicted leachate pH. The fourth criterion is that the leachate pH values be predicted
within the range observed in the experiments. Measurements for pH begin at 157 weeks
(Wronkiewicz et al. 1996 [DIRS 102047], p. 88). The range of these measurements is 5.9 to 7.9.

The simulated sampling periods roughly correspond to the sampling periods defined in Table 1
of the study by Wronkiewicz et al. (1996 [DIRS 102047]) and are marked in red in the first
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columns of files dt90h3.5yrfig.xls and dt90h8yrfig.xls (output DTN: MO0604SPAPREDI.000).
For simulated sampling periods at 156 weeks and beyond, the predicted pH range in cell 6 is 7.5
to 7.8.

The simulations provide pH calculations at the end of the sampling periods and at intervals prior
to the end of the sampling periods. Prior to the end of the sampling periods, pH calculations are
generally closer to 8. By the end of the sampling periods, however, as air pressure builds in the
vessel, pH calculations drop to the 7.5 to 7.8 range, which is within the pH range measured.
Therefore, the pH criterion is met.

5. Predicted leachate concentrations of Na, Ca, and Si. The fifth criterion is that the
predicted leachate concentrations of Na, Ca, and Si be within the ranges observed in the
experiments. Na, Ca, and Si are important components of the major secondary uranyl phases
observed in the drip tests. Therefore, their concentrations should be depleted in the leachate.

Table 7-15 lists the ranges of concentrations of Na, Ca, and Si observed in the leachate as well as
the predicted leachate concentration ranges. As in the pH validation, predicted values are for
simulated sampling periods corresponding to sampling periods represented in Figure 5 of the
study by Wronkiewicz et al. (1996 [DIRS 102047]).

The depletion of Na and Si are in the range observed in the experiments, but the depletion of Ca
is below the range reported. One reason might be a detection limit of approximately 2.2 x 107
ppm, as suggested by the numerous values plotted at a C/C, value of 0.001 in Figure 5 of the
study by Wronkiewicz et al. (1996 [DIRS 102047]). Nevertheless, most measurements are in the
0.01 to 1.0 range, indicating considerable mobility of Ca in the experiments that is not
represented in the simulation.

The likely explanation is that the leachate contains uranophane. The simulation treats minerals
as immobile, yet minerals are found in considerable quantities in the leachate. Some minerals
are reported to precipitate on the Teflon stand beneath the UO,/Zircoloy tube assembly
(Wronkiewicz et al. 1996 [DIRS 102047], p. 86). Uranophane is shown in Figure 4 of the study
by Wronkiewicz et al. (1996 [DIRS 102047]) to be trapped as a filtered residue of the leachate.
Consequently, mobilization of uranophane could account for the vast majority of Ca in the
leachate. As mentioned earlier, ultrafiltration revealed that less than two percent of uranium in
the leachate between 8 and 10 years passed through a 5 nm filter (Wronkiewicz et al. 1996
[DIRS 102047], p. 88). The percentage of Ca that passed through a 5 nm filter is not reported
but is expected to be very low based on the results of the simulation.

Although the Ca predictions are below the validation range, they do not invalidate the external
accumulation model because the model does not simulate mobilization of colloidal or
undissolved materials. The model assumes that uranium precipitation is immobile because doing
so is conservative, i.e., it increases the chances of predicting a criticality. Observations of
uranophane in the leachate prevent a meaningful comparison of predicted and observed Ca
concentrations because observed Ca concentrations are likely dominated by undissolved Ca and
predicted concentrations only include dissolved concentrations. Thus, while the fifth validation
criterion is met for Na and Si, it is justifiably not applied to Ca.
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7.2.5 Method D: Validate Numerical Model for Flow and Transport in Invert with
Analytical Model

The objective of this validation activity is to show that the TOUGHREACT numerical model,
which may be affected by limited convergence accuracy, roundoff errors, and numerical
dispersion, agrees well with a two-dimensional analytical model for flow and transport, which is
not afflicted with these limitations and potential errors. Two of the major outputs of the
numerical model, which will be corroborated using the analytical model, are the steady-state
cumulative flux (flow out the bottom of the invert) and relative concentration (ratio of
radionuclide or tracer concentration in invert water to its concentration in waste package water)
as a function of horizontal distance along the cross section of the invert, where cross section is
perpendicular to the centerline of the waste package. The criterion used to demonstrate that the
numerical model is sufficiently accurate (see Table 7-6) is that for a given value of cumulative
flux or relative concentration, the horizontal distance along the cross section of the invert
calculated by the numerical model is within 10 cm of the value calculated by the analytical
model. This level of uncertainty was calculated using the analytical model and represents the
expected variations due to the different equations used in the two models to describe the
relationship of relative permeability to water potential: Gardner equation for the analytical
model (Bear 1972 [DIRS 156269], p. 492) and van Genuchten equation for the numerical model
(van Genuchten 1980 [DIRS 100610]).

A validation case was developed in which the numerical model for invert flow and transport
model could be validated with an analytical model for flow and transport in the invert. The
analytical model, developed in Appendix C, is a direct solution of the steady-state flow and
transport problem and uses the Gardner relationship between effective permeability and moisture
potential (Bear 1972 [DIRS 156269], p. 492). The numerical model uses the software
TOUGHREACT V3.0 (see Section 3.1.11).

The moisture potential and effective permeability relationships employed in the TOUGHREACT
calculations were developed by van Genuchten (1980 [DIRS 100610]). The van Genuchten
(1980 [DIRS 100610]) relationships are:

N-1)2
1+N(m-1) N\ N
K(S,)=K,8)? 1-| 5,1 gy (Eq. 7.2.5-1)
w(S,)=———(s;" 1) (Eq. 7.2.5-2)
avG
S-S
§ =275 Eq. 7.2.5-3
n 1-S ( q )
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where S is the water saturation, S, is the residual water saturation, S, is the normalized water

saturation, and N :1—, where m is the van Genuchten pore size distribution index. The
-m

Gardner relationship is:
K(w)=K,explaly -y, )} (Eq. 7.2.5-4)

where, i is the water pressure head and « 1is a fitting parameter. It turns out that the van
Genuchten (1980 [DIRS 100610]) parameterization can be fit more closely to the Gardner
(Bear 1972 [DIRS 156269], p. 492) parameterization for larger values of the Gardner «.
However, numerical precision errors in the analytical solution limit the value of Gardner « used
to be less than about 4.08 x 107 Pa™' (or in terms of water head, 40 m'). Problems associated
with numerical precision preclude generating relative concentrations for high values of a. This is
because of the nature of the concentration solution given in Equation C.2-36. For large values of
o, large areas of the invert have very small values of both the transport potential, ®, and flow
potential, y . These small potentials are generated from the summation of terms of much greater
magnitude that nearly cancel. This situation leads to a loss in numerical precision. For the flow
fields, the lack of precision is not critical because as y becomes small, so do the fluxes.
Therefore areas where y loses precision also have very nearly zero flux. But for concentration
this is not the case. As both ® and y become small, the relative concentration, which is
computed as the ratio of these potentials, can be any value ranging between 0 and 1. The loss in
precision can affect significant ranges of the relative concentration, not just values near zero.
Therefore, the validation case was selected to have a Gardner & = 4.08 x 107 Pa'. The van
Genuchten capillary strength parameter, «,, the van Genuchten pore size distribution index, m,
and the saturated permeability, £, were optimized manually to obtain a close fit between the
relative permeability and moisture potential curves based on the Gardner and van Genuchten
parameterizations. The best results are presented in Table 7-16.

Table 7-16. Best Fit Parameters for Gardner and van Genuchten Equations

Parameter Value
. 9.17 x107°Pa™"

m 0.805
k 1.62 x 107" m?

Source: Output DTN: MO0604SPANUMER.000, VG -
Gardner fit for validation2.xls

The fit between the Gardner and van Genuchten parameterizations is given in the Figure 7-15
below:
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Figure 7-15. Fit between Gardner and van Genuchten Parameterization

Using Equations C.1-19, C.2-7, and C.2-9 from Appendix C, the dispersion coefficient is defined
to be given by:

where «ais in units of inverse length and the effective hydraulic conductivity, K, is in units of

length per unit time. Theoretical descriptions of dispersion equate D to the product of the pore
velocity times a dispersion length scale called the dispersivity (Bear 1972 [DIRS 156269],
Section 10.4.2). For an isotropic porous medium, the dispersion coefficient is a second rank
tensor, the dispersivity is described by both longitudinal and transverse values, and pore velocity
is a vector. However, in the analytical model, dispersion is approximated as isotropic and the

pore velocity and dispersivity are scalar quantities. Approximating the pore velocity by %’ the

dispersivity is given by l Given the value of o= 40 m ', the dispersivity is 0.025 m. The
a

molecular diffusion coefficient is set equal to zero for the validation case, but a sensitivity case
was run for the numerical model using 2.3x10™° m?*/s (Mills 1973 [DIRS 133392], Table III).

The remaining parameters are taken from the well-sorted base case, as given in Table 7-17.

These parameters have no effect on the results used for comparison between the analytical and
base-case models, but are necessary to specify in TOUGHREACT.
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Table 7-17.  Analytical Parameters for Well-Sorted Base Case

Parameter Value
porosity 0.45
maximum water saturation 1
residual water saturation 0.0853

Source: Table 4-16 and Table 6-17, except for maximum water
saturation, which was set to 1 to represent fully saturated conditions.

The remaining specifications for source strength and other boundary conditions of the validation
case are given below.

7.2.5.1 Parameterization of the Invert Flow and Transport Problem

radionuclide
mass flux, no radionuclide
= Mg, mass flux,

X q31 q52
‘ no radionuclide no radionuclide no radionuclide

Figure 7-16. Analytical Model Parameters

The parameters required to characterize the invert for flow and transport calculations are:

e The depth and width of the invert, z,, and x
e The locations of the two source regions, x, and x,.

respectively.

m?

o The sizes of the two source regions, x,, and x,,.
e The water fluxes for the two source regions, ¢, and ¢, .
e The Gardner capillary strength parameter, « .

The radionuclide mass flux for the waste package source region, M, is also needed if mass
concentrations are required from the transport calculation. However, in this analysis, only
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relative concentrations are computed, so M, is not needed. Also, because the Gardner
exponential form must be fit locally to the van Genuchten form, the saturated permeability and
expected flow rates are needed to establish what range of the curve is to be fit with the Gardner
relationship.

7.2.5.2 Invert and Source Geometries

In order to validate the numerical model, the invert geometry must be simplified so that it can be
modeled analytically. The simplified geometry used for model validation captures the salient
features of the invert, namely, the maximum depth and the effective width through which most
of the flow will occur. The invert is represented by a two-dimensional rectangle with dimensions
z,, =0.864 m, which is the maximum invert depth, and x,=3.18 m in width (BSC 2004
[DIRS 169503]; BSC 2004 [DIRS 168489]). This width is the distance between the centers of
the gantry crane rails and is considered representative of the effective portion of the invert.

The source location beneath the waste package is in the approximate center of the invert, with
the left edge of the source at x;, =1.57 m from the left boundary. The source location for the

diverted flow, x,, is taken to be 2.57 m from the left boundary, or 1 m offset from the waste
package source. The width of each of these source regions (x,and x,) is taken to be 2 cm.

The length (along the axis of the drift) is 5.1 m, which is the drift length allocated to each waste
package (BSC 2004 [DIRS 169131], Section 6.1.3).

7.2.5.3 Source Fluxes

Source flow rate is 1 liter per year for a 5.1-m-long drift segment through the waste package.
One L/yr is the flow rate used in two of the source terms (TMI IG1 and FFTFIGladEhdec).
Diverted flow is 200 L/yr, which corresponds to the mean seepage rate into the drift for the
igneous and seismic fault displacement scenarios (Figure 5-1 and Figure 5-2). These flow rates,
combined with the source geometries discussed above, correspond to fluxes as given in the
following table:

Table 7-18. Flow Rates for Validation Case Seismic

Waste Package Diverted Flow
Flow rate (L/yr) 1 200
Flux (mm/yr) 9.8 1,960

NOTE: Flux (mm/yr) = flow rate (L/yr) x 1000 (cm3/L) +5.1m=2cm x
(1 m/100 cm) x (10 mm/cm).

The tracer mass flux is set by using unit tracer concentration in the waste package water and zero
concentration in the diverted water. The remainder of the upper boundary has zero water and
tracer mass flux.

7.2.54 Bottom Boundary Conditions

The capillary pressure and tracer concentration gradients in the vertical direction are set to zero.
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7.2.5.5 Lateral Boundary Conditions

The capillary pressure and tracer concentration gradients in the horizontal direction are set
to zero.

7.2.5.6  Exceptions to the Previous Specifications for Numerical Model

The previous specifications are the same for the analytical and numerical modeling, except for
the following:

1. The water sources are modeled as point sources, rather than being spread over a 2-cm
width, although the sources in the numerical model could also be interpreted as
flowing in over the width of a grid cell.

2. The lateral boundary conditions are the default no-flow and no-transport conditions
used in TOUGHREACT, rather than zero capillary pressure and tracer concentration
gradients. Although the numerical simulation is therefore set up differently from the
analytical model, the results are the same. Due to the high permeability and low water
saturation in the simulations, the pressure is uniform throughout, so capillary pressure
gradients are zero at the boundaries even though TOUGHREACT was run with no-
flow boundary conditions. In addition, the numerical simulation results in horizontal
tracer concentration gradients that are zero at steady state when no transport is allowed
at the lateral boundary.

3. TOUGHREACT V3.0 does not model hydrodynamic dispersion; however, numerical
dispersion does occur when upstream weighting is used. It has been found that for a
rectangular grid and full upstream weighting, as used in these simulations, the
numerical dispersion is approximately one-half of the grid spacing (Oldenburg 2003
[DIRS 176820], p. 244). In the validation case, the grid spacing is 0.05 m, so the
numerical dispersion is approximately 0.025 m, equal to the dispersivity specified for
the analytical model.

4. TOUGHREACT V3.0 does not have an option for a direct steady-state solution and
does not have effective permeability-moisture potential relationships equivalent to the
Gardner model. Therefore, to compare the analytical and numerical models at steady
state, the numerical model is run through a transient period to a steady-state condition
using parameterizations for moisture potential and effective permeability that
approximate the Gardner relationship.

7.2.5.7  Numerical Grid Description

The numerical grid for the validation case is a regular rectangular grid consisting of 20 rows of
64 grid cells spaced Ax = Az = 5.0 cm apart that represents a vertical two-dimensional cross
section of a 3.2-m wide, 0.9-m deep portion of the invert. In the third dimension, horizontally in
the axial direction of a drift, the grid is Ay = 1.0 m deep. The top of the grid is the top surface of
the invert. The bottom of the invert is between the 18th and 19th rows. The vertical grid cell
spacing (Az) between the 19th and 20th (bottom) row is 20,000 m in order to achieve a vertical
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concentration gradient boundary condition of zero; by making Az very large, the gradient AC/Az
is maintained close to zero. The volume of each grid cell in the 20th row is set to an extremely
large value (10" m’), which allows the pressure to remain constant while water is injected into
the grid over long periods of time. The large grid cells also provide a sink for the tracers, which
would otherwise accumulate unrealistically as water is injected.

Although TOUGHREACT does not utilize grid cell coordinates to define the grid, these are
useful for plotting and describing results. For the validation case, the origin is taken to be the
upper left corner of the upper leftmost grid cell boundary. The invert extends in the negative
z-direction. Results (e.g., concentrations) are reported at grid cell centers. Thus, the grid cell
closest to the origin is at (x, z) = (0.025, —0.025). The bottom of the invert is considered to be
the row of grid cells at z = —0.875, which is the closest row to the specified invert depth of
0.864 m.

7.2.5.8 Validation Case TOUGHREACT Input

The grid is set up using the MESHMAKER capability of TOUGHREACT, which provides a
convenient way to set up simple regular grids. The input file ‘flow.inp’ includes the following
input lines specifying the number and size of grid cells in each direction. The keyword
MESHMAKER signals TOUGHREACT to create a mesh instead of doing a flow and transport
calculation. The last line tells MESHMAKER that the last grid cell increment in the z-direction
1s 20,000 m.

MESHMAKER
XY7Z
0.0

NX 64 0.05

NY 1 1.00

NZ 20 0.0
0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
0.10 0.10 0.10 20000.

When TOUGHREACT is run, it creates an output file ‘MESH.” This will be the input file that
defines the grid for the flow and transport simulations. First, however, ‘MESH’ must be
manually edited to change the volumes of the bottom row of grid cells, from the volume
computed by TOUGHREACT (AxAyAz = 0.0025 m’) to the “infinite” values needed for the
calculations (10'° m®). Although the volumes of those cells are changed, the distances between
these cells and connected cells are left unchanged, which is physically impossible but
numerically acceptable.

The input file ‘GENER’ provides the water injection rates and locations. The specified source
flow rates, in units of mm/yr, are input in units of kg/s. Using a water density of 1,000 kg/m’,
the specified width of the source region of 0.02 m, and Ay = 1.0 m, the source flow rates are:
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Waste Package:
(9.8 mm](l 0° mj(o.oz m)(1.0 m)(lOOO k%j
yr mm m

. =6.21086 %107 kg/s
(86400 Sj(365.25 ayj
day yr

Diverted: 1.26752x10°° kg/s

The waste package source water is injected in the top (z = —0.025 m) grid cell centered at
x=1.575 m. The diverted source water is injected in the top grid cell at x =2.575 m.

The input file ‘chemical.inp’ defines the geochemical system being modeled. The invert is
modeled as being initially nonreactive. Aqueous species included in the model are H»O,
Si0; (aq), O3 (aq), Na', K", and CI". One gas species, O, is included. Minerals that could
potentially precipitate include SiO, (am), sylvite (KCI), and halite (NaCl). The water initially
present contains SiO; (aq) at a concentration of 0.001 molal (mol/kg H,0); O (aq), Na', and K"
at a concentration of 1.0 x 107! molal; and CI at a concentration of 2.0 x 102 molal. Na®
serves as the tracer in the water from the waste package source, where the Na“ and CI°
concentrations are 1.0 molal. K' is the tracer in the water from the diverted source, where the K
and Cl concentrations are 1.0 molal.

The input file ‘solute.inp’ defines solute transport properties, including the specification of the
diffusivity and the locations where the tracer sources are injected (which must agree with the
location of water injection locations specified in the ‘GENER’ file for the simulation to be
correct).

The input file ‘flow.inp’ contains the invert hydrologic properties and initial conditions. As
specified for the analytical model, the permeability is 1.62 x 10™"" m% and the porosity is 0.45.
The van Genuchten-Mualem relative permeability model is used, with the following parameters
(using TOUGHREACT notation):

RP(1) = van Genuchten m = 0.805
RP(2) residual water saturation = .S, = 0.0853
RP(3) = maximum water saturation = S;; = 1.0.

The van Genuchten capillary pressure model is used, with the following parameters:

CP(1) = van Genuchten m = 0.805

CP(2) = residual water saturation = S;. = 0.0850 (chosen smaller than the
corresponding relative permeability parameter, as recommended in the
TOUGH2 User’s Guide (Pruess et al. 1999 [DIRS 160778], p. 189)

CP(3) = wvan Genuchten o, = 0.000917 Pa!

CP(4) = Puu=1.0x10"Pa

CP(5) = maximum water saturation = S;; = 1.0.
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To achieve steady state conditions, the simulation is run to 10° years, using a maximum time step
of 10° years. The convergence criterion for relative error is set at 10°. Time steps are
automatically reduced whenever the convergence criterion is not met.

7.2.5.9 Results

The steady state concentrations of tracers across the bottom of the invert (z = —0.875 m) are
shown in Figure 7-17. The results indicate a narrow zone of mixing less than 0.3 m wide. Due
to the high value of the Gardner parameter « and no molecular diffusion, little dispersion occurs.
(Molecular diffusion has a substantial effect, as shown below, where this same case is rerun with
molecular diffusion included.)
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Source: Output DTN: SN0607T0504506.002.
Figure 7-17. Steady State Concentration of Na” and K" Tracers across Bottom of Invert

Fluxes out the bottom of the invert (from row z = —0.875 m to row z = —0.925 m) are shown in
Figure 7-18. The fluxes are summed from x = 0 m across the bottom of the invert. The total
cumulative flux is equal to the steady state water injection rate at the two sources: (9.8 mm/yr +
2,000 mm/yr)(0.02 m) = 40,196 mm?/yr. The results confirm that the bulk of water flow is from
the diverted source and tends to flow downward with little dispersion.
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Figure 7-18. Cumulative Steady State Flux of Water out Bottom of Invert

The objective of the validation case is to show that the numerical model, which may be affected
by limited convergence accuracy, roundoff errors, and numerical dispersion, agrees well with the
analytical model, which is not afflicted with these limitations and potential errors. The
acceptance criterion for model validation, as given in Table 7-6, is that for a given value of
cumulative flux or relative concentration, the horizontal distance along the cross section of the
invert calculated by the numerical model is within £10 cm of the value calculated by the
analytical model. This is shown in Figure 7-19, which demonstrate acceptable agreement
between the numerical model and the analytical model. The relative concentration results from
the analytical model that are plotted in Figure 7-19 were calculated from Equations C.2-34, C.2-
35, and C.2-36. The relative concentration is the ratio of tracer concentration in the invert water
to its concentration in the waste package water. In the numerical model, because the Na" tracer
concentration in the waste package water is 1.0 molal, the relative concentration is equal to the
absolute Na' concentration. The cumulative flux results from the analytical model plotted in
Figure 7-19 were calculated from Equation C.1-84. The files for the analytical model are
provided in output DTN: MO0604SPANUMER.000.
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Figure 7-19. Comparison of Cumulative Water Flux out Bottom of Invert and Tracer Concentration
across Bottom of Invert

7.2.5.10 Validation Case Grid Convergence Study

As shown above, the validation case numerical model compares well with the analytical model.
However, the base-case models differ from the validation case in several respects, including the
invert hydrological properties, the invert geometry (having the shape of a circle segment instead
of a rectangle), the presence of the UZ beneath the invert, and the grid cell spacing. The
validation case gives confidence that the numerical model is capable of simulating the behavior
of the invert. Changes in properties, geometry, and downstream flow characteristics are not
expected to alter the ability to simulate invert behavior. However, the grid spacing can have
significant impact on the accuracy of solutions. Whereas the validation case uses a 5-cm grid
spacing, the larger, more complex base case models use a 10-cm grid spacing in order to keep
run times reasonable. To gain confidence that the coarser grid will provide sufficiently accurate
solutions, the validation case is repeated using both a coarser and finer grid, with 10-cm and
2.5-cm grid spacings.

Results are shown in Figure 7-20, Figure 7-21, and Figure 7-22, in which the 10-cm and 2.5-cm
grid spacing results are compared with the validation case (5-cm grid spacing). The results are
expected to be different if for no other reason than that the numerical dispersion in the 10-cm
grid spacing is double that in the 5-cm grid spacing, and in the 2.5-cm grid spacing, the
numerical dispersion is half that in the 5-cm grid spacing. The results show that the solution is
converging as the grid is refined, which is expected if the numerical model is performing
correctly. One noticeable exception is seen in the Na tracer concentration results for the 2.5-cm
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grid spacing. At the left end of the invert, the tracer concentration drops close to zero, whereas
the coarser grid spacings and the analytical model show that the concentration is (and should be)
1.0 mol/kg. This behavior indicates that a steady state has not been reached in the 2.5-cm grid
spacing calculation. The approach to steady state over time is much slower with the finer grid.
The results shown are at 10’ years.
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Source: Output DTN: SN0607T0504506.002.

Figure 7-20. Comparison of Waste Package Water Tracer (Na *) Concentration across Bottom of Invert
for Three Grid Spacings
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Figure 7-21. Comparison of Diverted Water Tracer (K *) Concentration across Bottom of Invert for Three
Grid Spacings
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Figure 7-22. Comparison of Cumulative Steady State Flux of Water out Bottom of Invert for Three Grid
Spacings

7.2.5.11 Validation Case with Diffusion

The validation case is rerun with diffusion of solutes turned on, using a diffusion coefficient of
2.3 x 107 m*s (Mills 1973 [DIRS 133392], Table III). The results are distinctively different
from the case without diffusion. Tracer concentrations across the invert are shown in
Figure 7-23 and Figure 7-24 at various levels in the invert. For comparison, the concentrations
for the case with no diffusion are shown in Figure 7-25 and Figure 7-26.

Some of the base case calculations described earlier (Case 1, well-sorted, Figure 6-19) display
the same behavior as the validation case with diffusion. This comparison in the validation case
gives confidence that the base case calculations are showing the correct qualitative behavior.
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Figure 7-23. Waste Package Water Tracer (Na ) Concentration at Various Levels in the Invert for the
Validation Case with Diffusion
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Figure 7-24. Diverted Water Tracer (K ) Concentration at Various Levels in the Invert for the Validation

Case with Diffusion
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Figure 7-25 Waste Package Water Tracer (Na ) Concentration at Various Levels in the Invert for the
Validation Case without Diffusion
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Figure 7-26. Diverted Water Tracer (K ") Concentration at Various Levels in the Invert for the Validation
Case without Diffusion

7.2.5.12 Validation Case — Sensitivity of Steady State Solution to Time Step Size

The accuracy of transient TOUGHREACT solutions is sensitive to the time step size, Az, due to
time discretization errors and limitations on Courant number (vA#/Ax, where v is water velocity,
and Ax is the grid spacing). In theory, the Courant number should always be less than 1.0 for the
numerical solution to be accurate. The amount of numerical dispersion may also be affected by
time step size. The effect of Courant number and time step size at late times when the solution is
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essentially at steady state is unknown. Therefore, the objective of this sensitivity study was to
determine whether time step size has a significant effect on the steady state solution.

The steady state solution (at 10° years) from the validation run was continued for an additional
1,000 years in two runs: (1) One time step of 1,000 years, in which the maximum Courant
number was about 155,000. (2) Time step limited to 2 x 10° s (about 2.3 days), thereby limiting
the Courant number to less than 1.0, based on the magnitude of flow velocities at the end of the
validation run; the small time step also reduced the time discretization error. In both runs, the
convergence criterion was 107, as used in all of the validation and base case runs. The duration
of these runs was limited to 1,000 years due to the lengthy run times using the small time steps in
the second continuation run, which required nearly 158,000 time steps to complete. The
combined effects of time discretization errors and violation of the Courant number constraint
were expected to result in differences in the steady state solution after the additional 1,000 years
of simulation that indicate how sensitive the solution is to the time step size.

Table 7-19 compares the Na' concentrations along the bottom of the invert for the steady state
validation run, the single-time-step continuation run, and the continuation run in which the time
step was limited to 2 x 10°s. To the four digits shown in Table 7-19, the single-time-step run
showed no change from the steady state solution after 1,000 years. The differences in
concentration between the two continuation runs are shown in the last column. The maximum
difference is about 6.6 x 10~ mol/kg. Since the convergence criterion is 10, the computed
concentrations are only accurate to approximately three digits, so differences beyond the first
three digits are insignificant. The largest and only significant differences occurred at X < 1.5 m,
where the Na™ concentrations should reach 1.0 at true steady state. In some grid cells, the
numerical solution actually overshot that value. This overshoot occurred in more grid cells and
to a greater degree in the small-time-step continuation run. Thus, the only significant differences
between the two continuation runs occurred where the convergence errors and other numerical
artifacts (e.g., roundoff and dispersion) resulted in the small-time-step continuation run actually
being less accurate than when large time steps (with large Courant numbers) were used.

The results in Table 7-19 show that the time step size has essentially no impact on the accuracy
of the steady state solution in the validation case. Since the base case runs are similar in scale,
material properties, and flow rates, the same conclusion is expected to apply to the base-case
runs.

Table 7-19. Comparison of Steady State Na * Concentrations in the Validation Case and in 1,000-Year
Continuations from the Steady State Solution

Na®* Concentration (mol/kg)
X (m) Validation Case | Single 1000-yr | Time Step Limited | . Difference:
Steady State Time Step to2x10°s Limited - Single

Time Step

0.025 0.9953 0.9953 1.0018 6.5x107°

0.075 0.9990 0.9990 1.0054 6.6 x 107

0.125 0.9997 0.9997 1.0061 6.4 x107°

0.175 0.9999 0.9999 1.0063 6.4 x107°
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Table 7-19.  Comparison of Steady State Na* Concentrations in the Validation Case and in 1,000-Year
Continuations from the Steady State Solution (Continued)
Na* Concentration (mol/kg)

X (m) Validation Case Single 1000-yr Time Step Lismited Lin?iitf;iirfr;‘fi?\:gle

Steady State Time Step to2x10°s Time Step
0.225 1.0000 1.0000 1.0064 6.4 x 107
0.275 1.0000 1.0000 1.0065 6.5x 107
0.325 1.0000 1.0000 1.0065 6.5x 107
0.375 1.0001 1.0001 1.0065 6.4x107°
0.425 1.0001 1.0001 1.0065 6.4x107°
0.475 1.0001 1.0001 1.0065 6.4 x 10~
0.525 1.0001 1.0001 1.0065 6.4 x 107
0.575 1.0000 1.0000 1.0065 6.5x 107
0.625 1.0000 1.0000 1.0064 6.4 x 107
0.675 1.0000 0.9999 1.0064 6.5x 107
0.725 0.9999 0.9999 1.0064 6.5x 107
0.775 0.9999 1.0000 1.0064 6.4 x 107
0.825 0.9999 1.0000 1.0064 6.4 x 10~
0.875 0.9999 1.0000 1.0061 6.1x10°°
0.925 1.0000 1.0000 1.0054 5.4 x 107
0.975 1.0000 1.0000 1.0041 41 %107
1.025 1.0000 1.0000 1.0024 24 x107
1.075 1.0001 1.0000 1.0007 7 x 107
1.125 1.0000 1.0000 0.9993 -7 x 107
1.175 1.0000 1.0000 0.9982 -1.8x107°
1.225 1.0000 1.0000 0.9973 2.7x107
1.275 1.0000 1.0000 0.9966 -3.4x107°
1.325 1.0000 1.0000 0.9962 -3.8x107°
1.375 1.0000 1.0000 0.9961 -3.9x107
1.425 1.0000 1.0000 0.9963 -3.7x107
1.475 1.0000 1.0000 0.9971 29x107
1.525 0.9999 0.9999 0.9983 -1.6x107
1.575 0.9993 0.9993 0.9996 3x10™
1.625 0.9923 0.9923 0.9925 2x10™
1.675 0.9387 0.9387 0.9388 1x107*
1.725 0.7301 0.7301 0.7302 1x107*
1.775 0.3655 0.3655 0.3656 1x107*
1.825 9.102 x 10 2 9.102 x 10 2 9.110 x 1072 8x107°
1.875 7.898 x 10 ° 7.898 x 10 ° 7.914 x 107 1.6x107°
1.925 3.837 x 10 ° 3.837 x 10 ° 3.854 x 107° 1.7 x 1077
1.975 1.000 x 10 *2 1.000 x 10 *? 7.270 x 107" 27x107"
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Table 7-19.  Comparison of Steady State Na* Concentrations in the Validation Case and in 1,000-Year
Continuations from the Steady State Solution (Continued)
Na* Concentration (mol/kg)
X (m) Validation Case Single 1000-yr | Time Step Limited | . Diference:
Steady State Time Step to2x10°s le;:ﬁ‘c:;—sz:gle
2.025 1.000 x 10 *2 1.000 x 10 "2 6.960 x 107" -3.0x107"
2.075 1.000 x 10 *2 1.000 x 10 *? 6.645 x 107" -3.4x107"
2.125 1.000 x 10 *2 1.000 x 10 *? 6.328 x 107" -3.7x107"
2.175 1.000 x 10 *2 1.000 x 10 *? 6.019 x 107" 4.0x107"
2.225 1.000 x 10 *2 1.000 x 10 *? 5.737 x 107" 43x107"
2.275 1.000 x 10 ' 1.000 x 10 "2 5.508 x 107" 45x107"
2.325 1.000 x 10 ' 1.000 x 10 "2 5.368 x 107" 4.6x107"
2.375 1.000 x 10 *2 1.000 x 10 *? 5.367 x 107" 46x107"
2.425 1.000 x 10 *2 1.000 x 10 *? 5.581 x 107" 4.4 x107"
2.475 1.000 x 10 *2 1.000 x 10 *? 6.138 x 107" -3.9x107"
2.525 1.000 x 10 *2 1.000 x 10 *? 7.301 x 107" 27x107"
2575 1.000 x 10 ' 1.000 x 10 "2 1.000 x 10™*2 0
2625 1.000 x 10 ' 1.000 x 10 ' 1.000 x 107" 0
2675 1.000 x 10 "2 1.000 x 10 "2 1.000 x 10™"? 0
2725 1.000 x 10 "2 1.000 x 10 "2 1.000 x 107"? 0
2.775 1.000 x 10 *2 1.000 x 10 *? 1.000 x 107" 0
2.825 1.000 x 10 *2 1.000 x 10 *? 1.000 x 107" 0
2.875 1.000 x 10 *2 1.000 x 10 *? 1.000 x 10™"? 0
2.925 1.000 x 10 *2 1.000 x 10 *? 1.000 x 107" 0
2.975 1.000 x 10 *? 1.000 x 10 *? 1.000 x 10™*2 0
3.025 1.000 x 10 *? 1.000 x 10 *? 1.000 x 10™*2 0
3.075 1.000 x 10 "2 1.000 x 10 "2 1.000 x 107"? 0
3.125 1.000 x 10 *? 1.000 x 10 "2 1.000 x 107"? 0
3.175 1.000 x 10 *2 1.000 x 10 *? 1.000 x 107" 0

Source: Output DTN: SN0607T0504506.002.
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7.3 SUMMARY

As required in the TWP, the model has been validated. The output DTNs for the validation
exercises are as follows:

Section 7.1.1, Confidence Building Exercise, DTN: MO0608SPACONFI.001
Section 7.2.2.2, Validation of Adsorption Model, DTN: MO0607SPADSORP.000

Section 7.2.4, Method C, Simulation of Argonne UO, Drip Test,
DTN: MO0604SPAPREDI.000.

Section 7.2.5, Method D, Validate Numerical Model for Flow and Transport in Invert
with Analytical Model, DTN: MO0604SPANUMER.000; Modeling of Mixing in the
Invert, DTN: SN0607T0504506.002.
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8. CONCLUSIONS
8.1 MODEL OUTPUT

The following sections provide a summary of the results of the external accumulation model,
including the output DTNs listed in Section 9.4. The output DTNs for the model validation are
listed in Section 7.3 and 9.5.

8.1.1 Nominal Scenario-Scoping Results

The flow chart in Figure 6-1 shows that the nominal results include diffusive releases and solid
releases from the waste package due to bottom failure. Table 8-1 provides the mass of U and Pu
released from the waste package into the invert in the nominal case due to diffusion. The results
in Table 8-1 are based on unqualified inputs and are therefore considered scoping results. The
total Pu includes dissolved and colloidal. No additional modeling of these results was performed
to determine the quantity of material that might diffuse out of the invert into the unsaturated
zone. For bounding criticality calculations, the entire mass of U and Pu should be distributed
through the invert.

Table 8-1. Scoping Results: Summary of Diffusive Releases from CSNF and DOE SNF Waste
Packages (10,000 years)

Releases from the Waste Package to the Invert
CSNF N-Reactor FFTF ™I

50th 95th 50th 95th 50th 95th 50th 95th
percentile | percentile | percentile | percentile | percentile | percentile | percentile | percentile

Isotope (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg)
25y 3.98 E-02 1.90E-01 | 5.32 E+00 | 2.25E+01 8.31E-02 3.51E-01 4.92E-01 2.08E+00
Total U | 2.68E+00 | 1.26E+01 | 3.32E+02 | 1.51E+03 1.03E+01 | 4.69E+01 1.76E+01 8.01E+01

Total Pu| 1.49 E-07 | 6.76E-07 N/A N/A 3.57E-04 2.25E-03 N/A N/A

Source: Output DTN: MO0604SPANOMIN.000.
Note: These results are based on unqualified inputs and are therefore considered scoping results.

The masses of corrosion products in nominal case (files listed in Table 4-6) were extracted and
tabulated in Table 6-29 and in output DTN: MO0607SPASOLID.001. These values represent
mass of material that could flow out of the waste package as a slurry if the bottom of the waste
package failed.

8.1.2 Igneous Scenario

The flow chart in Figure 6-2 shows that dissolved release of liquids and bottom failure of solids
are possible mechanisms for material to enter the invert or host rock that are considered in the
igneous scenario. The igneous cases produce the highest releases of dissolved material from the
waste package, according to Geochemistry Model Validation Report: Material Degradation and
Release Model (BSC 2006 [DIRS 176911], Section 8.1). The U and Pu releases from the CSNF
igneous cases were much lower than the DOE SNF waste packages (BSC 2006 [DIRS 176911],
Section 8.1), so only the accumulation of the releases from the DOE SNF waste packages were
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calculated. Table 8-2 provides the U and Pu accumulation due to precipitation and adsorption on
to the crushed tuff of the invert or in the fractures of the host rock for the igneous scenario. The
low and high values are a result of the log K sensitivity results for boltwoodite-Na, the major
uranium mineral forming in the DOE SNF waste package simulations (Section 6.8.1.2;
DTN: MOO0608SPASENSI.002). The cases in Table 8-2 that show no variation from low to
high (e.g., TMI IG2) are those cases that only had adsorption and no mineral precipitation.

Table 8-2. U and Pu Accumulated in the Igneous Scenario (10,000 years)

Pu Total U Accumulation (kg) U-235 Accumulation (kg)
Accumulation

Source Term (kg) Low Medium High Low Medium High
TMI_IG1 N/A 2.98E+01 | 3.01E+01 | 3.07E+01 | 7.83E-01 | 7.92E-01 | 8.08E-01
TMI_IG2 N/A 2.25E-04 | 2.25E-04 | 2.25E-04 | 1.96E-06 | 1.96E-06 | 1.96E-06
FFTFIF1adEhdec 6.34E-03 1.52E+01 | 1.59E+01 | 1.72E+01 | 9.82E-01 1.03 1.12
FFTFIF2adEhdec 1.34E-05 3.26E-04 | 3.26E-04 | 3.26E-04 | 1.03E-04 | 1.03E-04 | 1.03E-04
CDSPIG2 N/A 1.09E-01 | 1.09E-01 | 1.09E-01 | 1.37E-03 | 1.37E-03 | 1.37E-03

Source: DTN: MOO0609SPAINOUT.002, All PHREEQC runs, spreadsheet Dissolved U and Pu acc total with
sensitivities.xls.

The accumulation results presented in Table 8-2 give a total amount, but it does not give a
geometry of accumulation within the invert or host rock. The location within the invert where
the accumulation occurs is presented in Table 8-3, based on Section 6.4.7 and developed in
DTN: SN0607T0504506.002 and DTN: MOO605SPAINVRT.000. The geometry of the
accumulation within the fractures and lithophysae of the host rock should be based on the
properties presented in Section 6.4.8.

Table 8-3. Location of Accumulation within the Invert for Igneous Scenario

Accumulation in Poorly-Sorted Invert Accumulation in Well-Sorted Invert
Percent
Percent Location along Percent Location | Percent along
within within Bottom of within within Bottom of

Source Term | Case Invert Invert Invert Invert Invert Invert
TMI_IG1 1 100% Figure 6-36 0 100% Figure 6-39 0
TMI_IG2 3 100% Figure 6-38 0 55.6% Figure 6-41 44.4%
FFTFIF1adEh 1 100% Figure 6-36 0 100% Figure 6-39 0
dec
FFTFIF2adEh 3 100% Figure 6-38 0 55.6% Figure 6-41 44.4%
dec
CDSPIG2 3 100% Figure 6-38 0 55.6% Figure 6-41 44.4%

NOTE: Case numbers corresponds to the cases mentioned in Sections 6.4.6 and 6.4.7.

The masses of corrosion products in the igneous case listed in Table 4-6 were extracted and
tabulated in Table 6-31 and in output DTN: MO0607SPASOLID.001. These values represent
mass of material that could flow out of the waste package as a slurry if the bottom of the waste
package failed.
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8.1.3 Seismic Scenario

The flow chart in Figure 6-3 shows that dissolved release of liquids and solid release due to
entrained solids and bottom failure are possible mechanisms for material to enter the invert or
host rock that are considered in the seismic scenario. The seismic cases produce low releases of
dissolved U and Pu from the waste package (<1%), according to Geochemistry Model Validation
Report: Material Degradation and Release Model (BSC 2006 [DIRS 176911], Section 8.1), for
all cases except the high flux case (1,000 L/yr) for the CSNF and the DOE SNF N-Reactor waste
packages, for which about 3% of U was released. The results for the CSNF high flux case
(CSFlux9) are presented in Table 8-4. The total U and Pu accumulation is due to precipitation
and adsorption on to the crushed tuff of the invert or in the fractures of the host rock. The low
and high values in the table represent the 24% lower accumulation and 13% higher accumulation
as a result of the log K sensitivity results for uranophane, the major uranium mineral forming in
the PHREEQC simulation (Section 6.8.1.2; output DTN: MO0608SPASENSI.002).

Table 8-4. U and Pu Accumulation in CSNF Seismic Case (10,000 years)

Pu Accumulation Total U Accumulation (kg) U-235 Accumulation (kg)
Source Term (kg) Low Medium High Low Medium High
CSFlux9 1.22E-07 1.71E+02 2.24E+02 | 2.54E+02 1.88 2.46 2.79

Source: Output DTN: MOO0609SPAINOUT.002, spreadsheet Dissolved U and Pu acc total with sensitivities.xls.

The accumulation results presented in Table 8-4 give a total amount, but this does not include a
geometry of accumulation within the invert or host rock. The location within the invert where
the accumulation occurs is presented in Table 8-5, based on Section 6.4.7 and developed in
output DTNs: SN0607T0504506.002 and MOO605SPAINVRT.000. The geometry of the
accumulation within the fractures and lithophysae of the host rock should be based on the
properties presented in Section 6.4.8.

Table 8-5. Location of Accumulation Within the Invert for Seismic Case

Accumulation in Poorly Sorted Invert Accumulation in Well-Sorted Invert
Percent
Percent Location along Percent Location | Percent along
within within Bottom of within within Bottom of
Source Term | Case Invert Invert Invert Invert Invert Invert
CSFlux9 2 100% Figure 6-37 0 21.6% Figure 6-40 78.4%

NOTE: Case number corresponds to the cases mentioned in Sections 6.4.6 and 6.4.7.

The masses of corrosion products in the seismic case listed in Table 4-6 were extracted and
tabulated in Table 6-30 and in output DTN: MO0607SPASOLID.001. These values represent
mass of material that could flow out of the waste package as a slurry if the bottom of the waste
package failed.

The masses of minerals that could be entrained out of the waste package as a function of flow
rate is provided in Section 6.6 and in output DTN: MO0607SPASOLID.001. The entrained
losses only apply to a bathtub scenario that has not had a bottom failure.
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8.2 CRITERIA

Section 4.2 lists the acceptance criteria and other requirements for this report. The subsections
that follow indicate how the criteria and requirements were met.

8.2.1 Regulatory Requirements
8.2.1.1 Yucca Mountain Review Plan

The acceptance criteria in Yucca Mountain Review Plan, Final Report (NRC 2003
[DIRS 163274]) are intended for use by the NRC staff when reviewing the License Application
submittal. The following criteria are applicable to the current report and are considered project
requirements.

Section 2.2.1.3.3.3, Quantity and Chemistry of Water Contacting Waste Packages and
Waste Forms

e Acceptance Criterion 1 — System Description and Model Integration Are Adequate

(2) The abstraction of the quantity and chemistry of water contacting waste packages
and waste forms uses assumptions, technical bases, data, and models, that are
appropriate and consistent with other related U.S. Department of Energy
abstractions.

Response: The seepage rate is the same value used by TSPA. The chemistry of basalt
water is the same as the igneous model. The oxygen and carbon dioxide fugacity values
are consistent.

(11) The abstraction of in-package criticality or external-to-package criticality, with in
the emplacement drift, provides an adequate technical basis for screening these
events. If either event is included in the assessment, then the U.S. Department of
Energy uses acceptable technical bases for selecting the design criteria that mitigate
the potential impact of in-package criticality on repository performance; identifies
the features, events, and processes that may increase the reactivity of the system
inside the waste package; identifies the configuration classes and configurations
that have potential for nuclear criticality; and includes changes in thermal
conditions and degradation of engineered barriers in the abstraction of the quantity
and chemistry of water contacting waste packages and waste forms.

Response: The changing chemistry of the water as it flows through the waste package is
considered in Section 6.4.1, in which the source terms are discussed.

e Acceptance Criterion 2 — Data Are Sufficient for Model Justification

(2) Sufficient data were collected on the characteristics of the natural system and
engineered materials to establish initial and boundary conditions for conceptual
models of thermal-hydrologic-mechanical-chemical coupled processes, that affect
seepage and flow and the waste package chemical environment.
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Response: The pore water composition used in the model was measured in one of the
boreholes (Section 4.1.2.2). J-13 well water composition represents groundwater
composition in the vicinity of Yucca Mountain (Section 4.1.2.3).

e Acceptance Criterion 3 — Data Uncertainty Is Characterized and Propagated
Through the Model Abstraction

(1) Models use parameter values, assumed ranges, probability distributions, and
bounding assumptions that are technically defensible, reasonably account for
uncertainties and variabilities, and do not result in an under-representation of the
risk estimate.

Response: The source terms were chosen as the cases with the highest losses from the
waste package. Four fuel types are analyzed. Three mixing waters are used that have
very different characteristics: dilute water (J-13), concentrated water (pore water), and
high pH basalt water. The seepage rates range from the expected (1 L/yr) to 1,000 L/yr
(>95% value).

e Acceptance Criterion 4 — Model Uncertainty Is Characterized and Propagated
Through the Model Abstraction

Response: This criterion does not apply because this report does not develop a model for
the quantity and chemistry of water contacting waste packages and waste forms.

e Acceptance Criterion 5 — Model Abstraction Qutput Is Supported by Objective
Comparisons

Response: This criterion does not apply because this report does not develop a model
abstraction for the quantity and chemistry of water contacting waste packages and
waste forms.

Section 2.2.1.3.4.3, Radionuclide Release Rates and Solubility Limits

e Acceptance Criterion 1 — System Description and Model Integration Are Adequate

(2) The abstraction of the radionuclide release rates and solubility limits uses
assumptions, technical bases, data, and models, that are appropriate and consistent
with other related U.S. Department of Energy abstractions.

Response: The solubility limits are controlled by the thermodynamic database, which is
the same database used in In-Package Chemistry Abstraction (BSC [DIRS 174566]) and
Dissolved Concentration Limits of Radioactive Elements (BSC 2005 [DIRS 174566]),
both of which support TSPA. The choices of solubility controlling phases are consistent
with those reports and Geochemistry Model Validation Report: Material Degradation
and Release Model (BSC 2006 [DIRS 176911]). The lists of suppressed and formed
minerals in Table 6-7 and 6-8 are the same as those in Geochemistry Model Validation
Report: Material Degradation and Release Model (BSC 2006 [DIRS 176911]). The use
of the reduced Eh when considering Pu solubility is consistent with Dissolved
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Concentration Limits of Radioactive Elements (BSC 2005 [DIRS 174566]) and
Geochemistry Model Validation Report: Material Degradation and Release Model
(BSC 2006 [DIRS 176911)).

(7) The abstraction of in-package criticality or external-to-package criticality, within
the emplacement drift, provides an adequate technical basis for screening these
events. If either event is included in the assessment, then the U.S. Department of
Energy uses acceptable technical bases for selecting the design criteria that mitigate
the potential impact of in-package criticality on repository performance; identifies
the features, events, and processes that may increase the reactivity of the system
inside the waste package; identifies the configuration classes and configurations
that have potential for nuclear criticality; and includes changes in thermal
conditions and degradation of engineered barriers in the abstraction of radionuclide
release rates and solubility limits.

Response: The dissolution of the tuff ballast in the invert and the tuff of the host rock
are included since the tuff is a potential source of elements necessary to form some of the
important radionuclide-bearing secondary minerals.

e Acceptance Criterion 2 — Data Are Sufficient for Model Justification

(3) Where the U.S. Department of Energy uses data supplemented by models to support
abstraction of solubility limits, the anticipated range of proportions and
compositions of phases under the various physiochemical conditions expected are
supported by experimental data.

Response: The reduced Eh conditions that control Pu concentrations used in Dissolved
Concentration Limits of Radioactive Elements (BSC 2005 [DIRS 174566]) and in
Geochemistry Model Validation Report: Material Degradation and Release Model
(BSC 2006 [DIRS 176911]) are based on plutonium concentrations observed in
experiments (BSC 2005 [DIRS 174566], Section 6.5.4), as discussed in Section 6.2,
under the heading Fugacity of Carbon Dioxide and Oxygen.

e Acceptance Criterion 3 — Data Uncertainty Is Characterized and Propagated
Through the Model Abstraction

(1) Models use parameter values, assumed ranges, probability distributions, and
bounding assumptions that are technically defensible, reasonably account for
uncertainties and variabilities, and do not result in an under-representation of the
risk estimate.

Response: The uncertainty in the thermodynamic database is assessed by varying the
log K of the main uranium minerals that form by plus and minus one standard deviation,
as documented in Section 6.8.1.2.
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Acceptance Criterion 4 — Model Uncertainty Is Characterized and Propagated
Through the Model Abstraction

Response: This criterion does not apply because this report does not develop a model for
the radionuclide release rates and solubility limits.

Acceptance Criterion 5 — Model Abstraction Output Is Supported by Objective
Comparisons

Response: This criterion does not apply because this report does not develop a model
abstraction for the radionuclide release rates and solubility limits.

Section 2.2.1.3.7.3, Radionuclide Transport in the Unsaturated Zone

Acceptance Criterion 1 - System Description and Model Integration Are Adequate

(3) The abstraction of radionuclide transport in the unsaturated zone uses assumptions,
technical bases, data, and models, that are appropriate and consistent with other
related U.S. Department of Energy abstractions.

Response: The adsorption coefficients for U and Pu are consistent with those used in the
TSPA model (Table 4-17). The invert properties are consistent with project values
(Section 4.1.8). Characteristics of fractures, matrix, and lithophysae are consistent with
the UZ model (Section 4.1.10).

Acceptance Criterion 2 — Data Are Sufficient for Model Justification

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

Response: The justification for the adsorption coefficients is provided in Section 4.1.9.
The description of the adsorption aspect of the model is described in Section 6.4.3. The
justification for the invert properties is provided in Section 4.1.8. The description of flow
modeling is provided in Section 6.4.6.

Acceptance Criterion 3 — Data Uncertainty Is Characterized and Propagated
Through the Model Abstraction

(1) Models use parameter values, assumed ranges, probability distributions, and
bounding assumptions that are technically defensible, reasonably account for
uncertainties and variabilities, and do not result in an under-representation of the
risk estimate.

Response: A range of invert properties is used in Section 4.1.8 (Appendices F and G).
A median Kd is used as discussed in Section 6.4.3. The fracture void available for
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accumulation, based on measured values, is increased to account for higher void observed
in the air permeability test as described in Section 6.4.8.3.

e Acceptance Criterion 4 — Model Uncertainty Is Characterized and Propagated
Through the Model Abstraction

(2) Conceptual model uncertainties are adequately defined and documented, and effects
on conclusions regarding performance are properly assessed.

Response: Accumulation in a reducing zone and accumulation in the saturated zone
were presented as alternative conceptual models in Section 6.7.

e Acceptance Criterion 5 — Model Abstraction Output Is Supported by Objective
Comparisons

(3) Well-documented procedures that have been accepted by the scientific community
to construct and test the mathematical and numerical models are used to simulate
radionuclide transport through the unsaturated zone.

Response: The model was prepared according the procedures listed in Section 4 of the
TWP (BSC 2006 [DIRS 177153]).

Section 2.2.1.3.9.3, Radionuclide Transport in the Saturated Zone
e Acceptance Criterion 1 — System Description and Model Integration Are Adequate

(2) 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.

Response: Accumulation in the saturated zone is not expected to cause a criticality
concern, as discussed in Section 6.7.2, and therefore is not included in the model.

8.2.1.2 Key Technical Issue (KTI) Agreements

The KTI agreements that will be addressed in this report are CLST 5.04, ENFE 5.03, and
RT 4.03 (Reamer and Williams 2000 [DIRS 155464], MOL.20001208.0097, Attachment 1).
Each of these agreements commits the DOE to submitting a validation report for external

criticality. After submittal of the previous version of the report, the NRC submitted a request for
additional information (Schlueter 2002 [DIRS 159865]), as follows:

(1) Provide the complete validation approach for both models, to be consistent with
discussions in both the Topical Report and the DOE RAI Response.

Response: Since submittal of the last version of the report in September 2001, the

Topical Report has been revised and the approach to validation of the external
accumulation report has been updated.
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(2) Provide justification that the exercises in these reports constitute model validation

independent of model development and calibration. If they do not, then provide
model validation results.

Response: Section 7 of this report provides the validation methods that are independent
of model development and calibration.

8.2.1.3

Safety Evaluation Report

The safety evaluation report contains acceptance criteria for how the near-field conditions could
influence the occurrence of criticality and how nuclear criticality outside of the waste package
affects the near-field environment (Reamer 2000 [DIRS 150765], Section 2.3.3). Those
acceptance criteria not covered by the YMRP criteria that are addressed in this report are
as follows:

3.

15.

DOE’s evaluation of coupled THC processes properly considered site characteristics in
establishing initial and boundary conditions for conceptual models and simulations of
coupled processes that may affect nuclear criticality in the near-field environment.

Response: The site characteristics considered in the model are seepage water
compositions (Section 4.1.2), adsorption onto tuff (Section 4.1.9), dissolution of tuff
(Section 4.1.7), fracture properties (Sections 6.4.8), matrix properties (Section 6.4.8.6),
and invert properties (Section 4.1.8).

DOE’s evaluation of coupled THC processes properly considered the uncertainties in
the characteristics of the natural system and engineered materials, such as the type,
quantity, and reactivity of material, in establishing initial and boundary conditions for
conceptual models and simulations of THC coupled processes that affect potential
nuclear criticality.

Response: The uncertainties in the natural system that are considered include the
seepage water composition (Section 6.8.1.1), equilibrium constants of the uranium
minerals (Section 6.8.1.2), fracture porosity (Section 6.4.8.3), fracture aperture
(Section 6.4.8.1), and fracture spacing (Section 6.4.8.2). The uncertainties in the
engineered materials that are considered include the invert properties (Section 6.4.6,
Table 6-17), the changing composition of the source term based on different fuel types
and scenarios (Section 6.4.1). The uncertainties in the quantity of solids that may be
transported into the invert are considered in Sections 6.5 and 6.6. The range of
diffusive releases (50% and 95% percentile releases) is covered in Section 6.3.

Important mass transfer and mass transport processes and mechanisms considered for
formation of both a critical mass and configuration are plausible for the YM near-field
environment.

Response: The model covers dissolved, diffusive, and solid releases (Sections 6.3, 6.4,
6.5, and 6.6). The model considers adsorption, advection, diffusion, and unsaturated
flow characteristics (Section 6.4.3, Section 6.4.6).
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The safety evaluation report open items (Reamer 2000 [DIRS 150765], Section 4) addressed in
this report are as follows:

8.2.2

Open item 3—The DOE needs to provide a modeling approach for igneous-activity-
induced criticality;

Response: The igneous and seismic scenarios are covered throughout this report.

Open item 16—The DOE must present a validation methodology or work scope for
external criticality models.

Response: Validation is covered in Section 7.

Other Requirements—Disposal Criticality Analysis Methodology Topical Report

Disposal Criticality Analysis Methodology Topical Report (YMP 2003 [DIRS 165505]) contains
sections applicable to external criticality.

Section 3.3, External Criticality Master Scenarios and Section 3.3.2, External Scenarios

The external criticality configuration classes are shown in Figure 3.3a and Figure 3.3b of
Disposal Criticality Analysis Methodology Topical Report (YMP 2003 [DIRS 165505]) and are
described as follows:

(1) Accumulation, by chemical reduction, of fissionable material by a mass of organic
material (reducing zone). This covers fissile material that is transported to the
water table. Such a deposit might be located beneath the repository, at a narrowing
of the tuff aquifer, or at the surface outfall of the saturated zone flow (configuration
classes FF-3c, 3d, 3e, respectively).

Response: Chemical reduction is not considered a likely mechanism as described in
Sections 6.7.1 and 6.7.2.

(2) Accumulation, by sorption, onto clay or zeolite (configuration class FF-1b). Such
material may be encountered beneath the repository.

Response: Adsorption onto the tuff of the invert and host rock are included as described
in Section 6.4.3.

(3) Precipitation of fissionable material in fractures and other void spaces of the near
field and the far field. This configuration is obtained from processes such as
adsorption, from a reducing reaction, or from chemistry changes made possible by
carrier plume interaction with surrounding rock and pore waters (configuration
classes NF-1a, 1b, and FF-1a).

Response: Precipitation of minerals is included as described in Sections 6.2 and 6.4.4.
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(4) Accumulation of fissionable material in water that has pooled in the drift. This
configuration class, NF-4a, is reached from scenario E. This scenario involves
waste packages that may not have been directly subjected to dripping water but are
located in a local depression so that water from other dripping sites may collect
around the bottom of the package during periods of high flow. A variant of this
configuration class could have the intact, or nearly intact, waste form in a pool in
the drift (configuration class NF-5a). Such a configuration class would be
evaluated for waste forms that could be demonstrated to be more robust with
respect to aqueous corrosion than their waste package.

Response: This scenario is not addressed by this report, since it does not involve
transport of material away from the waste package.

(5) Accumulation by processes involving the formation, transport, and eventual
breakup (or precipitation) of fissionable material containing colloidal particles. It
has been suggested that the colloid-forming tendency of plutonium will enhance its
transport capability, providing the potential for accumulation at some significant
distance from the waste package. Such transport and accumulation could lead to far
field configuration classes FF-2a, 2b, 2¢, for final accumulation in dead-end
fractures, clay or zeolites, and topographically low regions. It could also lead to the
near field configuration classes NF-3b, 3c, for final accumulation in the invert in
open fractures of solid material or pore space of granular material, respectively.

Response: Pu colloid transport is considered in the nominal scenario.

(6) Accumulation at the low point of the emplacement drift (or any connecting drift),
configuration class NF-1c. The scenario leading to this configuration class must
have a mechanism for sealing the fractures in the drift floor so that the effluent from
individual waste packages can flow to, and accumulate at, a low point in the drift or
repository, possibly in combination with effluent from other waste packages. As
with the discussion of configuration class NF-4a above, such a pool would be
expected to occur only within a short time (weeks or less) following a high
infiltration episode.

Response: This scenario is not specifically addressed in this report, however criticality
analyses can be performed using the accumulation quantities presented in Section 8.1,
and using a geometry of accumulation based on the scenario of accumulation occurring in
a low point of the drift.

(7) Accumulation of fissionable material by precipitation in the saturated zone at the
contact between the waste-package plume and a hypothetical up welling fluid or a
redox front (where the plume meets a different groundwater chemistry so that an
oxidation-reduction reaction can take place), configuration classes FF-3a, 3b,
respectively.

Response: Accumulation in the saturated zone is discussed as an alternative model in
Section 6.7.2.
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(8) Accumulation at the surface of the invert due to filtration by the degradation
products, or remnants, of the waste package and its contents (configuration classes
NF-2a, 3a, for the cases in which the fissionable material may be carried as a slurry
or colloid, respectively).

Response: This is covered by the entrained releases (Section 6.6) and bottom failure
releases (Section 6.5).

(9) Accumulation by precipitation from encountering perched water (groundwater
deposit isolated from the nominal flow and not draining because of impermeable
layer beneath) having significantly different chemistry from the fissionable material
carrier plume (configuration class FF-1c).

Response: The model includes precipitation of fissionable materials caused by mixing of
effluent waters with resident waters of significantly different chemistry. The resident
water compositions include dilute, concentrated, and pH-basalt equilibrated waters as
discussed in Section 4.1.2.

Section 3.3.4, Effect of Volcanic Events
The igneous and seismic scenarios are addressed throughout the report.
Section 3.4.2, Configurations with the Potential for External Criticality

Section 3.4.2 of the topical report (YMP 2003 [DIRS 165505]) provides the external criticality
methodology approach and validation followed in the previous version of the external
accumulation model report. The current version of the external accumulation report includes
accumulation in the invert, in addition to accumulation in the fractures that was covered in the
previous version, and has expanded the validation section to address NRC comments as
mentioned in Section 8.2.1.2.
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9.4 OUTPUT DATA, LISTED BY DATA TRACKING NUMBER

MOO0609SPAINOUT.002. PHREEQC Modeling Inputs and Outputs for
Geochemistry Model Validation Report: External Accumulation Model. Submittal
Date: 09/27/2006.

MO0604SPANOMIN.000. Nominal Case Diffusive Releases. Submittal Date:
04/26/2006.

MOO0609SPASENSI.003. Sensitivity Analyses for PHREEQC Modeling for
Geochemistry Model Validation Report: External Accumulation Model. Submittal
Date: 09/27/2006.

MOO0608SPASOLID.002. Solid Releases for all Scernarios. Submittal Date:
08/14/2006.

MOO605SPAINVRT.000. Accumulation in Invert. Submittal date: 05/02/2006.

SN0607T0504506.002. Modeling of Mixing in the Invert. Submittal date:
08/15/2006.

9.5 OUTPUT DATA FOR MODEL VALIDATION, LISTED BY DATA TRACKING
NUMBER

MOO0608SPACONFI.001. Model Validation — Confidence Building by
Corroboration of PHREEQC and EQ3/6 Model Outputs. Submittal Date: 08/11/2006

MOO0604SPANUMER.000. Model Validation — Validation of a Numerical Model for
Mixing in Invert with an Analytical Model. Submittal Date: 04/25/2006.

MOO0604SPAPREDI.000. Model Validation -PHREEQC Prediction of the
Accumulation of Uranyl Materials and Leachate Compositions Observed in the
Argonne UO2 Drip Test. Submittal Date: 04/25/2006.

MO0607SPADSORP.000. Model Validation- Comparasion of PHREEQC results to
calculations from the competitive adsorption studies. Submittial Date: 07/18/2006
9.6 SOFTWARE CODES
155712 BSC 2001. Software Code: ASPRIN. V1.0. 10487-1.0-00.
157838 BSC 2002. Software Code: Acc_with_decay. V1.2. PC. 10499-1.2-00.

159731 BSC 2002. Software Code: EQ6. 7.2bLV.PC. 10075-7.2bLV-02. Windows NT,
2000.
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173680 BSC 2002.

157840
157841
157837
157839

176889

175698

161256

Software Code

10809-1.0.1-00.

BSC 2002.

BSC 2002.

BSC 2002.

BSC 2002.

BSC 2005.

Software Code
Software Code
Software Code
Software Code

Software Code

95/98/2000/NT 4.0.

BSC 2006.

Software Code

10068-2.11-00.

s GetEQData. V.1.0.1. PC, WINDOWS 2000. STN:

: GetEqPhases. V1.0. PC. 10725-1.0-00.

: MinAcc. V1.00. PC. 10724-1.0-00.

s PHREEQC. V2.3.PC. 10068-2.3-01.

: PHREEQC Post. V1.1. PC. 10723-1.1-00.

s EQ3/6. 8.1.10813-8.1-00. PC w/ Windows

s PHREEQC. V.2.11. PC, WINDOWS 2000. STN:

LBNL (Lawrence Berkeley National Laboratory) 2002.  Software Code:
TOUGHREACT. V3.0. DEC ALPHA/OSF1 V5.1, DEC ALPHA/OSF1 V5.0, Sun
UltraSparc/Sun OS 5.5.1, PC/Linux Redhat 7.2. 10396-3.0-00.
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APPENDIX A

EXAMPLE OF PHREEQC V 2.3 INPUT FILE WITH KEY WORD DESCRIPTIONS
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INTENTIONALLY LEFT BLANK
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The following input file, tmi_10.933Kk.in (from Output DTN: MO0609SPAINOUT.002; folder
TMI_IGI\TMI IG1 phreeqc runs\rlz8) will be used to illustrate a typical PHREEQC input file.
An explanation will precede each of the keyword data blocks as they appear in the input file.

The TITLE data block is used to include comments about the simulation, for informational use
only, PHREEQC does not use information from this block.

Note also, that any preceded by a " # ", is not read by PHREEQC and is for informational
use only.

DATABASE phreeqcDATAO025.dat - THERMODYNAMIC DATABASE USED

TITLE

From tmi -SOURCE TERM

SA=20000 cm2 -SURFACE AREA OF INVERT
Mixing=0.1 -MIXING RATIO

mixing water=basalt -MIXING WATER

timestep=1 years -TIMESTEP

flowrate=1 L/y -FLOWRATE

LogPCO2=-3 -PCO2 VALUE

Fictitious anions are used to in the Kd equation to calculate adsorption. They were needed to
offset activity coefficients in the mass law expressions because Kd values are ratios of
concentrations, not activities. (It should be noted, however, that in the current model the “Kd
equation” is actually a misnomer. In the model, Kd values and sorption capacities are used to
generate Langmuir adsorption equations. These adsorption equations only reduce to Kd
equations when there is a large excess of available adsorption sites at equilibrium.)

SOLUTION_ MASTER SPECIES
Fa Fa-1 0 1 1 # fictitious 1- charge anion used in Kd equation to compensate for act. coeff.
Fb Fb-2 0 1 1 # fictitious 2- charge anion used in Kd equation to compensate for act. coeff.
Fd Fd-4 0 1 1 # fictitious 4- charge anion used in Kd equation to compensate for act. coeff.
Ff Ff-5 0 1 1 # fictitious 5- charge anion used in Kd equation to compensate for act. coeff.
Fo Fo-0 0 1 1 # fictitious neutral ion used in Kd equation to compensate for act. coeff.
Fp Fp+1 0 1 1 # fictitious 1+ chargecation used in Kd equation to compensate for act.
coeff.

This SOLUTION data block begins the first data input set and is used to define the temperature
and chemical composition of the initial solution. In this case, the initial solution, SOLUTION 0,
is the TMI waste package water composition at time 10,933 years. The software APRIN V1.0
output file TMI IG1A.xls in Output DTN: MO0609SPAINOUT.002; folder

TMI _IGI\TMI IG1 asprin is the sourceterm at 10,933 years.

SOLUTION 0 Waste Package Water
pH  8.752204
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#pe pe

temp 25.

-units mol/kgw
#Years 10933.13

#zi zi

#pH 8.752204

#Eh 0.7012877
#02 0.1995262
#lonStr 2.097351

Na 0911515

C 0.468116

B 0.09971127
Cr(3) 3.219781E-14
K 0.09331287

U 0.1486765

S 0.01450154

F 1.060372E-13
Si 0.0001777164
N(5) 0.04651195
Mo 0.1223714

Cl 0.0004905434
Ca 0.00001278942
Mg 0.0001270791
P 0.009207413
Al 0.00000004370317
Ni 0.000000007384461
Ba 0.000000699121
Fe(3) 3.838507E-12
Mn 1.210984E-15
Cu 1.844128E-17
#Gd Gd

Zn 1.844127E-17
#Co Co

#Pu Pu

#Np Np

Fa 1 umol/kgw
Fb 1 umol/kgw
Fd 1 umol/kgw
Ff 1 umol/kgw
Fo 1 umol/kgw
Fp 1 umol/kgw

The SOLUTION_SPECIES data block is used to add element or species data that is not in the
database. It may be used to add an entirely new element or species as well as to change the
parameters for species already in the database such as log k, activity coefficient, and delta h. In
this case, a low log k for the formation of N2(aq) was entered to suppress nitrate reduction.
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Also, a relationship between H20 and e- was defined as suggested in PHREEQC documentation
to help with convergence. In additional SOLUTION_ SPECIES data block, fictitious charged
aqueous species were defined for the adsorption reactions defined in SURFACE SPECIES.

SOLUTION_SPECIES # used to suppress N2(aq)
1.5 02 + 2. NH3 =N2 + 3. H20
log k -500.0
-gamma 0 0
H20 + 0.01e- = H20-0.01 # helps convergence
log k -9.

Data used for the Adsorption calculations.

SOLUTION_ SPECIES
Fa-1 = Fa-1
logk 0
-gamma 4.00 0.0410
Fb-2 = Fb-2
log k 0
-gamma 4.00 0.0410
Fd-4 = Fd-4
logk 0
-gamma 4.00 0.0410
Ff-5 =Ff-5
log k 0
-gamma 4.00 0.0410
Fo-0 =Fo-0
log k 0
-gamma 0 0
Fp+1 =Fp+l
logk 0
-gamma 4.00 0.0410

The following EQUILIBRIUM_PHASES data block is used to fix the partial pressure of gases in
equilibrium with aqueous SOLUTION 0, the waste package water. The purpose of data block in
this case is to fix the CO2(g) and 02(g) fugacities at 10 and 10~ bar respectively. Here, each
gas has a reservoir of 9.9 moles.

EQUILIBRIUM PHASES 0
CO2(g) 399
02(g) 0.7 9.9

The SAVE data block saves the composition of SOLUTION 0 for use in later calculations.
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SAVE SOLUTION 0
END

To ensure that U and Pu adsorption concentrations do not exceed the surface site concentration
of the crushed tuff, the adsorption equations included free adsorption sites as a reactant. Thus,
the site had to be defined in the SURFACE MASTER SPECIES, SURFACE, and
SURFACE_SPECIES blocks. Here, the total concentration of surface sites (0.33 molal) is
defined for each of the 60 cells.

SURFACE _MASTER SPECIES
Sor Sor

Adsorption Section

SURFACE 1-60 Linear sorption

Sor 033 1 0.33
# Value calculated from 9 m2/g; 2.3 sites/nm2; 0.31 porosity; 0.19 water content; 2.55 g/cc tuff
solid density

-no_edl

SURFACE_SPECIES
Sor = Sor
log k0.0

To simulate U and Pu K; adsorption in PHREEQC, specific surface reactions must be defined for
each of the aqueous U and Pu species that comprise approximately one percent or more of the
total U and Pu aqueous concentrations. The comment lines below explain how the log k values
for each reaction were determined. The fictitious species do no more than offset the activity
coefficients of the adsorbates. Note: in the case of the TMI source term there was no Pu in the
waste package water, thus only the reactions for U are considered in this input file. The
contribution of this species to U K, adsorption is represented in PHREEQC by the following
reactions.

# Adsorption reaction: AqComp-1 + Sor Fa-1= SorAqComp-1 + Fa-1

# => k=[(SorAqComp-1)/(AqComp-1)]*(Fa-1)/(Sor)

# => k=[(Kd(mL/g)*(drybulkdens(g/mL)/(water content))]*(Fa-
1)/(specificsurfacearea*sitedens*drybulkdens/(avagadro's number*water content))

# Note that drybulkdensity and water content cancel out, which implies...

# => k=[(Kd(mL/g)]*(Fa-1)/(specificsurfacearea*sitedens/avagadro's number)

# = k=[(Kd(mL/g)]*(le-6 mole/1000 mL) /(9 m2/g * 2.3e+18 sites/m2 / 6.02e+23
sites/mole)

# = log k=Ilog[(Kd(mL/g) + log(1e-6/1000 /(9 * 2.3e+18 / 6.02e+23))

# => log k=Ilog(Kd(mL/g))-4.54 (given above specific surface area and site density)

#UKd=2mL/g
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# => log k=0.301-4.54 =-4.24 (given above specific surface area and site density)

Sor + UO2(CO3)2-2 = SorUO2(CO3)2-2 + Fb-2
log k -4.24
-no_check
-mole balance SorUO2(CO3)2
Sor + UO2(CO3)3-4 = SorUO2(CO3)3-4 + Fd-4
log k -4.24
-no_check
-mole balance SorUO2(CO3)3
Sor + (UO2)2CO3(0OH)3- = Sor(U02)2CO3(OH)3- + Fa-1
log k -4.24
-no_check
-mole balance Sor(UO2)2CO3(0OH)3
Sor + UO3 = SorUO3 + Fo-0
log k -4.24
-no_check
-mole balance SorUO3
Sor + HUO4- = SorHUO4- + Fa-1
log k -4.24
-no_check
-mole balance SorHUO4
Sor + UO2CO3 = SorUO2CO3 + Fo-0
log k -4.24
-no_check
-mole balance SorUO2CO3
Sor + UO2P0O4- = SorUO2P0O4- + Fa-1
log k-4.24
-no_check
-mole_balance SorUO2P0O4
Sor + UO2HPO4 = SorUO2HPO4 + Fo-0
log k-4.24
-no_check
-mole_balance SorUO2HPO4
Sor + UO2F+ = SorUO2F+ + Fp+1
log k-4.24
-no_check
-mole_balance SorUO2F

This SOLUTION data block begins the second data input set and is used to define the
temperature and chemical composition of SOLUTION 1-60, the pore water initially present in
each of cells 1-60 before advection.

SOLUTION 1-60 BASALT WATER

pH 9.02
-units mol/kgw
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Al 6.46e-7

Ca 4.76e-6

Cl 5.6le-4

F 2.96e-13

Fe(3) 1.43e-12

C 2.19e-2

P 9.87¢-3

K 1.24e-9

Mg 4.69e-5

Mn 1.00e-16

N(5) 3.97e-5

Na 4.47e-2

S 3.55e-4

Si 6.74e-5

B le-16

Ba le-16

Br le-16

#Co le-16

Cr le-16

#Gd le-16

Mo le-16

Ni le-16

#Np(5) le-16

#Pu(6) le-16

U le-16
Fa 1 umol/kgw
Fb 1 umol/kgw
Fd 1 umol/kgw
Ff 1 umol/kgw
Fo 1 umol/kgw
Fp 1 umol/kgw

This EQUILIBRIUM PHASES data block is similar to the previous one. SOLUTION 1-60 is
brought to equilibrium with CO2(g), O2(g), diaspore, pyrolusite and geothite before any further
reactions take place.

EQUILIBRIUM_PHASES 1-60

CO2(g) -3 9.9
02(g) -0.7 99
Diaspore 0 10.0
Pyrolusite 0 10.0
Goethite 0 10.0

See above for SAVE and END data block descriptions.
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SAVE SOLUTION 1-60
END

This SOLUTION data block begins the third data input set and is used to define the temperature
and chemical composition of SOLUTION 999, the mixing water, basalt water in this case to be
mixed with the water present in cells 1-60 and advecting downward. This water represents water

that mixes with the source water as it flows downward. It is followed by the

EQUILIBRIUM PHASES, SAVE, and END data blocks as in the previous SOLUTION data

blocks.

SOLUTION 999 BASALT WATER

pH 9.02

-units mol/kgw

Al 6.46e-7

Ca 4.76e-6

Cl 5.6le-4

F 2.96e-13

Fe(3) 1.43e-12

C 2.19e-2

P 9.87¢-3

K 1.24e-9

Mg 4.69e-5

Mn 1.00e-16

N(5) 3.97e-5

Na 4.47e-2

S 3.55¢-4

Si 6.74e-5

B le-16

Ba le-16

Br le-16

#Co le-16

Cr le-16

#Gd le-16

Mo le-16

Ni le-16

#Np(5) le-16

#Pu(6) le-16

U le-16
Fa 1 umol/kgw
Fb 1 umol/kgw
Fd 1 umol/kgw
Ff 1 umol/kgw
Fo 1 umol/kgw
Fp 1 umol/kgw
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This EQUILIBRIUM_PHASES data block is similar to the previous blocks. SOLUTION 999 is
brought to equilibrium with CO2(g), O2(g), diaspore, pyrolusite and geothite before any further
reactions take place.

EQUILIBRIUM_PHASES 999
CO2(g) -3 9.9
02(g) -0.7 99
Diaspore 0 10.0
Pyrolusite 0 10.0
Goethite 0 10.0

See above for SAVE and END data block descriptions.

SAVE SOLUTION 999
END

The USE data blocks specify SOLUTION 0 and SOLUTION 999 to be used in the batch reaction
calculation of the fourth simulation

USE SOLUTION 0
USE SOLUTION 999

In this example, the species that are allowed to precipitate in cells 1-60 (should they become
chemically saturated in the water) are specified here. The values following each phase are the
target saturation indices and the initial quantity present, respectively.

EQUILIBRIUM PHASES 1-60
(UO2)3(P0O4)2:4H20 0 0
Amesite-14A 0 0

Barite 0
Boltwoodite-Na
Celadonite 0
Chabazite
Chalcedony
Chrysotile
Dawsonite
Erionite
Eskolaite
Fluorapatite
Gibbsite
Goethite
Hydroxylapatit
Kaolinite
Laumontite
Magnesite
Mesolite

S OO OO OO OO

(@)
[eNeleololoNeololoReolo e lo oo Ro o Ne]

(el el e )
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Montmorillonite-Na
Ni3(PO4)2 0
Nontronite-Ca 0
Nontronite-K 0
Nontronite-Mg
Nontronite-Na 0
Phillipsite
Powellite
Pyrolusite
Saponite-Na
Sepiolite
Stellerite
Trevorite 0 0
Uranophane(alpha) 0 0
CO2(g) -3 9.9
02(g) -0.7 99

SO OO OO

The RATES data block is used to define general rate expressions for the kinetic reactions. The
specific parameters used in the equations are defined later in the KINETCS data block. The rate
laws are used to characterize the slow dissolution of the tuff minerals making up the invert. A
Basic interpreter is embedded in PHREEQC, thus the Basic identifiers and numbered statement

lines.

RATES

Cristobalite(alpha)

-start

300 SR_crst = SR("Cristobalite(alpha)")

310 ko=PARM(1)*ACT("H+")"PARM(2)+ PARM(3)*ACT("H+")"PARM(4)
320 moles = ko * PARM(5)*PARM(6)*(1 - SR _crst)* TIME

330 IF (moles<0) THEN moles=0

370 SAVE moles

-end

Annite

-start

300 SR _ant = SR("Annite")

310 ko=PARM(1)*ACT("H+")"PARM(2)+ PARM(3)*ACT("H+")"PARM(4)
320 moles = ko * PARM(5)*PARM(6)*(1 - SR_ant)* TIME

330 IF (moles<0) THEN moles=0

370 SAVE moles

-end

Phlogopite

-start
300 SR _phl = SR("Phlogopite")
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310 ko=PARM(1)*ACT("H+")"PARM(2)+ PARM(3)*ACT("H+")"PARM(4)
320 moles = ko * PARM(5)*PARM(6)*(1 - SR_phl)* TIME

330 IF (moles<0) THEN moles=0

370 SAVE moles

-end

Maximum_Microcline

-start

200 SR _mxm = SR("Maximum_Microcline")

210 ko=PARM(1)*ACT("H+")*PARM(2)+ PARM(3)*ACT("H+")"PARM(4)
220 moles = ko * PARM(5)*PARM(6)*(1 - SR_mxm)* TIME

230 IF (moles<0) THEN moles=0

270 SAVE moles

-end

Albite low

-start

200 SR alb = SR("Albite low")

210 ko=PARM(1)*ACT("H+")"PARM(2)+ PARM(3)*ACT("H+")"PARM(4)
220 moles = ko * PARM(5)*PARM(6)*(1 - SR _alb)* TIME

230 IF (moles<0) THEN moles=0

370 SAVE moles

-end

Anorthite

-start

200 SR _anh = SR("Anorthite")

210 ko=PARM(1)*ACT("H+")"PARM(2)+ PARM(3)*ACT("H+")*"PARM(4)
220 moles =ko * PARM(5)*PARM(6)*(1 - SR_anh)* TIME

230 IF (moles<0) THEN moles=0

370 SAVE moles

-end

The KINETICS data block uses lines 1, 2, and 3 (below the comment lines), respectively, to
specify the name of the rate expression, the current moles of reactant and the list of reaction
parameters used in the RATES data block.

KINETICS 1-60
# second to last parameter is % volume of the mineral in tuff
# last parameter is scaled surface area

Cristobalite(alpha)

-m 100.0

-parms 3.94e-16 0.0594 6.93e-19 -0.318 0.371 20000
Annite

-m 100.0

ANL-EBS-GS-000002 REV 01 A-10 September 2006



Geochemistry Model Validation Report: External Accumulation Model

-parms 2.37e-15  0.426 7.34e-19 -0.231 0.0140 20000
Phlogopite

-m 100.0

-parms 2.37e-15  0.426 7.34e-19 -0.231 0.00459 20000
Maximum_Microcline

-m 100.0

-parms 5.50E-15 0.443 2.62E-17 -0.0214 0.281 20000
Albite low

-m 100.0

-parms 7.94e-15 0.330 5.01e-19 -0.32 0.304 20000
Anorthite

-m 100.0

-parms 1.58e-11 0.91 2.00e-18 -0.30 0.0254 20000

-steps 1
-step_divide 1
-runge kutta 3
#-cvode true

The ADVECTION data block specifies the number of cells, the number of shifts (time steps) for
the simulation, the time step size, and the shifts for which results will be written to the selected
output file, TMI 10.933k.xls

ADVECTION
-cells 60
-shifts 60

-time_step 31557600 #1 years
-punch_frequency 10
-print_cells 1-60

-print_frequency 60

The SELECTED_OUTPUT data block is used to create a file from the data produced after each
calculation. The file will later processed with spreadsheet software programs (PHREEQC Post
V1.1, Acc_with decay V1.2, and MinAcc V1.0) . The first line (-file) designates the file name
that the data will be written to. The subsequent lines are user specified selections of the data to
be written to the file and perform the following functions: line (totals) defines the list of total
concentrations of elements contained in the phases of interest; line 3 (equilibrium_phases )
defines the list of mineral phases for which total amounts in moles transferred will be written to
the file; line 4 (kinetic reactants) defines the list of tuff minerals and the saturation indices of
phases of interest; lines 5 and 6 (-time and -step) provide information regarding cumulative time
since the beginning of the simulation, advection shift numbers, and reaction steps; line 7
(-ionic_strength ) prints ionic strength to the file.

SELECTED OUTPUT

-file  tmi 10.933k.xls
-totals Al BBa Ca ClI Cr CuF Fe Gd CP K Mg Mn Mo N NaNi S SiU Zn
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-equilibrium_phases (UO2)3(P0O4)2:4H20 Amesite-14A Barite Boltwoodite-Na

Celadonite Chabazite Chalcedony Chrysotile Dawsonite  Erionite

Eskolaite Fluorapatite ~ Gibbsite Goethite Hydroxylapatite
Kaolinite Laumontite = Magnesite Mesolite Montmorillonite-Na Ni3(PO4)2

Nontronite-Ca Nontronite-K Nontronite-Mg Nontronite-Na Phillipsite

Powellite Pyrolusite Saponite-Na Sepiolite Stellerite Trevorite

Uranophane(alpha)

-kinetic_reactants Cristobalite(alpha) Annite Phlogopite Maximum_Microcline
Albite low

Anorthite

-time  true

-step  true

-ionic_strength true

The PRINT data block is used to select results to be written to the output file for the first
simulation. For this example the output file is tmi_10.933k.out. The default switch is true for
the print function. The saturation indices for each phase for which a saturation index is
calculated as well as the distribution of aqueous species and will be printed to the output file.
Any other print options that are set to true by default will be printed if chosen.

PRINT
-saturation_indices  true
-species true

The USER PUNCH data block is additional data to be printed to the output file
tmi_10.933k.out, due to the addition of the adsorption function. SorU(m) is the total adsorbed
concentration of U. UKd(mL/g) is a check on the partitioning of U between adsorbed and
aqueous phases. This calculation is really only a Kd when aqueous U concentrations are very
low compared to free sorption site concentrations (Sor). When free sorption site concentrations
are considerably lower than total sorption site concentrations, the “UKd(mL/g)” calculation falls
below the U Kd as dictated by the Langmuir adsorption equation used in this analysis.

USER PUNCH
-headings SorU(m) UKd(mL/g) #SI>0.01 - - - - '-0.01<SI<0.01
-start

Adsorption calculations, see Section 6.2.5 for further explanation.

#i###t Check Adsorption ###

10 Uaq = TOT("U")

# add all Sorbed species:

20 SorU = mol("SorUO2(C0O3)2-2") + mol("SorU02(CO3)3-4")+ mol("Sor(UO2)2CO3(OH)3-
")+ mol("SorUO03")+ mol("SorHUO4-")+ mol("SorUO2CO3")+ mol("SorUO2P0O4-") +
mol("SorUO2HPO4") + mol("SorUO2F+")
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# update water content and drybulkdens as needed in following lines:
30 watercontent = 0.19 #=0.31*0.6
35 dbdens = 1.8 # g/mL
# check overall elemental Kd values
40 KdChk U = SorU/Uaqg*watercontent/dbdens
60 PUNCH SorU, KdChk U
#i#H# 1dentify Saturated and Supersaturated Minerals ###
#100 max_si = SYS("phases", n, name$, type$, value)
#200 if (max_si < -0.01) then gosub 1000
#300 if (max_si >=-0.01) then gosub 2000
#400 end
#1000 REM no saturated or supersaturated minerals
#1010 PUNCH "No phases are saturated or supersaturated"
#1020 return
#2000 REM saturated or supersaturated minerals
#2010 ssat=0
#2020 FORi=1ton
#2030 if (value(i) > 0.01) then PUNCH name$(i)
#2035 if (value(i) > 0.01) then ssat = ssat + 1
#2040 next 1
#2050 spaces = 5 - ssat
#2055 FOR 1= 1 to spaces
#2060 PUNCH " "
#2065 next 1
#2070 PUNCH "SATD->"
#2075 FORi=1ton
#2080 if (value(i) < -0.01) then return
#2085 if (value(i) < 0.01) then PUNCH name$(i)
#2090 next 1
#2095 return
-end

The KNOBS data block is used to redefine parameters that affect convergence for the numerical
method during speciation, batch reaction, and transport calculations. In this example, the default
for line 1 was used to aid convergence . The false option was chosen for line 2 so that
information about each of the calculations would not be written to a separate log file. Log files
contain information regarding the number of iterations and can be quite large. In this case, they
are not needed. If the calculations do not converge with the default and user specified
convergence parameters, PHREEQC attempts several combinations of the KNOBS data block
features automatically before it will terminate the calculations due to nonconvergence. Warning
messages appear by default in the output file, in this case it would appear in TMI 10.933k.out, as
each attempt at convergence is made. If the numerical method will not converge, a statement
appears at the end of the output file indicating the termination of the calculation.

KNOBS
-logfile false
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-diagonal scale true

The parameters in lines 1 and 2 of the MIX data blocks are the respective solution numbers and
their mixing fractions. Previously, in the USE data block, SOLUTION 0 (waste package water),
and SOLUTION 999 (basalt water), were specified to be used in this simulation. SOLUTION 0
enters cell one (the MIX 1 data block) and mixes with a fraction of SOLUTION 1 and
SOLUTION 999 to form SOLUTION 2. SOLUTION 2 then advects to the second cell (MIX 2
data block) and so forth through the remaining cells (60 cells in total).

MIX 1
109
999 0.1
MIX 2
209
999 0.1
MIX 3
309
999 0.1
MIX 4
4 0.9
999 0.1
MIX 5
509
999 0.1
MIX 6
6 0.9
999 0.1
MIX 7
709
999 0.1
MIX 8
8 0.9
999 0.1
MIX 9
909
999 0.1
MIX 10
10 0.9
999 0.1
MIX 11
11 0.9
999 0.1
MIX 12
12 0.9
999 0.1
MIX 13
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13 0.9
999 0.1
MIX 14
14 0.9
999 0.1
MIX 15
15 0.9
999 0.1
MIX 16
16 0.9
999 0.1
MIX 17
17 0.9
999 0.1
MIX 18
18 0.9
999 0.1
MIX 19
19 0.9
999 0.1
MIX 20
20 0.9
999 0.1
MIX 21
21 0.9
999 0.1
MIX 22
22 0.9
999 0.1
MIX 23
23 0.9
999 0.1
MIX 24
24 0.9
999 0.1
MIX 25
25 0.9
999 0.1
MIX 26
26 0.9
999 0.1
MIX 27
27 0.9
999 0.1
MIX 28
28 0.9
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999 0.1
MIX 29
29 0.9
999 0.1
MIX 30
30 0.9
999 0.1
MIX 31
31 0.9
999 0.1
MIX 32
32 0.9
999 0.1
MIX 33
33 0.9
999 0.1
MIX 34
34 0.9
999 0.1
MIX 35
35 0.9
999 0.1
MIX 36
36 0.9
999 0.1
MIX 37
37 0.9
999 0.1
MIX 38
38 0.9
999 0.1
MIX 39
39 0.9
999 0.1
MIX 40
40 0.9
999 0.1
MIX 41
41 0.9
999 0.1
MIX 42
42 0.9
999 0.1
MIX 43
43 0.9
999 0.1
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MIX 44
44 0.9
999 0.1
MIX 45
45 0.9
999 0.1
MIX 46
46 0.9
999 0.1
MIX 47
47 0.9
999 0.1
MIX 48
48 0.9
999 0.1
MIX 49
49 0.9
999 0.1
MIX 50
50 0.9
999 0.1
MIX 51
51 0.9
999 0.1
MIX 52
52 09
999 0.1
MIX 53
53 09
999 0.1
MIX 54
54 0.9
999 0.1
MIX 55
55 09
999 0.1
MIX 56
56 0.9
999 0.1
MIX 57
57 0.9
999 0.1
MIX 58
58 0.9
999 0.1
MIX 59
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59 0.9
999 0.1
MIX 60
60 0.9
999 0.1

The INCREMENTAL REACTIONS data block is used in this example to implement the same
mixing ratios for each batch reaction step defined in the KINETICS data block.

INCREMENTAL REACTIONS false
END
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APPENDIX B

DESCRIPTIONS OF NATURAL ANALOGUE SITES AND EXPERIMENTAL DATA
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B.1 NATURAL REACTOR - DISCUSSION ON OKLO, GABON

General Geologic Setting

A natural fission reactor has been recognized in the Franceville basin in SE Gabon, Africa at the
uranium deposits of Oklo. The sustained fission chain reaction occurred approximately 2 billion
years ago. The rock types of the Francevillian Series consist of an Archean basement (granites,
gneisses), sandstones, conglomerates, manganese-rich rocks, dolerites, and bitumen-rich black
shale (Gauthier-Lafaye 1996 [DIRS 157542]). Despite an old age, the Francevillian Formation of
the Franceville basin is practically unmetamorphosed and undeformed except for zones of early
fracturing where uranium is concentrated Bonhomme, et.al., (1982 [DIRS 175262]). The
uranium ore lenses lie interspaced between the sandstones and black shales of the formation. In
total, there are 16 natural reactors at Oklo and a spatially close but distinct reactor at Okelobondo
(Jensen and Ewing 2001 [DIRS 157500]). This uranium deposit is extraordinary in that it is the
only location on earth where a criticality event has occurred in nature.

The natural fission reactors at Oklo are zoned bodies of high grade U-ore (the reactor core)
enclosed by a mantle of clay minerals (clays of the reactor) composed mainly of chlorite or illite
(Janeczek 1999 [DIRS 156284]). Uranium concentrations in the reactor core zones range from
20 to 87 wt. %. In the clays of the reactor, uranium concentrations vary from the ppm level to 3
wt % (Gauthier-Lafaye, et.al. 1996 [DIRS 157542]). The reactor core and the reactor clay
mantle together form the reactor zone. The boundary between the reactor zone and the
underlying sandstone is rather sharp and is marked by a thin layer of hematite and sometimes by
the concentration of uraniferous organic matter and uraninite. Quartz in the sandstone adjacent to
the reactor zone is quite corroded (Janeczek 1999 [DIRS 156284)).

The accepted model for the origin of the uranium deposits in the Franceville basin was described
by (Gauthier-Lafaye 1996 [DIRS 157542]). The primary source of uranium was detrital
uraniferous thorite deposited on fluvial conglomerates, now at the bottom of the FA formation
(lower conglomerate grading upward to sandstone). The thorite was presumably derived from
nearby Archean granites and gneisses. Uranium concentrations in the U-bearing thorite of the
red conglomerates ranges from 0.3 to 5.9 wt. %. Apparently, uranium was preferentially
removed from thorite by oxidizing fluids. The origin of the fluids is uncertain, however they may
have been related to water trapped in closed porosity during deposition of the conglomerates, or
they may be meteoric waters that descended along fractures and faults during uplift of the
Franceville basin. These waters percolated through the U- and Th-bearing conglomerates and FA
sandstones, dissolving sulfate and carbonates cements. Consequently, the oxidized and highly
saline U(VI)-bearing fluids migrated upwards due to the convective circulation in the basin. The
conglomerates were subsequently covered by thick deltaic and marine deposits, which now form
the upper sandstones of the FA formation and the shales of the FB formation. The FB shales are
organic rich and reached P,T conditions during burial of the Franceville series (up to 4 km depth)
to produce petroleum. That petroleum migrated into the FA sandstones and accumulated in
numerous traps. Uranium mineralization occurred at 2000+/- 50 Ma, when oxidized U (VI)-
bearing fluids encountered the reduced hydrocarbon-bearing fluids. Uranium precipitated as
uraninite in pores, as well as in hydraulically induced fractures that form an extensive network in
the sandstones (Gauthier-Lafaye 1996 [DIRS 157542]). Soon after deposition of the uraninite,
neutron induced chain fission reactions began in the richest uranium ore, resulting in the
formation of the nuclear reactor zones.
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Oklo Reactor Zone Specifics

Not all reactors in the Franceville basin are identical. They differ significantly in size geometry,
U concentration, mineral composition, amount of organic material, and degree of depletion of
23U, (Janeczek 1999 [DIRS 156284], Table 1). Although some of the differences were original,
others were caused by processes related to the nuclear reactions and post-criticality geological
events. The primary indicator of neutron induced fission reactions at Oklo is the depletion in
fissile 2°U. The concentration of ***U in uranium minerals not only varies amoung reactors, but
also varies within a single reactor zone. Usually the central portions of the reactor cores are more
deficient in *°U than the outer parts of the reactor. Depleted uranium outside reactor cores
provides strong evidence for migration of actinides out of reactor zones (Janeczek, 1999 [DIRS
156284]). Another aspect of the reactors that varies widely is the clay mantle zone around the
reactors. At certain reactors (RZ-2, RZ -10, and Okelobondo) the clay mantle is a prominent
feature, but the clay mantle is virtually non existent at RZ-13. The origin of the clay mantle is
related to the desilicification of sandstone and its replacement by clay minerals. The
desilicification of the sandstone was caused by hydrothermal fluids generated by heat released
during the fission chain reactions Gauthier-Lafaye et. al., (1989 [DIRS 124997]). Silica released
from the dissolved sandstone in the reactor zones migrated and may have precipitated in reactor
cores again upon their cooling.

The ability for a uranium deposit to go critical and sustain a naturally occurring fission reactor is
based on many parameters. From analogy to man made reactors, the minimum *>U/**U ratio
required for operation of a natural reactor is approximately 1% Janeczek, (1999 [DIRS
156284]). Uranium 235 decays faster than ***U because its half life is shorter by an order of
magnitude (t;, = 7.1X10* a vs. t,,=4.5X10°, respectively). Therefore the 2*°U/**U ratio was
higher in the geologic past than today. Two billion years ago, the *°U/**U ratio was 3.5%,
which is in the range of **U/**U ratios in fuels artificially enriched in **°U for man-made
reactors using light water as a moderator.

Apart from the high *°U concentration, the following conditions were necessary for self

sustaining chain fission reactions to occur at the uranium deposits at Oklo, (Naudet 1991
[DIRS 100471]):

Total U concentration of at least 10% in a 2 meter thick layer.

Uranium ore seams at least 0.5 m thick (ideally > 63 cm).

A water moderator to uranium ratio of about 6%.

The presence of neutron reflectors (quartz in sandstone).

Low concentrations of neutron absorbers (i.e. elements with high neutron capture cross
sections, such as B, Li, Mn, HREE and V)

SNk W=

Some of these constraints are not absolutely required, since the overall conditions at Oklo were
especially favorable. Some of these include: First, an original porosity in the sediments 2 billion
years ago of 40%, with the effect that the reactors may have even been overmoderated. Second,
most ore lens were less than 0.5 m thick, but the presence of very effective neutron reflectors in
the form of quartz-rich sandstones allowed criticality to occur. Third, the virtual absence of
neutron poisons at Oklo allowed for sustained fission reactions.
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The major minerals of the reactor zones at Oklo are uraninite, illite, chlorite, coffinite, and
galena. There are two types of uraninite occurrences in the reactor cores: 1) massive uraninite
and 2) euhedral, angular or rounded grains dispersed in clay matrix or solid bitumen (Janeczek
and Ewing 1996 [DIRS 175266]). The uraninite crystals at Oklo commonly have trace amounts
of Ti, Si, and Fe, which are incompatible with the uraninite structure. During the long duration of
the fission reactions, the primary uraninite has altered and annealed allowing these otherwise
incompatible elements to be incorporated (or intergrown) at the microscopic or even sub-
microscopic level. Compatible elements found in trace levels in the uraninite structure are Ca,
Th, and REE. Lead in uraninite can reach high levels (10-20 wt %) and is radiogenic in nature.

Coffinite (USiOy4) is the second most abundant uraniferous mineral encountered in and around
the reactors at Oklo. Grain textures (overgrowths on uraninite cores) indicate that coffinite
replaced primary uraninite at Gabon. The abundance of Si in the host rock allowed this uranium
silicate to form readily.

Illite and chlorite are the major clay minerals of the reactor zones. High temperature 2M illite is
related to heat generated by the criticality reaction. Otherwise, the remainder of the illite is the
low temperature (< 200°C) 1M polytype. Two main types of chlorite exist at Oklo; a Fe-rich
chlorite in the sandstone matrix and an Mg-, Al-rich chlorite associated with the reactor cores
(Janeczek 1999 [DIRS 156284]). Kaolinite occurs due to weathering of the reactors zones and
are major constituents of the weathered FB shales.

Galena occurs ubiquitously in all the reactor cores. Its formation in close association with
uraninite indicates that it was derived from radiogenic lead. Galena formed along grain
boundaries, subgrain boundaries and in fractures, indicating that the sulfide probably derived
from exsolution processes within the uraninite crystals.

Uranyl minerals in the reactor zones of Oklo are rare and their occurrences are limited to
weathered zones and fractures accessible to oxidizing groundwaters. Uranyl minerals are
abundant on exposed walls of the open pit mine and in tunnels and shafts (Janeczek 1999 [DIRS
156284]). Uranyl minerals identified in and around the natural reactors at Oklo include: alpha-
uranotile, torbernite, fourmarierite, rutherfordine, and wolsendorfite (IAEA 1975 [DIRS
125207]) Francevillite was identified in the weathered zone at Oklo (Bourrel and Pfiffelman1972
[DIRS 175263]). Uranyl minerals recently described (Janeczek and Ewing 1996 [DIRS 175266])
from the sandstone beneath the Bangombe reactor include: francoisite -(Nd), zippeite, schoepite,
and unnamed uranyl phosphates, and uranyl sulfates. Uranyl phosphates and sulfates are the
most abundant uranyl minerals in and around the natural reactors. Their formation is apparently a
product of water rock interactions. Deitrital monazite, florencite and apatite, all of which occur
in the sandstone matrix, may have been the source of phosphorous for uranyl phosphate
formation. The abundance of uranyl sulfates formed under ambient conditions suggests that the
oxidation of pyrite is a significant source of oxidized sulfur.

Native lead and copper have been observed sparingly at Oklo, as have been Ru-, Rh- and Pd-
bearing minerals. The latter phases occur as arsenides, sulf-arsenides, and as metals. Although
extremely rare, these mimic Ru, Rh, Pd, Tc and Mo alloys found in spent nuclear fuel (Curtis, et.
al. 1989 [DIRS 100438])
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Pyrite has been commonly observed in the host rock sandstones at Oklo. In a few instances
pyrite has also been identified in the reactor core zones. Hematite, Ti-oxides, and goethite are
among the accessory oxides and oxyhydroxides identified in the reactor zones (Janeczek 1999
[DIRS 156284]). Anatase (Ti0O,) is abundant in the reactor clay mantle of the Bangombe reactor.
Goethite is found in reactors that have been affected by weathering processes. Colliform goethite
occurs in fractures below the Bangombe reactor. Fibrous calcite occurs in veins at RZ10. The
texture of the calcite indicates that it crystallized during dilation of veins. Apatite is a common
accessory mineral in RZ-10 and RZ-16, as well as a detrital phase in the surrounding sandstones.
Rare Crandallite group minerals have been identified at the RZ-10 and Bangombe reactors and in
the Bangombe FA sandstone unit (Janeczek and Ewing 1996 [DIRS 175266]). The Crandallite
group end member minerals are crandallite [CaAl3;(PO4)2(OH)s(H,O)], goyazite
[SrAl3(PO4)2(OH)s (H,0) and florencite [(REE)Al;(PO4)(OH)s].

B.2 DISCUSSION - NOPAL I, PENA BLANCA, CHIHUAHUA, MEXICO
B.2.1 Background

In the 1970s, the Pefia Blanca region, approximately 50 km north of Chihuahua City, Mexico,
was a major target of uranium exploration and mining by the Mexican government because the
region contains numerous uranium deposits. Since that time, the Nopal I uranium deposit has
been studied extensively because it is a good analogue for evaluating the fate of spent fuel,
associated actinides, and fission products at a geologic repository in fractured, unsaturated
volcanic tuff. Previous studies associated with Pefia Blanca as well as a geologic description of
the site were reviewed in the scientific analysis report Natural Analogs for the Unsaturated Zone
(CRWMS M&O 2000 [DIRS 141407]). Briefly, the Nopal I uranium deposit at Pefia Blanca
represents an environment that closely approximates that of the Yucca Mountain high-level
radioactive waste repository in the following ways:

e Climatologically: both are located in semi-arid to arid regions.

e Structurally: both are parts of a basin-and-range horst structure composed of Tertiary
rhyolitic tuffs overlying carbonate rocks.

e Hydrologically: both are located in a chemically oxidizing environment within an
unsaturated zone (UZ), 200 m or more above the water table (DOE 1998 [DIRS 100548],
Section 2.2.4 and this study), and have broadly similar water chemistries.

e Chemically: the alteration of primary uraninite (Pearcy et al. 1994 [DIRS 100486], p.
714) to secondary uranium minerals at Nopal I may be similar to the eventual fate of
uranium fuel rods in a potential geologic repository such as Yucca Mountain according to
results of spent-fuel alteration experiments (Wronkiewicz et al. 1996 [DIRS 102047],
Figure 7).

B.2.2  Previous Radionuclide Transport Studies at Pefia Blanca

Previous uranium-series thermal ionization mass spectrometry (TIMS) work at Nopal I
(CRWMS M&O 2000 [DIRS 1414071, pp. 89-90) found closed-system behavior for many of the
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long-lived uranium-series members in fracture-filling materials. Briefly, the TIMS results
indicated that primary transport of uranium to fractures occurred more than 300 ka, see the
Natural Analogue Synthesis Report, TDR-NBS-GS-000027 (BSC 2004 [DIRS 169218] Figure
10.4-1). Since that time there has been no significant *°U or ***U redistribution along the
fractures.

B.2.3 Fieldwork

Recent fieldwork at Pefia Blanca involved the drilling of three boreholes (BSC 2004 [DIRS
169218] Figures 10.4-4 and 10.4-9). A borehole with continuous core was drilled near the Nopal
I deposit (PB-1) and two additional boreholes were drilled ~50 m uphill (PB-2) and downbhill
(PB-3) from PB-1. These boreholes were drilled out and completed to depths of approximately
20 m below the observed water table (total well depths of ~243-255 m). These wells were drilled
to facilitate direct sampling of the ground water, to determine water chemistry, including the
concentration of radionuclides possibly leached from the Nopal I uranium deposit.

B.2.4 Location of Peiia Blanca Wells

The locations of the three drilled wells (PB-1, PB-2, and PB-3) and one reconditioned well (PB-
4) were obtained using a hand-held Garmin GPS unit. In addition, the locations of two other
wells and one spring, which were used in the geochemical characterization of regional waters,
were also obtained. These locations are reported and shown in (BSC 2004 [DIRS 169218], Table
10.4-3 and Figure 10.4-4).Note that while the accuracy of these measurements when using the
Wide Area Augmentation System correction feature is reported by Garmin to be about 3 m, the
range of values for repeated measurements of the elevations of these features is up to 13 m.

B.2.5 Stratigraphy and Petrography of Pefia Blanca Boreholes

The three new boreholes at Pefia Blanca, PB-1, PB-2, and PB-3, are located within 100 m of
each other and were drilled to similar depths and, thus, have very similar stratigraphic sections.
Using the stratigraphic framework of Reyes-Cortes (2002 [DIRS 168028]), four distinct geologic
units were intersected in the Pefia Blanca wells. These are: (1) the Nopal Formation, (2)
Coloradas Formation, (3) Pozos Formation, and (4) undifferentiated Cretaceous limestone. A
description of the PB-1 core is provided in DTN: LB0402PBCORELG.001 [DIRS 168014].
Petrographic descriptions of thin sections prepared using core samples from PB-1 and cuttings
samples from PB-2 and PB-3 are provided in DTN: LB0402PBMNRLGY.001 [DIRS 168018].
A description of each of these units, based primarily on the observations associated with the PB-
1 core samples, is presented below. The stratigraphic sequences for these boreholes are
summarized in BSC 2004 [DIRS 169218], Figures I-1, I-4, and I-5.

Nopal Formation. The Nopal Formation consists of a sequence of rhyolitic ash-flow tuffs
Reyes-Cortes (2002 [DIRS 168028], p. 324). Within the PB-1 core, this unit is highly altered,
with devitrification of the glassy matrix and kaolinite commonly replacing both feldspars and
groundmass (BSC 2004 [DIRS 169218] Figure 10.4-10). Relict flattened pumice fragments and
volcanic lithic fragments were also observed. Zeolite minerals have been observed locally in the
Nopal Formation (Reyes-Cortes 2002 [DIRS 168208], p. 324) but were not identified in thin
sections of core or cuttings taken from the PB-wells. The portion of the PB-1 core containing the
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Nopal tuff contains zones of brecciation with fracture fillings of hematite, limonite and goethite.
Other alteration minerals encountered in the Nopal tuff core samples include quartz, chlorite, and
montmorillonite. A zone of intense clay alteration encountered at a depth of 17.45-19.15 m was
interpreted to represent part of the highly altered vitrophyre that forms the base of this unit, and,
thus, the contact with the underlying Coloradas Formation is thought to be located at or just
below this interval. The precise location of the contact between the Nopal Formation and
Coloradas Formation was not identified during the initial evaluation of the PB-1 core.

Coloradas Formation. The Coloradas Formation consists of a sequence of poorly to
moderately welded lithic ash-flow tuffs (Reyes-Cortes 2002 [DIRS 168028], pp. 323-324). The
unit contains ~10- 20% volcanic lithic fragments with some more pumice-rich intervals (up to
30%). The flattened pumice often exhibits good flow foliation (BSC 2004 [DIRS 169218] Figure
10.4-11). Like the Nopal tuff, the PB-1 core samples of this unit are also quite altered with much
of the tuff exhibiting devitrification, oxidation (hematite, limonite, goethite) and clay alteration
(kaolinite and montmorillonite), with quartz being another important secondary mineral. Many
of these secondary minerals replace primary minerals and the devitrified matrix, and fill voids
and fractures within the altered tuff. As indicated by the core photographs and televiewer logs
through this sequence, there are numerous zones of fracturing and brecciation within the
Coloradas tuff (BSC 2004 [DIRS 169218] Figure 1-3). There is a sharp contact between the
Coloradas tuff and the underlying Pozos conglomerate in the PB-1 core at a depth of 136.38 m,
thus resulting in an approximate measured unit thickness for the Coloradas tuff of around 115 m.

Pozos Formation. The Pozos Formation consists mainly of interbedded, poorly sorted
sandstones and conglomerates (Reyes-Cortes 2002 [DIRS 168028], p. 323). The conglomeratic
clasts consist of subangular to subrounded fragments of volcanic rocks, limestone, and chert,
with clasts ranging in size from a mm to over 10 cm in diameter (BSC 2004 [DIRS 169218]
Figure 10.4-12). Thin (2-6 m) intervals of intercalated pumiceous tuffs were observed within this
unit in the PB-1 core. Bleached and oxidized zones were observed within the sedimentary unit,
and these have been interpreted to represent changes in oxidation state. Within the cored interval
of this formation, there are a number of fractured and brecciated zones that are associated with
secondary mineralization, most often limonite, hematite, silica, calcite, kaolinite, and clays. The
contact between the Pozos conglomerate and the underlying Cretaceous limestone was observed
in the PB-1 core at a depth of 244.4 m, thus resulting in a total measured unit thickness of 108 m.

Cretaceous Limestone. A fine-grained massive limestone was encountered at the base of PB-1;
this unit is considered to be Cretaceous in age (Reyes-Cortes 2002 [DIRS 168028], pp. 321,
323). This limestone contains microfossils (foraminifera, ostrocodes, bryozoans, and gastropods)
set in a fine-grained, micritic matrix (BSC 2004 [DIRS 169218] Figure 10.4-13). Minor thin
veins of calcite cut the limestone, especially in zones with brecciation.

B.2.6  Secondary Phases of Uranium Found at Nopal I, Pefia Blanca

At Nopal I, uraninite occurs in rhyolite tuff in a semi-arid environment, where it has been
exposed to oxidizing groundwater conditions with nearly neutral pH. Uranium was initially
deposited as uraninite at Nopal I approximately 8 Ma (Pearcy et al 1994 [DIRS 100486], p. 729).
Geologic, petrographic, and geochemical analyses indicate that primary uraninite at Nopal I has
been almost entirely altered to hydrated oxides and silicates containing uranium in the oxidized
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(uranyl) form. Because of its young geologic age, the deposit is low in radiogenic lead. The
sequence of formation of uranyl minerals by alteration of uraninite at Nopal I is shown in (BSC
2004 [DIRS 169218],Figure 4-2) and is similar in many geologically young uranium deposits
located in oxidizing environments.

Leslie et al. (1993 [DIRS 101714]) and (Pearcy et al. 1994 [DIRS 100486], pg. 730) compared
the alteration of uraninite at Nopal I to laboratory experiments of degradation of spent nuclear
fuel potentially to be disposed of at Yucca Mountain, Nevada. They found that uraninite from the
Nopal I deposit should be a good natural analogue to spent nuclear fuel because long-term
experiments on spent fuel show alteration parageneses, intergrowths, and morphologies that are
very similar to those observed at Nopal I (Wronkiewicz et al. 1996 [DIRS 102047]). Oxidation
of the uraninite at Nopal I has produced an ordered suite of minerals, first forming schoepite, a
uranyl oxyhydroxide, followed by hydrated uranyl silicates, such as soddyite (BSC 2004 [DIRS
169218] Figure 4-2). A higher calcium abundance, relative to other cations in Nopal I
groundwater, supports the formation of uranophane, a hydrated calcium uranyl silicate as the
dominant secondary uranium phase. Because of the abundance of calcite at Yucca Mountain,
uranophane would be a potential secondary phase there as well. In comparison, laboratory
experiments find that the general trend is to form mixed uranium oxides, followed by uranyl
oxhydroxides, and finally uraniumm silicates, mostly uranophane with lesser amounts of
soddyite (Wronkiewicz et al. 1996 [DIRS 102047], p. 92). In addition, uraninite at Nopal I has a
low trace-element component (average of 3 wt%) that compares well with that of spent nuclear
fuel (typically <5 wt% (Pearcy et al. 1994 [DIRS 100486], p. 730)). The young age of the Nopal
I deposit is another similarity to Yucca Mountain with respect to the absence of Pb-bearing
secondary phases.

B.2.7  Groundwater Major Elements

Major element concentrations for different sample types at Pefia Blanca and for SZ waters near
Yucca Mountain (Benson et al. 1983 [DIRS 100727]) are summarized in Section 7.2.3.4, Table
7-9. Results for the 2003 drilled well waters are subdivided into those obtained before (PB-SZ-
NF-bailer) and after (PB-SZ-NF-pump) well conditioning. While most of the major components
were not influenced by drilling activities or fluids, pH, uranium, and potassium concentrations
decreased significantly post-drilling. The pH values in the wells drilled in 2003 were
characterized initially by more basic conditions (pH = 8.5 — 11.3), most likely resulting from
drilling fluids. Since well conditioning and pumping, these have subsequently returned to values
(pH = 7.0-8.0) more typical of natural groundwater. Much like the uranium concentrations,
potassium concentrations have also decreased in the 2003 drilled wells post-drilling (29 to 6
ppm), probably due to a decreasing contribution from the bentonite drilling mud over time.

Most of the components of the YMP well waters are similar to the range of regional SZ waters
near Pefia Blanca (PB-SZ-FF). They have similar ranges in pH, calcium, potassium, chloride,
fluoride, silicon, and strontium, but the YMP wells do have noticeably higher sodium, uranium,
bicarbonate, and sulfate concentrations both before and after well pumping and conditioning. UZ
adit waters are atypical in their low bicarbonate concentrations but are similar to the newly
drilled wells with high sulfate concentrations. High sulfate concentrations appear to be
characteristic of the vast majority of samples from near the deposit. YMP UZ borehole samples
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have extremely high calcium and bicarbonate concentrations, perhaps due to effects of
evaporation to the ground surface

B.2.8 Conceptual Model of Transport

Data collected to date for the long-lived U-series members through YMP studies indicate limited
mobility of uranium and its daughters over 100 k.y. timescales (CRWMS M&O 2000 [DIRS
141407], p. 90). Transport from the uranium deposit at Nopal I, Pefia Blanca, Mexico to
surrounding fractures has occurred in the past. However, the main transport activity currently
observed is elevated **°Ra in water samples in proximity to the deposit. The large depletions of
226Ra seen in the fractures point to 22°Ra mobilization via recoil from fine-grained (sub-micron)
U-bearing materials in the fracture coatings. The **°Ra concentrations in waters sampled away
from the deposit are quite low, which is typical for surface waters around the world (Porcelli and
Swarzenski 2003 [DIRS 168458]). Hence, the mobilization of radium is a near-field event
resulting from recoil of the *Ra from high-uranium regions into fluids. This mode of
radionuclide mobilization would have a bearing on transport of uranium and its daughters from
breached canisters at a high-level geologic storage system but would not have a bearing on
transport of fission products such as '**Ba, '*°Cs, '*’Cs, and *’Sr. By analogy to the Pefia Blanca
observations, one would expect to see any mobilized uranium transported locally to fracture-
filling materials. Recoil effects would raise local concentrations of daughters in the fluids to be
redeposited/sorbed at some moderate distance away from the recoil site.

B.2.9 Conclusions
Some of the conclusions thus far include:

1. The Nopal I uranium deposit remained largely in place prior to mining
operations,indicating limited uranium transport (CRWMS M&O 2000 [DIRS 141407],
pp- 89, 94).

2. A conceptual model of transport has been developed that describes the timing of uranium
transport from the deposit into near-field fractures, where it largely remains (CRWMS
M&O 2000 [DIRS 141407], pp. 82-87).

3. Away from the deposit, low radium concentrations are observed in the waters. This
indicates that other factors limit radium mobility over long distances, such as sorption
onto mineral surfaces or co-precipitation with calcium fluoride or carbonate minerals
(Porcelli and Swarzenski 2003 [DIRS 168458], p. 234). By analogy, it would be expected
that 9sgmilar limits apply to the transport of fission products such as '**Ba, '*°Cs, '*'Cs,
and " Sr.

B.3 SECONDARY URANYL PHASES FROM THE SHINKOLOBWE, ZAIRE
OXIDIZED URANIUM DEPOSIT

Finch and Ewing (1991 [DIRS 105591]) and (Finch and Ewing 1992 [DIRS 113030]) performed
an exhaustive mineralogic study of the uranyl phases at the Shinkolobwe, Katanga, Zaire
uranium deposit. Their rationale was to study the secondary uranyl phases produced by the
oxidative alteration of uraninite exposed at the surface from the Shinkolobwe mine. The authors
state that the alteration of uraninite would provide a natural analogue for the corrosion of spent

ANL-EBS-GS-000002 REV 01 B-8 September 2006



Geochemistry Model Validation Report: External Accumulation Model

nuclear fuels. The study was believed to be extremely useful in determining the U[VI] solubility
controlling phases that would be produced due to oxidative corrosion of spent fuel in a geologic
repository. They performed an integrated analysis of the uranyl alteration products using optical
microscopy, scanning electron microscopy, analytical electron microscopy and X-ray diffraction
techniques.

Finch and Ewing (1991 [DIRS 105591]) describe the geologic setting of the Shinkolowbe
deposit in the Katanga District of southern Zaire as follows. The Katanga mining district is rich
in copper, zinc, iron, lead, cobalt, cadmium, germanium, uranium, nickel, silver, barium and
gold. The host rocks at the Shinkolobwe mine are dolomitic shales, siliceous dolostones, and
chloritic shales. The host rocks contribute to significant concentrations of silica, carbonate and
sulfate in the groundwater. Common uranyl complexes in solution are therefore expected to be
[UO5(CO3)21%", [UOL(CO3)3]", [UO(SO4)], and [UO4(SiO4)]*". Metal cations present are
Ca’*, Ba”, Mg2+, Cu*, Pb*", Mo®", V', and the lanthinides (Ce3+, La’", Y3+, Gd3+, Dy3+).
Leaching of the radiogenic lead occurred 600 to 720 million years ago due to hydrothermal
fluids and some alteration probably occurred at that time.

Finch and Ewing (1991 [DIRS 105591]) describe the genesis and sequence of the secondary
uranyl phases at Shinkolowbe. The first phases to form from the alteration of uraninite are
uranyl oxy-hydroxides. The minerals identified are : becquerelite Ca(UQO;)sO4(OH)s ‘8H,0,
compreignacite K,(UO;)s04(OH)s * 8H,0, vandendriesscheite PbU;0,, " 22H,0, fourmarierite
PbU4O,3 * 6H,0, billietite Ba(UO;)s04(OH)s * 8H,0, and schoepite UO3; * 2H,0. Becquerelite
and schoepite (as fine grained powder on becquerelite) are the most common hydrated uranyl
oxides in the samples studied. Billietite and compreignacite occur as intergrowths with
becquerelite. The Pb-uranyl oxide hydrates vandendriesscheite and fourmarierite are the most
abundant Pb-uranyl minerals and are commonly associated with becquerelite and uraninite.
These earliest formed phases are often replaced by much finer grained phases such as curite
Pb,UsO; *~ 4H,0O, clarkeite (Na,Ca,Pb)U,(O,0H);, and masuyite Pb3UsOy; 10H,0.
Subsequently, uranyl silicates were formed by the reaction of the hydrated oxides with silica rich
groundwater, producing a majority of uranophane (H30),Ca(UQO,)(Si0O4), * 3H,O and minor
cuprosklodowskite (H30),Cu(UO;)2(Si04), * 4H,0. These uranyl silicates appear to be the last
formed phases in the samples studied.

Finch and Ewing (1992 [DIRS 113030]), a subsquent article on the uranium minerals of
Shinkolowbe focused on the important role of Pb in limiting further solubility of uranyl
secondary phases. Finch and Ewing (1992 [DIRS 113030]) summarized the study in the
following manner. “The pervasive alteration of the uranyl oxide hydrates observed in nature
suggests that their ubiquity may be due to favorable kinetics of crystallization as compared to the
uranyl silicates. Although most of the uranyloxide hydrates alter readily to uranyl silicates,
because of the relative immobility of Pb*" in most ground waters, the Pb-uranyl oxide hydrates
alter incongruently, producing increasingly Pb-enriched uranyl oxide hydrates. Thus, the
precipitation of phases such as curite, sayrite, or masuyite does not require high ambient
activities of Pb in the groundwater as suggested by synthesis experiments. Radiogenic Pb may
play a role similar to that of silica, reducing the mobility of U by fixing U in solid phases. Also,
since kasolite cannot form readily from the Pb-poor uranyl oxide hydrates, the formation of
curite may be an important mechanism for uranyl phosphate formation if curite plays an integral
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role in their formation, as indicated....Therefore, in the absence of Pb-bearing phases, the
mineralogical evolution of an oxidized uranium ore body may be substantially different, with
uranyl silicates limiting U solubility.”

B.4 EXPERIMENTAL STUDIES

B.4.1 Experimental Uranium solubility and secondary phase precipitation,
(Wronkiewicz, et.al. 1996, [DIRS 102047])

Background
The authors wanted to evaluate the reaction of UO, pellets after exposure to limited amounts of

simulated groundwater (J-13), oxidizing conditions, and elevated temperatures. The results of the
experimental simulations were used to characterize the dissolution behavior of UO,, formation of
alteration products, and the rates and mechanisms of uranium release. The experiments focussed
on UQO; pellets, serving as spent nuclear fuel surrogates, encased in Zircaloy-metal sleeves. The
assemblies were exposed to periodic drops of simulated silicate-bicarbonate groundwater.
Elevated temperatures (90°C) and low water / solids rations were used to accelerate the alteration
rates of the samples. For example, dissolution of UO, in dionized and mildly oxidizing water
has been shown to increase proportionally with temperature from 30 to 90°C (Thomas and Till
1984 [DIRS 175267]). Temperature can also control the stability of individual phase polymorphs
(Vochten, et.al. 1990 [DIRS 176901]).

Although uranium is sparingly soluble under reducing conditions, its solubility increases by
many orders of magnitude under oxidizing conditions. Significant dissolution of uranium is
expected to occur once the surface approaches a composition of UO;33. Kinetics of the
oxidation of the samples would be further enhanced when the sample surface reaction takes place
in a thin water film that is exposed to oxidizing conditions (Wronkiewicz, et.al. 1996 [DIRS
102047]) .

Experimental procedure

The samples were press sintered from uranium oxide powder and had less than 70 ppm total
contaminants, of which CI (10ppm), Th (15 ppm) and Fe (20 ppm) were the major contributors.
Samples were then assembled into 0.38 mm thick Zircaloy-4 metal tubes. The resulting
assemblies had the pellets exposed at the top and bottom, while their sides were enclosed by
Zircaloy. The assemblies were housed in 304L stainless steel reaction vessels, the vessels were
then connected to a leachate injection line and placed in an oven to maintain a temperature of 90
+/- 2°C. Premeasured quantities of EJ-13 simulated groundwater were then injected onto the top
of the samples at predetermined intervals (samples 1-6, 0.075 ml every 3.5 days; samples 7-8,
0.0375 ml every 7 days). Periodically, leachate aliquots were collected to analyse for anion, pH,
carbon and filtered uranium. Tests were terminated at 1.5, 2.25, 3.5, 8.0 and 10 years. Altered
sample surfaces and alteration phases were analyzed by SEM/EDS, optical microscopy, XRD,
and EMP. Solution aliquots were analyzed by ICP-MS, Dohrman carbon analyses and ion
chromatography.

Results—Uranium Release
Reaction progress can be catagorized into three different periods of reaction: Period I, initial
period of low release, Period II, rapid release of uranium, and Period III, extended period of
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moderate uranium release. Period I covers the first year of reactions, marked by low quantities
and rates of uranium release. Small patches of alteration phases began to appear on the sample
surfaces, suggesting the uranium released from the pellets was incorporated into their structures.
Period II reactions (between one and two years of testing) mark a distinct departure from the
other periods in which the release rate was an order of magnitude or more, higher than the other
periods. Microscopic examination of the sample surface faces revealed numerous micrometer or
smaller sized anhedral UO; particles lying on top of the secondary uranyl phases, indicating that
the particles were migrating across the sample surface. The majority of the uranium released
during Period II reaction could be attributed to grain boundary corrosion and spallation of
particles from the sample surfaces. Period III of uranium release began after Period II release
ended (from two to ten year time frame) and went to the end of the experiments. This period of
release is marked by a constant release rate that is considerably lower than the previous period. A
dense mat of alteration phases on the sample surface developed concurrently with the reduction
in uranium release. Examination of the sample surfaces indicates that the layer of alteration
phases act as a trap to restrict the migration of loosened UO; particles from the sample surface.
Overall release rates for uranium during Period III range from 0.1 to 0.3 mg/m* day. This long-
term release rate is both more uniform and substantially lower than the rates that characterize the
uranium release from the Period II reactions (averaging from 1.3 to 15 mg/m? day).

Results—Other Cation Components

Analysis of cation components other than uranium indicates that leachate solutions are depleted
in alkalis, alkaline earths and silica relative to the original EJ-13 leachant solution. This is
consistent with the uranyl secondary phases being derived from both the dissolution of the UO,
pellets and the sequestering of alkalis, alkaline earths and silica from the EJ-13 solution.
Magnesium was depleted the most, with leachate concentrations reduced to 10% of the original
EJ-13 solution. Concentrations of Ca and K were depleted to 30%, while Si was depleted to 50%
of the original EJ-13 composition. Sodium concentrations were depleted the least, with leachate
concentrations at 90% of the original EJ-13 leachant value.

Results—Anion and pH

Most anions were slightly enriched in the leachate relative to the original EJ-13 solution. Nitrate
(NOs ) displayed the largest change, approximately a three-fold change. Nitride values, however,
remained consistent with the original leachant composition. The nitrate may have been produced
as a radiolysis product. Oxygen, even though consumed to create the secondary phases, was
constantly replenished during air flushes of the injection tube. The remaining anions analysed,
F, Cl', and SO,*, displayed an average increase of 1.7, 2.2, and 2.5-fold, respectively over the
original EJ-13 leachant composition. However, their overall abundance was in trace quantities
and may have had the steel vessel and the Teflon stand as their sources.

Solution pH values generally decreased after reaction with the UO, samples, with a value at 7 +/-
1. The original pH for the EJ-13 solution was 8.1. The decreased pH trend is consistent with
production of small amounts of nitric acid, through radiolysis reactions, and the incorporation of
hydroxide within the secondary uranium phases and palygorskite clays.

Results—Solids analysis
Paragenetic reaction pathways were characterized by the following trends: uraninite to schoepite
group (mostly dehydrated schoepite with minor schoepite), to alkali + alkaline earth uranyl-oxide
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hydrates (becquerelite, and compreignacite) to uranyl silicates (soddyite) to alkali + alkaline
earth uranyl silicates (uranophane and boltwoodite). After 8 years palygorskite clays beagan to
appear. The spatial coverage and density of alteration phase growth changed with time. The
central mat of alkali + alkaline earth uranyl silicates, uranophane and boltwoodite, which had
covered 25% of the top surface of the samples at 3.5 years, increased to 90% after 8 years of
reaction. Over that same time period, the density of the central mat changed from a relatively
permeable mesh of crystals to a dense network of phases that nearly enveloped the top surface of
the pellets. Furthermore, while the secondary phase mat was dominated by uranophane with
lesser boltwoodite at 3.5 years, at 8 years the dominant phase was boltwoodite.

Uranyl-oxide hydrate phases were consumed during the extensive alkali + alkaline earth uranyl
silicate growth on top of the 8-year sample. Becquerelite, which showed extensive pitting at 3.5
years, was completely absent in the 8-year sample, as were the dehydrated schoepite crystals.
Meta-schoepite / compreignacite crystals were restricted to the outer perimeter of the sample top
surface, along with uranophane. Finally, the clay phase palygorskite appeared on the 8-year-old
samples in minor amounts. On the bottom surfaces of the pellets, the following similar
paragensis occurred. Originally dehydrated schoepite developed on the uraninite pellets. By 2.5
years, becquerelite and compreignacite began to replace the schoepite. Finally, by 8 years, the
becquerelite was completely replaced by uranophane and boltwoodite.

Results—Comparison With Natural Analogs

A natural analogue to the present UO, tests has been described at the Nopal I uranium mine
located in the Pefia Blanca Mountains, Chihuahua, Mexico. The deposit is hosted by a sequence
of ash flow tuffs that are relatively young (8 million years). The uraninite at Nopal I, was
initially precipitated under reducing conditions. Subsequently, the uraninite was exposed to
oxidizing groundwater after regional tectonic forces elevated the deposit above the local water
table. A comparison of the reaction paragenesis indicates that a close similarity exists between
the two reaction pathways (Wronkiewicz, et.al., 1996, [DIRS 102047]), see figure B-1 below.
The uraninite in both examples was progressively altered, first to uranyl-oxide hydrates, then to
uranyl silicates and finally to alkali and alkaline earth uranyl silicates, as a result of exposure to
oxidizing groundwater (Leslie, et.al. 1993 [DIRS 101714]). The minor differences noted in the
two systems can be atributed to differences in the availibility of various cations. The
predominance of uranophane as the long-term phase at Nopal I, relative to the boltwoodite-Na
observed in the 8 year UO, tests may reflect differences in the leachant compositions for the
respective systems. The predominance of uranophane at Nopal I may reflect the presence of
fluids that are less evolved (i.e. more enriched in calcium) relative to the EJ-13 solution used in
the present UO; tests. Conversely, the predominance of boltwoodite-Na in the UO, tests may
reflect the Na-rich nature of the EJ-13 leachant. For spent fuel alterations, the relative abundance
of one specific secondary uranyl phase over another may well reflect the degree of such fluid
evolution, as well as local hetrogeneities that exist in the Yucca Mountain host-rock assemblage.
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Source: (Wronkiewicz, et.al. 1996, [DIRS 102047]), Figure 7.

NOTE: Figure a) is interpretive experimental sequence developed on the samples from the present study over a
ten year Interval. Figure b) sequence developed in the Nopal | natural analog uranium deposit, Mexico.
Weigt of line indicates relative abundances of the phase, dashed = minor, thin line = abundant and thck
line = very Abundant

Figure B-1. Comparative Reaction Paragenetic Sequences for Uranium Alteration Phases

Results—Summary of UO2 Dissolution Experiments

The experimentally determined mineral sequence appears to be controlled by precipitation
kinetics and is nearly identical to secondary uranium phases observed during the weathering of
naturally occurring uraninite under oxidizing conditions, such as that which occurs at the Nopal I
uranium deposit, Pefia Blanca, Mexico Wronkiewicz et al. 1996 [DIRS 102047], Figure 7). In
laboratory UO; tests and in the natural uranium deposits at Nopal I, the alkali- and alkaline-earth
uranyl silicates represent the long-term solubility-limiting phases for uranium (Stout and Leider
(1997 [DIRS 100419], Section 2.1.3.5). Furthermore, at Nopal I, uranium concentrations in
groundwater and seepage waters ranged from 170 parts per trillion (ppt) to 6 parts per billion
(ppb) (Pickett and Murphy 1999 [DIRS 110009], Table 2). In general, the upper part of this
range is similar to concentrations seen in filtered samples from spent fuel dissolution
experiments (Stout and Leider 1997 DIRS 100419], p. 2.1.3.5-4). This added similarity increases
confidence that the experiments and the natural analogue reactions may simulate the long-term
reaction progress of spent UO, fuel following potential disposal at Yucca Mountain.
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B.4.2 Efurd et al. (1998 [DIRS 108015]) - Pu, Np phases stable at Yucca Mt by
experiments

Efurd et al. (1998 [DIRS 108015]) performed a series of experiments using J-13 groundwater to
determine the solubility of neptunium and plutonium under Yucca Mountain conditions. The
experimental conditions were derived to cover a specific range of temperatures and pH values
pertinent to Yucca Mountain. Experimental conditions were as follows. Experiments were
simulated at three separate pH values of 6, 7, and 8.5 at 25 and 90 °C. Since the J-13 water’s
natural CO, partial pressure would not be preserved during storage and filtration, the natural
state of the well water’s natural dissolved carbonate, 2.8 X10°M was induced by reequilibrating
the water at each individual pH with defined argon/CO, gas mixtures. Adjustments to solutions
to obtain the desired pH values were carried out such that the ionic strength of the J-13 water
remained below 0.01 M. To be assured of the results for such solubility experiments,
experiments were performed from both oversaturation and undersaturation conditions. The
solubility experiments were allowed to equilibrate for several months. At the end of the
solubility experiments, the neptunium and plutonium precipitates were dried under the
corresponding CO; atmospheres and were analyzed using X-ray powder diffraction (XRD) and
diffuse reflectance spectroscopy.

As expected, the average neptunium solubility generally decreased with increasing pH. With
increasing temperature, a slight decrease in solubility is observed at pH 7 and pH 8.5, while at a
pH of 6, the neptunium solubility remained relatively constant. For full solubility results from the
experiments Efurd et al. (1998 [DIRS 108015], Table 3). The neptunium precipitates formed in
the experiments were dark greenish brown. Low temperature solids (25 °C) produced only broad
Bragg peaks in the XRD data. The powder patterns obtained from 90 °C experiments are
generally consistent with the reported data for Np,Os and Np;Og (Cohen and Walter, 1964,
[DIRS 175264]), however the existence of Np3;Og has been discounted. Therefore, Efurd et al.
(1998 [DIRS 108015]) assign the principle XRD lines of the neptunium precipitates to Np,Os
xH,0O. While they assigned the additional peaks caused by intercalated water molecules and the
further seperation of the neptunium oxide layers, they could not exclude the presence of
amorphous neptunium (V) hydroxide by X-ray Diffraction.

The plutonium solubility was only studied from oversaturation (Efurd et. al., (1998 [DIRS
108015], Table 4). In general, plutonium was about 3 orders of magnitude less soluble than
neptunium, and pH does not affect the soluble concentration as much as was seen in the
neptunium solubility studies. Increasing temperature decreases the plutonium solubility below
10® molL™". The plutonium precipitates analyzed by XRD match patterns reported for PuO,.
However, this result does not exclude the potential presence of aged Pu(IV) polymer and/or
amorphous Pu(OH)s. Because of some fairly broad peaks in the resulting XRD data, plutonium
hydroxides and/or plutonium colloids, aging toward PuO," xH,O are therefore interpreted to be
the solubility controlling solids in these experiments (Efurd et al. 1998 [DIRS 108015]). Further
experimental studies by (Runde et al. 2002 [DIRS 168432]) have refined the Pu (IV) phases that
control Pu solubility. In the newer study, they have determined that either PuO, (s) or Pu(OH),4
(s) are the controlling solid phases, primarily depending on Eh values.
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B.4.3 Kazuba and Runde (1999 [DIRS 122379]) Thermodynamic studies of Neptunium

Kaszuba and Runde (1999 [DIRS 122379]) used thermodynamic databases to evaluate how
redox potential and solid-phase stability interact and influence neptunium solubility and aqueous
speciation in natural systems. The neptunium thermodynamic data for the most important
valence states in natural waters (Np*" and Np°*) are updated to correct database inconsistencies.
The four most significant changes developed from updating the database are as follows. One,
Np2Os is two orders of magnitude more stable than reported previously. Two, the stability of
NpO,OH (aq) is reduced. Three, NpO,(OH), and mixed Np(V) hydroxo-carbonato species
become important at high pH. Four, Np(OH)s is disregarded as a valid species. Therefore,
Np20s and Np(OH)4 (am) are the stable species in low ionic strength aquifers.
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APPENDIX C

ANALYTICAL MODEL FOR FLOW AND TRANSPORT IN THE INVERT
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C.1 MATHEMATICAL FORMULATION FOR FLOW IN THE INVERT

An approximate analysis for steady dripping flow in the invert may be constructed based on
unsaturated flow in a bounded domain with sources at the top of the invert. Because of the
expected limited effects of the invert boundaries on the flow, the geometry of the invert
boundaries are simplified to a rectangular cross-section. This expectation is based on the fact
that flow in the unsaturated zone, including an unsaturated invert is primarily downward. Two
sources are located along the upper boundary representing flow from the waste package and flow
diverted around the waste package. Given these simplifications, the flow domain and boundary
conditions are shown in Figure C.1-1.

X
no flow qy noflow 92 no flow
’ |
’ z=0
4 <—>] e >
X1 Xsl
X Xs2
no ﬂow 2 no ﬂOW
<—
—
x=0 X=X,

l free drainage
z2=27,

Figure C.1-1.  Invert Domain and Boundary Conditions for Flow

Source 1 enters the invert beneath the waste package at a positionx, with a flux, g . Source 2
enters at a position x, where diverted flow around the waste package enters the invert with a flux
of g,,. The remainder of the top boundary is a no-flow boundary. Both side boundaries are no-

flow boundaries. The bottom boundary is a free-drainage boundary, which means that the water
pressure gradients are zero along the bottom boundary. The invert material is considered a
homogeneous single-continuum, ignoring any effects of the intragranular porosity of the crushed
tuff on the flow dynamics. Given these assumptions, the flow in the invert is governed by
Darcy’s law for unsaturated flow,

qumf(SW)pr(SW)_i_Mpwglg (Eq. Cl‘l)
luw ‘LIW

G-

where
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k, = saturated permeability

k. (S, )= relative permeability to water

S, = water saturation

U, = viscosity of water

pw( W) = water pressure (under tension, function of saturation)
P, = density of water

g= acceleration of gravity

g= darcy water flux

k = unit vector in the z-direction

The form of Equation C.1-1 is close to that shown in Equation 9.4.21 of (Bear 1972 [DIRS
156269]). The difference is based the fact that capillary pressure is a function of saturation, as
indicated in Section 9.4.3 of this text. The effective permeability in Equation 9.4.21 can be
factored into a base (saturated) permeability times a relative permeability that is a function of

saturation.

Let

w(S,)= = water pressure head

K(SW) — pwgk;f}w(sw)

Then Equation (C.1-1) becomes,

q=-K(S, Vs,
Now, because K = K(S,) and w =w(S, ), then
K=K(y)
Then Equation (C.1-4) becomes,
G=-Ky)Vy+Kyk
Mass conservation for steady, incompressible flow is,
Veg=0
or, using Equation (C.1-6) in Equation (C.1-7),

K

VeKVy = 5
Z
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(Eq. C.1-2)

(Eq. C.1-3)

(Eq. C.1-4)

(Eq. C.1-5)

(Eq. C.1-6)

(Eq. C.1-7)

(Eq. C.1-8)
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The boundary condition for the top boundary specifies the flux entering the domain from the two
sources,

_ Kaa—l//(x,())Jr K(x,O) = qle(xsl +x, — x)H(x — X, )+ qszH(xS2 +x,— x)H(x _ xz)

iz
(Eq. C.1-9)

where H(x) is the step function H(x)=1 for x>0, H(x)=0 for x<0, and H(0)=1/2. The

boundary condition on the bottom boundary is a “free gravity drainage” condition in which flow
exits the bottom boundary by pure gravity flow, i.e., the vertical water pressure gradient along
the bottom boundary is zero,

a—"’(xz )=0 (Eq. C.1-10)

oz "

Because flow in the x-direction requires a water pressure gradient, no flow conditions along each
side boundary is obtained by setting the horizontal water pressure gradients along these
boundaries to zero,

aa—"’(o,z)=o (Eq. C.1-11)
X
W (e 2)=0 (Eq. C.1-12)
ox

The solution to Equation C.1-8 subject to boundary conditions C.1-9 through C.1-12 follows the
general solution method presented in (Philip et al. 1989 [DIRS 105743]) for unsaturated flow
around a cylindrical cavity, modified to address the different domain geometry and boundary
conditions for the drift invert problem. The left-hand side of Equation (C.1-8) is a nonlinear
function of . This may be linearized by introducing the Kirchhoff potential,

73
o(y)= [K(9)49 (Eq. C.1-13)
Note that,
VO =j£v://=1<(y/)w/ (Eq. C.1-14)
74

Using Equation (C.1-14) in Equation (C.1-8) gives,

K

Vip=—
oz

(Eq. C.1-15)

Let y, be the (approximate) minimum potential in the problem and
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®, = WjK(&)dg (Eq. C.1-16)
K, =K(y,) (Eq. C.1-17)

The constitutive relationship used for the effective permeability is a variation on the Gardner
relationship (Bear 1972 [DIRS 156269], Eq. 9.4.34),

K(y)=K, explaly v, )} (Eq. C.1-18)

where « is the capillary strength of the material. The advantange of this constituitive
relationship is that it linearizes the right-hand side of Equation (C.1-15) in terms of the Kirchhoff
potential. The Gardner relationship in (Bear 1972 [DIRS 156269], Eq. 9.4.34) does not contain
the term . Introduction of yis equivalent to multiplying the Gardner equation by a constant

and leads to an effective permeability of K, when y =y,. Therefore, this re-scales the equation
such that K is not the saturated permeability but the effective permeability when v =y

Let
2
lo== (Eq. C.1-19)
a
be the sorptive length scale.
From Equations (C.1-18) and (C.1-19),
oK 2 2 oy
—=—K —(y - - Eq. C.1-20
= K exp{& % Wo)} - (Eq )

or,

K_2p0vw_200 (Eq. C.1-21)
oz / 0z [, Oz

N

Also note, using Equations (C.1-18) and (C.1-19) in Equation (C.1-13) gives,

" 2
Dy )= J-KO exp{g— (9-v, )}dg (Eq. C.1-22)
or,
74
D =K, exp(— 2%] [ exp{j—g}dg (Eq. C.1-23)
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~ 2, )0, 't [29] 28
d=K, exp(— T]T_i exp{z}dz (Eq. C.1-24)
/ l
d=—K,exp i(l//—l//o) =—K (Eq. C.1-25)
2 ‘, 2
Using Equation (C.1-21) in Equation (C.1-15) gives,
vipo29® (Eq. C.1-26)
l, oz
Define the dimensionless coordinates,
E= fi (Eq. C.1-27)
x
n= m (Eq. C.1-28)
D, = @ (Eq. C.1-29)
qslfs
and
V,=(V (Eq. C.1-30)

Using Equations (C.1-27), (C.1-28), (C.1-29), and (C.1-30) in Equation (C.1-26) gives,

oo,
¢

Vid, =2 (Eq. C.1-31)

Introduce the following change of variables to transform Equation (C.1-31) to the Helmholtz
equation,

x =0, exp(-¢) (Eq. C.1-32)
or
@, = yexp(¢) (Eq. C.1-33)

Evaluating the derivative of Equation (C.1-32),

0
;? - zexp(§)+2—i§exp(§) (Eq. C.1-34)
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o’D, _ oy o’y
ey yexp(é)+2 Y exp(f)+—a§2 exp(¢&)
O’D, o'y
8772 - 8772 eXp(g)

Using Equations (C.1-34), (C.1-35) and (C.1-36) in Equation (C.1-31) gives,

Vir=x

Let the dimensionless boundary coordinates be

The boundary condition (C.1-9) can be made dimensionless as follows:

By Equation (C.1-14), the z-component gives,

oy 0D
Kly)—=—
(l// oz Oz

and by Equation (C.1-25),

SO

oy ob 2
KXY k()= 4 Lo
(v) ~ (v) =7

N

(Eq. C.1-35)

(Eq. C.1-36)

(Eq. C.1-37)

(Eq. C.1-38)

(Eq. C.1-39)

(Eq. C.1-40a)

(Eq. C.1-40b)

(Eq. C.1-40¢)

Nondimensionalizing (using Equations (C.1-27) and (C.1-29)) and evaluating at coordinates

(x,z)and dimensionless coordinates (77,&) gives,

5
k(e 2) Y 1 K(x.2) =g, S24 (.£) + 24,0, (7.8)

oz o8

Substituting from Equation (C.1-33) for @, gives,
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K(6.2)2Y 4 K(x,2)= g, 20m:8)exple)]
e o o¢ (Eq. C.1-40¢)

+2q,, 7(,&)exp(¢)

Differentiating gives,

K(.2) Y 4 K(r.2)= g2 £)expl)
: (Eq. C.1-40f)

+4q, exp(é)g—ii(n, E)+2q,x(n,&)exp(&

or

5 ao| 26+ Z(n,£)
K(x, z)a—"’ + K(x,z)=exp(&) " A (Eq. C.1-40g)
+ zqsIZ(n’ g)

Evaluating at (x,O , or in dimensionless variables, (77,0), gives,
0 0
K (x,O)a—f +K(x,0)=q (z(n,O) + %(mo)] +2q,2(1,0) (Eq. C.1-40h)
The boundary condition (C.1-9) becomes,

ox
_ x 2
qsl(z(moﬁ Y. (ﬂ,O)J +24,(1,0) (Eq. C.1-400)
=q,H(n, +m -mHn-m)+q,H@n, +n,-n)Hmn-1n,)

or

5
21,0~ L(5,0)= Hn,, +m,-n)Hn—n,)+ L2 H(p,, + 7, —n)H (-7,

o0& 9
(Eq. C.1-41)
Z—iﬁ(mWF 2(n.0)=0 (Eq. C.1-42)
%Z(0,£)=0 (Eq. C.1-43)
on
8—7‘(0, )=0 (Eq. C.1-44)
on
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Using the method of separation of variables (Kreyszig 1970 [DIRS 152467], p. 111), let

2(1,6)=T(n)¥(S) (Eq. C.1-45)
Then, Equation (C.1-37) becomes,
2 2
w4 rd ¥y (Eq. C.1-46)
dn dé

and dividing each side by 'V,

o Ld ¥ _1d1_ 5 (Eq. C.1-47)
¥ de Ty
For I,
2
91 pr=o (Eq. C.1-48)
dn

The general solution for ' is (Thomas 1972 [DIRS 131482], p. 914, Example 4),
[(17)= Acos(An)+ Bsin(1n) (Eq. C.1-49)

The next step is to satisfy boundary conditions (C.1-43) on 7 =0. Because ;((77,5) = F(n)‘P(§)
as given in Equation (C.1-45), then the boundary condition, Equation (C.1-43) gives,

2 (0,6)=w()2-0) (Eq. C.1-502)
n dn

and because we don't want the trivial solution ¥ =0, then

£(0) =0 (Eq. C.1-50b)
dn
Applying this to Equation (C.1-50¢) gives,
dr .
d—n(o) =—AAsin(1e0)+ BAcos(1e0)=0 (Eq. C.1-50c)
Now, sin(0)=0 and cos(0)=1, therefore
£(o) =BA=0 (Eq. C.1-50d)
dn

The only solution besides the trivial case of 1 =01is
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B=0 (Eq. C.1-50¢e)
and to satisfy boundary condition (C.1-44) on =0,
sin(1c)=0 (Eq. C.1-51)

which implies A takes on a discrete set of values, 4,

A =— (Eq. C.1-52)
o

where /¢ is an integer, /=0,1,2,3,...
Therefore,

T, (17)= 4, cos(4,7) (Eq. C.1-53)
For ¥,,

2
d ?/_(1+,1§)'{J/:0 (Eq. C.1-54)

d&’

Solving for ¥, (Thomas 1972 [DIRS 131482], Section 18-9, with a=0 and b=—(1+ 4 )) gives,

¥,(¢)=C, exp(m §)+ D, eXP(— m é) (Eq. C.1-55)
For convenience, let
A, =1+ 2 (Eq. C.1-56)
Then Equation (C.1-55) becomes,
¥, (£)=C, exp(A,&)+ D, exp(- A &) (Eq. C.1-57)
To satisfy the boundary condition (C.1-42) on £ = w,
C,A, exp(A,@)-D,A, exp(—A,w)+C, exp(A,)+ D, exp(-A,w)=0 (Eq. C.1-58)
or

D, = C«(i" * I]exp(2A/w) (Eq. C.1-59)

(

Therefore,
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l

0= el 20 451 ootan oot 1.2)

and,

(Eq. C.1-60)

2n.8)=3a, cos(m{exp(mi){ﬁf *i}xp(zw)exp(_ Agé)} (Eq. C.1-61)

4

where a, = 4,C,

To satisty boundary condition (C.1-41) on &£ =0, use Fourier decomposition.

Note that for /# # ¢, the solution is (Weast 1978 [DIRS 128733], p. A-91, Equation 624)

J‘cos(ﬂm)cos(/lhn)dn = J. cos[£—7Z 77} cos(h—7Z njdn =2 J.cos(ﬁt)cos(ht)zlt =0
o c

T

0 0 0

and for i=/¢, (#0

Icos(lm)cos(lm)dn = J‘cosz(g—” njdn =2 J.cosz (0t )t = g
; o Pa

0 0

for /=i=0

J.cos(im)cos(/lm)dn = jdn =
0 0
and for the source term,

o AR ¢
Jeos(2m)H (y +m =n)H(n=n,)dn = | cos(;” n]dn
0

Ui

Lalnatm)
o 1 . '
= % Icos(t )dt = —{sm[/ln (77s1 +1, )]— sm(/ln n )}
T 4,
and
ANL-EBS-GS-000002 REV 01 c-10
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(Eq. C.1-63)

(Eq. C.1-64)

(Eq. C.1-65)

September 2006



Geochemistry Model Validation Report: External Accumulation Model

o M52+ Vi
L2 [oos(a,m)H 1,z +m, —mH (p—m )l =22 | cos(—”n)dn

qsl ; qSl m, o
La(n,5+71,)
o 1 . .
_92 O J-cos(t)dt =Q—{Sln[ﬂé (77s2 1, )]_Sm(/?“m2 )}
qq g, 9 A

o

(Eq. C.1-66)
" 6(1+2f(_ f)){H(’A\E tijexp@A,;(O)}
—q, M%Ae _A[(ij iijexp@/\,{d)}
:i{mm (7, + . )]-sin(4,n, >}+%i{sin[zz (7,04 7.)]-sin(A,7,)}
(Eq. C.1-67)

a, {1—/\[ +(1+ Az{if tijexp(ZA/;a))}
l

= (1 + 21_](2_ 6))/150' [Sin[ﬂw (77s1 +1 )]_ Sin(ﬂw m )"‘ (q]j {Sin[ﬂw (77s2 +17, )]_ Sin(ﬂw 7, )}}

(Eq. C.1-68)

Z{Sin[ﬂ( (7751 +7 )]_ Sin(/115771 )+ L {Sin[ﬂ[ (77s2 T, )]_ Sin(ﬂmz )}}

(1 +2H(ilﬁ))ﬂ,ga
(AI: —l)exp(—Aka))
(Af + 1)2 CXP(Afw)_ (Aé - 1)2 exp(— Afa))

a, =

(Eq. C.1-69)

sin[ﬂ/ (77s1 +1 )] - Sin(ﬂ“/,ﬂl )"‘ 152 {sin[ﬂ,a (77s2 +17, )] - Sin(/i(zﬂz )}

sl

(1+2H(- 040
(A, - l)exp(— A,o)
(Azé + l)sinh(AZa))Jr 2A, cosh(A, )

a, =

(Eq. C.1-70)
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Therefore, Equation (C.1-61) becomes,

Sin[/’t[ (7751 I )]_ Sin(;tml )+ ZY? {Sin[/if (77s2 +17, )]_ Sin(ﬂgﬂz )}
2(1,¢)= i (+2H(- )40 cos(4,77)e

0 (Az _l)exp{Ak(§ _w)}"‘ (A(, +l)exp{—AZ(¢f —a))}
(A2 +1)sinh(A, @)+ 2, cosh(A, @)

(Eq. C.1-71)
" 2{Sin 2, (7, +,)]=-sin(2,7,) + %2 tsin[4, (7, +1,)]-sin(2,7, )}}
— sl ﬂ,
#¢) ,Z;' (1+2H(- )40 cos(1)®

A, cosh{A, (@ —&)}+sinh{A, (0 &)}

2A, cosh(A @)+ (Ai + l)sinh(A(,a))
(Eq. C.1-72)

In terms of the dimensionless potential, y , the flux field is,
G=-Kw)Vy+K(w)k (Eq. C.1-73)
G=-VO+ 2;) k (Eq. C.1-74)
4 - v.®,+20,k (Eq. C.1-75)
qsl
qi=—exp(f)(vd;(+;(l€)+2exp(§);(l€ (Eq. C.1-76)
sl

G=q,exp(&)zk-V,7) (Eq. C.1-77)
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/Z:O: 2[%1 {sin[/1€ (77s1 7 )]_ Slll(g’zzg(tqgs)z)ilz[ﬂ/ (7732 +1, )]_ Sin(ﬂmz )}] Cos(ﬂﬂ])o
A, cosh{A (@ —&)}+sinhiA, (@ - &)}
2A, cosh(A(,a))Jr (Az,, + l)sinh(A[a))
+ 62.00: 2[%1 {Sin[ﬂw (77s1 +7 )]_ Sin(gﬂz lel}(—'__qgv)z)gilj.[ﬂé (7752 T )]_ Sin(ﬂ*ﬂ?z )}] COS(/’LH]).
AZ/z sinh{Af(a) - 5)}+ A, cosh{A((a) —f)}
2A, cosh(A,m)+ (Azf + l)sinh(A[a))

q. =exp(&

(Eq. C.1-78)

e /iZ g, fsin[4, (7, +7,)]- smé EZII){}(+ Zs)z) iﬂ;[/l oyt m)l=sin(im ]

2A, cosh{A (@ — &)} + (AZ/ + l)sinh{A[ (0—&)}
2A, cosh(A,Za))Jr (Az,; + 1)sinh(A€a))

(Eq. C.1-79)

q,= exp(g)g z[qsl {Sin [ﬂ*/, (’7s1 1, )]_ Sin(gflz)i;( qsgz){)sm[}% (77s2 T, )] _ Sin(l"m )}] SiIl(/b, 77).

Agcosh{AZ( 5)}+smh{ M- )}
2A, cosh(A,m)+ (A +1)smh(A a))

(Eq. C.1-80)

For computational purposes, the following forms are more convenient,

|:{Sin[ﬂzz (Usl +7 )]_ Sin(ﬂml )}+ 2 {Sin[ﬂe (7752 1, )]_ Sin(ﬂﬂb )}}

sl

=dqq exp 2 (1 +2H(—f))ﬂ%,0' COS(’L{U).

: (A, +1F ~ (8, -1 expl-24 (0 £)
(A/z + 1)2 _(Az _1)2 exp{— 2Aza)}

exp(— Azf)

(Eq. C.1-81)
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finl4, (1, + 1= sin(, )+ 2 sinf, (0 4, sin(i )}}

=45 eXp Z |: et

a (1+2H(- 1))
\(A/+1) (A —l)exp{ 2A/(a)—§)}

sin(Z,77)e

exp(-A ) (A, +1F (A, =1  exp{-2A,0}

(Eq. C.1-82)
Starting with Equation (C.1-81)
) z{{smm (e )-sina )+ 42 il G . -sine )
q. =44 exp(é); (l N ZH(— f))ﬂ’((o- COS(@U)'
oA+ (A, =1 expl-2A, (0= &)}

AP —(h, -1 expl-200)

(Eq. C.1-83)

Integrate over the transverse coordinate, 7/ , at the bottom of the invert, which has a
dimensionless coordinate @ ,

" - |:{Sin[ﬂ€ (7751 +1 )]_Sin(ﬂ“ml )} ‘j;z {Sm[/1 (77s2 +17, )]_Sin(lmz )}}
’ 5[ -0l =g, explo)) (3 20C o .

(A +1) =(A, 1) exp{-2A, (0 -o)}
(A, +1) (A, =1) exp{-2A, 0}

n
0, [cos(2m)in e exp(- A,
0

(Eq. C.1-84)

The result is the cumulative vertical flux at the bottom of the invert.
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C.2 MATHEMATICAL FORMULATION FOR TRANSPORT IN THE INVERT

An approximate analysis for transport under dripping flow in the invert may be constructed using
the same domain as used for the analysis of unsaturated flow. The source from the waste package
carries radionuclides whereas the diverted flow does not carry radionuclides, as shown in
Figure C.2-1.

radio-
nuclide
mass flux no radio-
< =M,, ~ nuclide no radio-
. . no radio- :
no radionuclide  9s1 lid mass  nuclide
nuclide
mass flux, f flux,  mass
ma X
no flow ;S W gy flux,
no rlow no flow
g | }
' z=0
< D] >
X X1 no radionuclide
no radionuclide s X, mass flux,
S.
mass flux, 2 no flow
no flow ——»|
x=0 X=X,

Z=17Z .
m l free drainage,
advective radionuclide mass flux

Figure C.2-1.  Invert Domain and Boundary Conditions for Transport

The steady source of flow from the waste package has a darcy velocity, ¢ and a radionuclide
concentration of C,. The steady source of flow diverted around the waste package has a darcy
velocity, ¢,,and radionuclide concentration C,, =0. The remainder of the top boundary is a no-

flux boundary. Both side boundaries are no-flux boundaries. The bottom boundary is a no
diffusive flux boundary (advection only), which means that the solute concentration gradients in
the z-direction are zero along the bottom boundary. The invert material is considered a
homogeneous single-continuum, ignoring any effects of the intragranular porosity of the crushed
tuff on the dynamics of transport. Given these assumptions, the steady transport in the invert is
governed by a balance of advective and dispersive fluxes,

jevC=veloDvC]| (Eq. C.2-1)
where
C= solute mass concentration
0=¢S, = water content
S, = water saturation
p= porosity
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water pressure head

dispersion tensor
darcy water flux

=gl S

The top boundary conditions specifies the radionuclide mass flux entering the domain,

$(20XC(2.0)- 000 Syt i bx - H(-x)  (EqC22)

Oz

where H(x) is the step function H(x)=1 for x>0, H(x)=0 for x<0, and H(0)=1/2. The

radionuclide mass flux from the waste package is M,, = ¢,,C,,. The bottom boundary condition

specifies that radionuclide mass exits the domain through advective transport only, i.e., that
dispersive flux in the z-direction along the bottom boundary is zero. Therefore, the vertical
concentration gradient along the bottom boundary is set to zero.

—(x,z,)=0 (Eq. C.2-3)

Radionuclide mass flux in the x-direction along the side boundaries is specified to be zero. This
is accomplished by setting the concentration gradients in the x-direction along these boundaries
to zero, i.e., zero dispersive flux in the x-direction along these boundaries. Note that advective
flux is also zero because the flow analysis specifies zero flow across these boundaries (see
boundary conditions in Equations (C.1-11) and (C.1-12)).

‘Z—f(o,z)z 0 (Eq. C.2-4)
a—C(xm,z)z 0 (Eq. C.2-5)
X

The Darcy water flux, ¢, is defined by the flow solution. To proceed, the dispersion tensor

needs to be specified. The dispersion tensor is derived by starting with Equation 10.4.17 from
(Bear 1972 [DIRS 156269], Section 10.4.2) and noting the equivalence between &, and a, and

¢, and a,. Bear states that g, in Cartesian coordinates is J,. Also note that 6/ =¢. That
leaves the €D,,6,; term for molecular diffusion. This is from the Equation D =D, + (Dd )y near

the end of this Section 10.4.2 of (Bear 1972 [DIRS 156269]). Equation 4.8.29 of (Bear 1972
[DIRS 156269]) shows that the mass flux is proportional to the porosity time D). So, for an

unsaturated porous medium, this becomes the water content times D,. This is then multiplied
by the identity tensor &, because molecular diffusion is isotropic if the medium is isotropic

(which is assumed). The resulting dispersion tensor is given by,

0D =545, + (e, — )1 v oD, 5, i,j=123 (Eq. C.2-6)

g
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where ¢, and & are the longitudinal and transverse dispersivities, respectively, D, is the
molecular diffusion coefficient in the porous medium, and

5, =1if i=j
5, =0if i

The dispersion tensor in general is anisotropic. For unsaturated flow, the dispersivities are also
found to be functions of water saturation (Toride et al. 2003 [DIRS 176906]). Only a limited
amount of experimental data is available for dispersion in unsaturated flow, and even less
(perhaps none) has been developed for two or three-dimensional flow conditions. Given these
uncertainties, the dispersion tensor will be simplified to be a scalar function of water saturation.
The following simplification allows for analytical treatment of transport,

0D = ® (Eq. C.2-7)

where @ is the Kirchhoff potential. Given the Gardner relationship between hydraulic
conductivity and water potential (Eq. C.1-25),

o=Lig (Eq. C.2-8)

and K (Sw) is the effective hydraulic conductivity and ¢ is the sorptive length scale. The
validity of this approximation is discussed further in Section C.1.
Using Equation (C.2-7), Equation (C.2-1) becomes,

GeVC=Ve(DVC) (Eq. C.2-9)

Putting Equation (C.2-9) into nondimensional form gives,

G,*V,C,=V,*(®,V,C,) (Eq. C.2-10)
where
V,=(V (Eq. C.2-11)
- _q
Go=—— (Eq. C.2-12)
qsl
94,C
C, == Eq. C.2-13
d M, (Eq )
D, = @ (Eq. C.2-14)
qslfs
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and g, is the source strength for water flux.
Equation (C.2-10) may also be expressed as,

V,*G.C))=V,¢(@,V,C,) (Eq. C.2-15)
because V ,eg, =0 (see Equation (C.1-7))

Starting from Eq. C.1-6 and combining with Eq. C.1-14, C.2-12, C.2-11, C.2-14 and C.2-8,
results in,

G,=-V 0, +20 k (Eq. C.2-16)

Substituting Equation (C.2-16) into Equation (C.2-15) gives,

V, e {(— V,0, +2q>d1€)cd}:vd o(®,V,C,) (Eq. C.2-17)
or
o(®,C.)
V,e(®,v,C,+CV,D0,)= 2T (Eq. C.2-18)
and finally,
2 o(®,C))
Vi(®,C,)= 2T (Eq. C.2-19)
Therefore, the transport problem is now expressed in terms of the dimensionless scalar potential,
Q=0,C, (Eq. C.2-20)
Equation (C.2-19) becomes,
ViQ= 28—Q (Eq. C.2-21)
95
The boundary conditions, Equations (C.2-2) through (C.2-5) become,
_aﬁ(x,o)c(x,op%c(x,o)_ mm@ W H(x, +x,—x)H (- x)
z z

(Eq. C.2-22)

or
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oD ac,(n,0
- gd (7,0)C,(7,0)+2®,,(7,0)C, (1,0)- @, (77,0)% = H(n, +m —n)H(n—m)
(Eq. C.2-23)
or
oQ(n,0
20(n,0)- a(g )_n (g +m—mH(—m) (Eq. C.2-24)
oQ
== =0 Eq. C.2-25
5% (7,00) (Eq )
a—Q(o,g) =0 (Eq. C.2-26)
on
X 58)=0 (Eq. C.2-27)
on
Using the transformation
0 =Qexp(- &)=y C, (Eq. C.2-28)
Equation (C.2-21) transforms to the Helmholz equation,
ViO=0 (Eq. C.2-29)
and boundary conditions (C.2-22) through (C.2-25) become,
o0
®(77,0)—§(77,0) = H(n, +m —n)H(n-m,) (Eq. C.2-30)
g—?(n,w)+ 0(n,0)=0 (Eq. C.2-31)
% (0,£)=0 (Eq. C.2-32)
on
% (5,£)=0 (Eq. C.2-33)
on

The problem given in Equations (C.2-29) through (C.2-33) is the same as for the dimensionless
flow potential with ¢, =0 (Equations (C.1-37) and (C.1-41) through (C.1-44)). Therefore, the

solution may be obtained from Equation (C.1-72) to give,
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- 2[sm 0+ 1)} sin(/if 1)] A cosh{A( cf)}+sinh{A((a)—§)}
; 14:72H(77 Mo P eos(2,1) 2A, cosh(A, @)+ (A2 +1)sinh (A, )

(Eq. C.2-34)

From the flow solution,

3l )]sl ) il 0, )it )|
208)=2, (+2(- o costh)s

: A, cosh{A, (@ —¢&)}+sinh{A (0 - £)}
2A, cosh(A/a))+ (Az( + l)sinh(A/w)

(Eq. C.2-35)
and,
07,
¢, )= 2) (Eq. C2-36)
2(n.€)
For computational purposes, the following forms are more convenient,
i 2 Sm 77?1 7 )} Sin(ﬂ“ﬂ]l )] COS(/L,?])O
= 1+2H( 3)70e; ' (Eq. C.2-37)

(A/; +1) (A4 —l)exp{— ZAe(w_f)}
(A, +1F =(A, =1) exp(-2A,0)

exp(—/\(f,

. 2 Sin[ﬂ% (77s1 1 )]_ Sin(ﬂﬂh )+ Zéj {Sin[/lz (172 + 715 )]_ Sin(/lznz )}}
)=2, (+2H(- 04,0 cos()e

(8 +1)+ (8 ~expl-21 o)
ol ) (el el 2o

(Eq. C.2-38)
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APPENDIX D

RELATIONSHIP BETWEEN THE KIRCHHOFF POTENTIAL AND THE
DISPERSION COEFFICIENT
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Longitudinal dispersion in unsaturated flow systems has been measured under conditions of
uniform, one-dimensional, unsaturated flow (Toride et al. 2003 [DIRS 176906]). Hydraulic
parameters for the granular media were based on the measured moisture potential as a function
of water content fit with the (van Genuchten 1980 [DIRS 100610]) parameterization. The
following hydraulic parameters were determined for the test system:

Table D-1. Hydrologic Parameters

Parameter Value Units
Maximum water content 0.35 na
Residual water content 0.05 na
van Genuchten m 0.808 na
van Genuchten & 5 m™
Saturated hydraulic conductivity 6.37x10™%° m/s

Source: Toride et al. 2003 [DIRS 176906].

The effective permeability and capillary pressures were computed from Toride's data for water
content (¢) and the van Genuchten parameters given in Toride's Figure 1, using the van
Genuchten equations and are plotted in Figure D-1 (DTN: MOO0609SPAINOUT.002, File
Dispersion and Kirchhoff Potential final xIs). Using the van Genuchten (1980 [DIRS 100610])
parameterizations for moisture potential and relative hydraulic conductivity, the relationship
between relative hydraulic conductivity and moisture potential were fit to the same version of the
Gardner exponential form (Bear 1972 [DIRS 156269], page 492) that was used in Appendix C
(Eq. C.1-18),

K(y)=K,explaly v, )} (Eq. D-1)
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y = 37.35x
R2? = 0.9997

In(K/Ko)

1 € van Genuchten K-Psi Plot -

Linear (van Genuchten K-Psi Plot)

00690DC_072.ai

]
0 0.05 0.1 0.
Y-
Source: DTN: MO0609SPAINOUT.002, File Dispersion and Kirchhoff Potential_final.xls

Y
[9)]

Figure D-1. Permeability — Water Pressure Plot

The fit of the Gardner equation to the van Genuchten properties in Figure D-1 (slope = 37.4 m ™)
gives the Gardner parameter, o, which may also be expressed as the sorptive length scale,
¢ =2/a,as given in Table D-2.

Table D-2. Best Fit Gardner Parameters

Parameter Value Units
Gardner a 37.4 m’
Sorptive length 0.0535 m

The Kirchhoff potential is given by (see Equation (C.1-25)),
1
©=—K (Eq. D-2)

which is dimensionally a diffusion or dispersion coefficient. A comparison of the magnitude of
the Kirchhoff potential versus the measured longitudinal dispersion multiplied times the water
content is given in Figure D-2 versus water pressure and in Figure D-3 versus water saturation.
The saturation (S) in Figure D-3 is 0/0p.x, Where 0:,,,=0.35 (Toride 2003 [DIRS 176906],
caption of Figure 1) and 6 is given in (Toride 2003 [DIRS 176906], Table 2). The capillary
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pressure, y, was computed using the 0 and the van Genuchten parameters given in (Toride 2003
[DIRS 176906], Figure 1). Lateral dispersion was estimated simply by reducing the measured
longitudinal dispersion by a factor of 10 (de Marsily 1986 [DIRS 100439], p. 238).

1076
€ Longitudinal Dispersion Toride et al. data
A Estimated Lateral Dispersion
Kirchhoff Potential ®
107 8
\J
*
»
& = * !
£ 107 A
2 A s
*
A
A A
1079
AL
1010 | : |§
-0.35 -0.3 -0.25 -0.2
Y (m)

Source: DTN: MO0609SPAINOUT.002, File Dispersion and Kirchhoff Potential_final.xls

Figure D-2. Comparison of Kirchhoff Potential with Dispersion as a Function of Water Pressure
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1076
€ Longitudinal Dispersion Toride et al. data
A Estimated Lateral Dispersion
Kirchhoff Potential *
10771 L
*
@ A
(o]
E 1084 Al
()]
D
4
1079
&
§I
10-10 . . . i
0.2 0.3 04 0.5 0.6

S
Source: DTN: MO0609SPAINOUT.002, File Dispersion and Kirchhoff Potential_final.xls

Figure D-3. Comparison of Kirchhoff Potential with Dispersion as a Function of Water Saturation

Figures D-2 and D-3 show that the Kirchhoff potential provides a reasonable estimate for the
longitudinal dispersion as a function of hydrologic conditions and is likely to overestimate lateral
dispersion (although no data for lateral dispersion were available). Also, note that data for
dispersion under more complex unsaturated flow patterns are not available so that dispersion

under these conditions remains uncertain.

ANL-EBS-GS-000002 REV 01 D-4 September 2006



Geochemistry Model Validation Report: External Accumulation Model

APPENDIX E

RELATIONSHIPS FOR INVERT POROSITY AND SATURATION
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The total pore volume of the invert consists of two kinds of pore volume: within particles (matrix
pore volume) and between particles (fracture or intergranular pore volume). The total porosity,
@, , 1s defined as the total pore volume divided by the bulk volume, i.e.,

Py =+ (Eq. E-1)

where V, is the total pore volume and ¥, is the bulk volume. The bulk volume includes

particles, the pore space within particles, and the pore space between particles. The intergranular
(or “fracture”) porosity, ¢, is defined as the fracture pore volume divided by the bulk volume,

1e.,
¢, =—" (Eq. E-2)

where V, is the fracture pore volume. The intrinsic intragranular (or “matrix”) porosity, ¢, , of

the tuff grains is defined as the matrix pore volume divided by the bulk volume of the matrix,
1e.,

B = (Eq. E-3)

where ¥, is the matrix pore volume and V,, is the bulk volume of the matrix. Note that
Vo=V +Vp (Eq. E-4)
V=V +V, (Eq. E-5)

Dividing Equation (E-4) by the bulk volume, ¥, , and using the definitions in Equations E-1 and
(E-2) gives,

Vo Vs

. Eq. E-6
v (Eq. E-6)

¢T :¢f+

Solving Equation (E-5) for V,, and using the definitions in Equations E-1 and E-3 gives,
br=0,+4,0-9,) (Eq. E-7)

The total water content, €, , is defined to be the total water volume, V, , divided by the bulk
volume, i.e.,

V
0. =2 Eq. E-8
T v (Eq )
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The intergranular (or “fracture”) water content is defined to be the water volume in the
intergranular pore space, V, , divided by the bulk volume, i.e.,

0, =L (Eq. E-9)

The intrinsic intragranular (or “matrix’’) water content is defined to be the water volume in the
intragranular pore space, ¥V, , divided by the bulk volume of the matrix, i.e.,

g =V (Eq. E-10)

Vm b

The total water saturation is defined to be the total water volume divided by the total pore
volume, i.e.,

S, =-2="T (Eq. E-11)

The fracture water saturation is defined to be the fracture water volume divided by the fracture
pore volume, i.e.,

VfW 0/'
S, =2r="L (Eq. E-12)
Vﬁ? ¢f

The matrix water saturation is defined to be the matrix water volume divided by the matrix pore
volume, i.e.,

(Eq. E-13)

Note that

Ve=Vs+Vm (Eq. E-14)

Dividing Equation E-14 by the bulk volume and using definitions in Equations E-8 and E-9
gives,

6, =0, +Lm Lo (Eq. E-15)
V,

mb

Solving Equation E-5 for V,, and using the definitions in Equations E-1 and E-10 gives,

0,=0,+0,(1-¢,) (Eq. E-16)
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Using the definitions for fracture and matrix water contents in Equations E-12 and E-13 gives,
0,=S,0,+8S,4,(1-4,) (Eq. E-17)
and from Equation E-11, the total water saturation, S, , is

_ 00 _S/9,+S.9, (1_¢f) (Eq. E-18)

! ¢T ¢f + m (1_¢f)
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APPENDIX F

PROPERTIES FOR THE WELL-SORTED INVERT
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The well-sorted invert is characterized in the Multiscale Thermohydrologic Model (BSC 2005
[DIRS 173944], Appendix X; DTN: MO0307SPAVGSUM.000 [DIRS 164438]). Four cases
were presented, having uniform grain diameters of 0.317 mm, 3 mm, 10 mm, and 20 mm. The 3
mm grain-size case is considered the base case (BSC 2005 [DIRS 173944], Section 6.3.11) and
is the only one analyzed here. This invert is composed of crushed tuff from the Topopah Spring
lower lithophysal unit (TLL). The intergranular porosity of the invert is 0.45 (BSC 2005 [DIRS
173944], p. IV-3), referred to as “Saturated Volumetric Moisture Content” in DTN:
MOO0307SPAVGSUM.000 [DIRS 164438] and the intrinsic intragranular porosity is 0.131 (DTN
LB0208UZDSPMI.002, [DIRS 161243], File: drift-scale calibrated properties for mean
infiltration2.xls; worksheet: Drift-scale Cal. Hydro Props). The saturated intergranular
permeability of the invert is 1.51 x 10 m®. The van Genuchten parameters capillary strength
parameter (defined in Eq. 7.2.5-2), «,,=61.2 m ' and the pore size distribution index,

m=0.875.

The Gardner parameter is fit to the van Genuchten model over the applicable range of effective
hydraulic conductivity for the cases described in Section 6.4.6. For Case 1, the maximum flux is
2000 mm/yr and the lower rate source is 9.8 mm/yr. The flux is approximately the same as K for
all cases investigated, since flow is downward flow and the distance to the water table is large
(Jury 1991 [DIRS 102010], p. 100). A range of flux from about 2000 mm/yr down to 2 mm/yr
were chosen for the fit to the van Genuchten relationship (see Table F-1). The values of y and K
in Table F-1 were calculated using the van Genuchten equation. S, is the normalized saturation
and is defined in Eq. 7.2.5-3. For cases 2 and 3, the maximum flux is 9800 mm/yr and the lower
rates fluxes are 2000 and 66 mm/yr for Cases 2 and 3, respectively. Therefore, the same range
from about 10000 mm/yr down to 10 mm/yr was used for Cases 2 and 3 (see Table F-2). Curve
fits to establish the Gardner o (defined in Eq. 7.2.5-4) for Case 1 and Cases 2 and 3 are shown in
Figures F-1 and F-2, respectively. The form of the Gardner equation used for the curve fitting is
provided in Eq. C.1-18.

Table F-1. van Genuchten Values for Well-Sorted Invert, Case 1

v K
S Shn (m) (mmlyr)
0.0857 0.000 -4.93E-02 1.57E+00
0.086 0.001 -4.55E-02 7.46E+00
0.087 0.002 -4.01E-02 8.84E+01
0.088 0.003 -3.75E-02 3.21E+02
0.089 0.004 -3.59E-02 7.72E+02
0.09 0.005 -3.47E-02 1.50E+03
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Table F-2. van Genuchten Values for Well-Sorted Invert, Cases 2 and 3

00690DC_075.ai

0.0000

v K
S Sh (m) mmlyr
0.086 0.001 -4.55E-02 7.46E+00
0.087 0.002 -4.01E-02 8.84E+01
0.088 0.003 -3.75E-02 3.21E+02
0.089 0.004 -3.59E-02 7.72E+02
0.09 0.005 -3.47E-02 1.50E+03
0.091 0.006 -3.37E-02 2.57E+03
0.092 0.007 -3.30E-02 4.04E+03
0.093 0.008 -3.23E-02 5.95E+03
0.094 0.010 -3.17E-02 8.36E+03
0.095 0.011 -3.13E-02 1.13E+04
0.0
y = 496.89x
2.0 2 _
R+ =0.9951
—_— '4&0 1
o
X
—
<
o
- -6.0
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-8.0 ) ) —
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Figure F-1.  Permeability — Water Pressure Plot for Well-Sorted Invert, Case 1
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Figure F-2. Permeability — Water Pressure Plot for Well-Sorted Invert, Cases 2 and 3
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APPENDIX G

PROPERTIES FOR THE POORLY SORTED INVERT
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The intergranular porosity of the poorly-sorted invert must be evaluated from the total porosity
of the invert, 0.31 (Table 4-15), and the intragranular porosity. The intergranular porosity of the
invert may be computed from Equation (E-7) of Appendix E by solving for ¢,. Rock used to

establish the porosity of crushed tuff was obtained from tunnel boring machine cuttings from the
repository horizon of the Exploratory Studies Facility (BSC 2004 [DIRS 168138], Sections 7.1
and 7.8; (Gertsch et al. 1993 [DIRS 107880], Section 8). The main lithology excavated by the
tunnel boring machine in the repository horizon was the tsw middle nonlithophysal unit (TMN).
The value of ¢, for the TMN is 0.111 (BSC 2004 [DIRS 170038], Table 6-6, DTN:

LB0207REVUZPRP.002 [DIRS 159672]). The resulting intergranular porosity is 0.224. The
saturated intergranular permeability of the invert is 1.33 x 107'° m?, which is equivalent to the
average saturated hydraulic conductivity of 0.13 cm/s (Table 4-15) reported in (BSC 2004 [DIRS
168138], Section 7.14).

Residual water saturations were determined from centrifuge experiments using TMN crushed
tuff , DTN: GS980808312242.015 [DIRS 119916]; Hudson, D.B., (2000 [DIRS 176907, pp. 42A
through 44A); and BSC 2004 [DIRS 169734], Section 7.2.2.2.5). For all cases, the residual
saturation as determined from centrifuge tests are evaluated using Equation (E-17) from
Appendix E. The total residual water content from the centrifuge experiments has been
determined to be about 0.05. The matrix residual saturation for the TMN is 0.19 as given in
(BSC 2004 DIRS [170038], Table 6-6, DTN: LB0207REVUZPRP.002 [DIRS 159672]). The
residual water saturation may then be computed and is found to be 0.150. This is based on the
assumption that both the intergranular and intragranular porosities attain residual saturation in
the centrifuge experiments.

The van Genuchten properties were fit to the water pressure curve given in Table G-1 using the
van Genuchten expression for water pressure to predict normalized water saturation for the given
water pressures in the estimated curve. The differences in the expected water content and the
van Genuchten water content were minimized using the Excel function “Solver” through
adjusting the van Genuchten parameters o, and m as shown in Table G-2 and Figure G-1. The

parameters used in the minimization and the results of the minimization are given here:

Table G-1.  Estimated Water Pressure (Absolute Value) as a Function of Water Content

y (m) Water Content Normalized Water Content
9.767E+01 3.934E-02 3.000E-02
2.923E+01 4.314E-02 5.000E-02
9.266E+00 4.695E-02 7.000E-02
3.650E+00 5.265E-02 1.000E-01
1.157E+00 5.836E-02 1.300E-01
4.139E-01 7.167E-02 2.000E-01
1.467E-01 8.118E-02 2.500E-01
5.268E-02 1.040E-01 3.700E-01
1.707E-02 1.306E-01 5.100E-01
6.770E-03 1.725E-01 7.300E-01
2.170E-04 2.238E-01 1.000E+00
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Table G-2.  Fit of Water Pressure Data to van Genuchten Equation 7.2.5-2

van Genuchten o, (m™) 3.33E+02
van Genuchten m 2.55E-01
Sum of Residuals Squared 8.14E-05
Retention Analysis Results
Volumetric Moisture | Moisture Potential Predicted Moisture
Content' (m) Content? Residuals Squared
3.93E-02 9.77E+01 3.91E-02 7.62E-08
4.31E-02 2.92E+01 4.18E-02 1.70E-06
4.69E-02 9.27E+00 4.58E-02 1.34E-06
5.27E-02 3.65E+00 5.04E-02 5.27E-06
5.84E-02 1.16E+00 5.84E-02 2.79E-09
7.17E-02 4.14E-01 6.89E-02 7.96E-06
8.12E-02 1.47E-01 8.38E-02 6.91E-06
1.04E-01 5.27E-02 1.05E-01 3.37E-07
1.31E-01 1.71E-02 1.36E-01 2.98E-05
1.72E-01 6.77E-03 1.67E-01 2.61E-05
2.24E-01 2.17E-04 2.22E-01 1.96E-06
108
4 LBTM-2 average
102
van Genuchten fit
10
_— 1 n
E
=
10-1 -
1072
1073 - X
g
1074 T T T T !
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Normalized Water Content

Figure G-1. Fit of van Genuchten Equation 7.2.5-2 to Water Pressure Data
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The van Genuchten parameter capillary strength parameter is «,; =333.2 m ' and the pore size
distribution index is m =0.255.

The Gardner parameter is fit to the van Genuchten model over the applicable range of effective
hydraulic conductivity for the problem investigated. For Case 1, the maximum flux is 2000
mm/yr and the lower rate source is 9.8 mm/yr. Therefore a range of about 2000 mm/yr down to
2 mm/yr were chosen for the fit to the van Genuchten relationship as shown in Table G-3. For
cases 2 and 3, the maximum flux is 9800 mm/yr and the lower rates fluxes are 2000 and 66
mm/yr for Cases 2 and 3, respectively. Therefore, the same range from about 10000 mm/yr
down to 10 mm/yr was used for Cases 2 and 3 as shown in Table G-4. Curve fits to establish the
Gardner o for Case 1 and Cases 2 and 3 are shown in Figures G-2 and G-3, respectively.

Table G-3. van Genuchten Values for Poorly Sorted Invert, Case 1

v K
S Sn (m) (mmlyr)
3.032E-01 1.800E-01 -4.496E-01 1.632E+00
3.117E-01 1.900E-01 -3.838E-01 2.563E+00
3.202E-01 2.000E-01 -3.303E-01 3.933E+00
3.287E-01 2.100E-01 -2.864E-01 5.911E+00
3.372E-01 2.200E-01 -2.499E-01 8.717E+00
3.457E-01 2.300E-01 -2.194E-01 1.264E+01
3.542E-01 2.400E-01 -1.936E-01 1.803E+01
3.627E-01 2.500E-01 -1.718E-01 2.536E+01
3.712E-01 2.600E-01 -1.531E-01 3.520E+01
3.797E-01 2.700E-01 -1.370E-01 4.825E+01
3.882E-01 2.800E-01 -1.231E-01 6.540E+01
3.967E-01 2.900E-01 -1.111E-01 8.771E+01
4.052E-01 3.000E-01 -1.005E-01 1.165E+02
4.137E-01 3.100E-01 -9.123E-02 1.533E+02
4.222E-01 3.200E-01 -8.307E-02 2.000E+02
4.307E-01 3.300E-01 -7.584E-02 2.588E+02
4.392E-01 3.400E-01 -6.942E-02 3.324E+02
4.477E-01 3.500E-01 -6.370E-02 4.239E+02
4.562E-01 3.600E-01 -5.858E-02 5.370E+02
4.647E-01 3.700E-01 -5.399E-02 6.760E+02
4.731E-01 3.800E-01 -4.986E-02 8.459E+02
4.816E-01 3.900E-01 -4.613E-02 1.052E+03
4.901E-01 4.000E-01 -4.275E-02 1.303E+03
4.986E-01 4.100E-01 -3.969E-02 1.604E+03
5.071E-01 4.200E-01 -3.691E-02 1.966E+03
5.156E-01 4.300E-01 -3.437E-02 2.398E+03
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Table G-4. van Genuchten Values for Poorly Sorted Invert, Cases 2 and 3

y K
S Sh (m) (mmlyr)
3.372E-01 2.200E-01 -2.499E-01 8.717E+00
3.457E-01 2.300E-01 -2.194E-01 1.264E+01
3.542E-01 2.400E-01 -1.936E-01 1.803E+01
3.627E-01 2.500E-01 -1.718E-01 2.536E+01
3.712E-01 2.600E-01 -1.531E-01 3.520E+01
3.797E-01 2.700E-01 -1.370E-01 4.825E+01
3.882E-01 2.800E-01 -1.231E-01 6.540E+01
3.967E-01 2.900E-01 -1.111E-01 8.771E+01
4.052E-01 3.000E-01 -1.005E-01 1.165E+02
4.137E-01 3.100E-01 -9.123E-02 1.533E+02
4.222E-01 3.200E-01 -8.307E-02 2.000E+02
4.307E-01 3.300E-01 —7.584E-02 2.588E+02
4.392E-01 3.400E-01 —-6.942E-02 3.324E+02
4.477E-01 3.500E-01 -6.370E-02 4.239E+02
4.562E-01 3.600E-01 -5.858E-02 5.370E+02
4.647E-01 3.700E-01 -5.399E-02 6.760E+02
4.731E-01 3.800E-01 -4.986E-02 8.459E+02
4.816E-01 3.900E-01 -4.613E-02 1.052E+03
4.901E-01 4.000E-01 -4.275E-02 1.303E+03
4.986E-01 4.100E-01 -3.969E-02 1.604E+03
5.071E-01 4.200E-01 -3.691E-02 1.966E+03
5.156E-01 4.300E-01 -3.437E-02 2.398E+03
5.241E-01 4.400E-01 -3.205E-02 2.913E+03
5.326E-01 4.500E-01 -2.993E-02 3.524E+03
5.411E-01 4.600E-01 —-2.798E-02 4.246E+03
5.496E-01 4.700E-01 -2.619E-02 5.097E+03
5.581E-01 4.800E-01 —-2.454E-02 6.097E+03
5.666E-01 4.900E-01 -2.302E-02 7.268E+03
5.751E-01 5.000E-01 -2.162E-02 8.636E+03
5.836E-01 5.100E-01 -2.031E-02 1.023E+04
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Figure G-2. Permeability — Water Pressure Plot for Poorly Sorted Invert, Case 1
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Figure G-3. Permeability — Water Pressure Plot for Poorly Sorted Invert, Cases 2 and 3

ANL-EBS-GS-000002 REV 01 G-5 September 2006



Geochemistry Model Validation Report: External Accumulation Model

The maximum water saturation of the intergranular pores is about 0.6 for the cases considered in
the criticality analyses for the poorly-sorted invert. This maximum saturation corresponds to a
maximum flow rate of about 1000 liters per year into a footprint of about 1000 cm”, or about
10,000 mm/year (see Table 6-7). This flux is compared with the effective hydraulic conductivity
as a function of saturation. Although the saturated hydraulic conductivity for the invert is about
4 x 10" mm/yr, the normalized saturation needs to be about 0.51 to achieve a hydraulic
conductivity of 10,000 mm/yr (see Table G-4). A normalized saturation of 0.51 corresponds to a
physical saturation of about 0.584, given a residual saturation of 0.150. This high saturation is
due to the strongly nonlinear effective hydraulic conductivity — saturation relationship, which is
characteristic of the poorly sorted invert (and is substantially different than the well-sorted invert
used in the current multiscale model).

Under flowing conditions, the water content of the intragranular pores is taken to be equal to the
porosity, i.e., a water saturation of 1. The same intrinsic intragranular porosity, 0.131, as for the
well-sorted invert (see Appendix F) is used here. This is the average matrix porosity of the
Topopah Spring lower lithophysal (TLL) (BSC 2004 [DIRS 170038], Table 6-6) and accounts
for more than 80% of the material expected to be excavated for waste emplacement drifts 800-
IED-WIS0-01801-000-00A, (BSC 2005 [DIRS 176908]).

Therefore the range in total water saturation may be computed using Equation (E-18) from
Appendix E to give,

S+ Smatull=¢/)
o br+ 0 (1 —¢; )

S =0.42

Sty + a4,

ST max
’ 4, +4,(-9,)

=0.71

Based on this range of saturation values, a representative total water saturation of 0.6 is
appropriate for use in the criticality geochemical model.

ANL-EBS-GS-000002 REV 01 G-6 September 2006



Geochemistry Model Validation Report: External Accumulation Model

APPENDIX H

INDEPENDENT TECHNICAL REVIEW

ANL-EBS-GS-000002 REV 01 September 2006



Geochemistry Model Validation Report: External Accumulation Model

INTENTIONALLY LEFT BLANK

ANL-EBS-GS-000002 REV 01 September 2006



Geochemistry Model Validation Report: External Accumulation Model

P.O. Box 808, L-631
(925) 422-5789

LLYMP0607027
July 27, 2006

To: Susan LeStrange, Erng
From: Tom Wolery (LLNL) \\ AL
Subject: Independent Technical Révitw ol ANL-EBS-GS-000002 REV 01

This memorandum was written pursuant to Technical Work Plan for External Accumulation for Criticaliry
Evalpations, TWP-MGR-PA-000025 REV 03 (Section 2.2.1 and Appendix A, Model Validation Technical
Review). It decuments my independent technical review of Geochemistry Model Validation Report:
External Accumulation Model, ANL-EBS-GS-000002 REV 01. Hereafter the Technical Work Plan (TWP-
MGR-PA-G00025 REV 03} will be referred te in places as the TWP; the report which is the subject of the
present review (ANL-EBS-GS-000002 REV 01) will be variously referred to as the “Validation Report” or
the AMR (Analysis/Model Report).

The stated purpose of ANL-EBS-GS-000002 REV 01 is (Technical Work Plan, p. 2);

To updare, validate, and document the model for derermining external accamulation of fissile
material generated by a degrading waste package. The existing model (BSC 2001a), which
covers accuntulation in the fractured uff, will be updated ro inclide accumulation in the invert.
The model will be used in the development of external configurations for use in criticality
evaluations.

The model approach and method is described as follows (TWP, p. 2):

The model estimates the quantity and geometry of accumulation of fissile and non-fissile
isotopes and corrosion products in the invert (near-field) and the surrounding fractured ff
(far-field) external to the waste package.

In actuality, the model is a complex of distinct models, most of which are developed and applied in other
reports. Some of these models have themselves been individually validated and applied elsewhere. This
Validation Report is intended to provide overall validation of the complex model, which includes previous
results from some of the compenent models. The present report is somewhat constrained by this history, as
its scope does not include modification of previous applications of components in response to present
concerns. For example, the solid Ni¢OH), was suppressed in PHREEQC calculations cited in the Validation
Report. This suppression was based on an understanding of mineralogical occurrences; however, physical
chemisiry data (e.g., the Linke 1965 solubility handbook) indicate that this phase can form readily enough
given the necessary pH and concentration of dissolved nickel. In modeling an engineered system, this solid
should not have been suppressed (at least in the opinion of this reviewer). The Validation Report, however.,
was able to show (see the entry for Ni(OH), in Table 6-8) that this suppression had no consequence, as
Ni{OH), would not have formed anyway due to undersaturation caused by incorporation of nickel into
another solid.

The Technical Work Plan (Section 2.2.1, p. 5) addresses the requisite level of confidence for the Vatidation
Report:
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Since analyses using this model will not be used directly in performance assessiment
calculations, preclosure nuclear safety related issues, or license application design activities,
the appropriate level of confidence assigned to the validation of this model is Level I (i.e., the
model is of limited or no importance to the calculation of mean annual dose or to other
repository objectives),

The TWP (again Section 2.2.1, p. 5) calls for application of four validation methods, each with a different
scope:

«.Method A, is an independent model validation technical review that reviews the entire model.
This is appropriate because the model is an integrated approach that represents complex
phenomenology and is only partly supported by laboratory testing and other analogues. The
remgining validation activities address portions of the model.

Method B compares the PHREEQC results of the model to the minerals observed in nanural
analogues and laboratory experiments.

Method C uses the PHREEQC external accumulation model to predict the accumularion of
uranyl minerals ebserved in UG, degradation drip tests.

[Method D] ... the TOUGHREACT-based inodel used to calculate the geometry in the invert is
validated with an alternate model...

The scope of Method A (the present independent technical review) includes addressing Methods B, C,
and D.

The TWP defined the following validation criteria for Methods B, C, and D (it also defined criteria for
Method A itsell; these will be addressed later in the present memo as I have elected to keep all the TWP
Appendix A requirements and responses together):

Method B (Section 2.2.1, p. 6-7):

[1.] Are the types of minerals that form (such as clays and Fe-oxides} and the
radionuclide-bearing phases that form in the model consistent with natural
analogues or experimental work published in peer-reviewed or industrial
literature, or both?

[2.] Before comparing the types of minerals formed in the analogues with the
PHREEQC results, the following aspects of the anaiogue systems will be analyzed
to identify differences in chemistry that could result in differences in minerals
Jormed:

1. Is the major and trace elemental chemistry (i.e., Si, Al, Na, K, Fe, Mg,
Cr, V, Mn, Ba, P, rare earth elements) of the host rock and the invert in
the model the same as with natural analogues or experimental work?

2. Are the major cations (Na*, K*, Ca**, Mg®™ ) and anions (CI", F~, NO;,
b 5 . .
SO 7) of the water chemistry in the model tire same as the natural

analogues or experimental work?

3. Is the pH and alkalinity (HCO;™) of the model the saine as with natural
analogues or experimental work?

4. Are the partial pressures of CO; and O used in the model similar to the
natural analogues or experimental work?
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The post mode! development activities are successful if (1) the mineral phases
predicted by the model closely match the mineralogy observed in natural
analogues or experiments; and (2) if the mineral phases do not match, then the
differences can be explained by the aspects of the system listed above.

Method C (Section 2.2.1, p. 7-8):

1. The model should predict that UV} minerals accunulate over time and
throughout the column. Predicting the exact same mineral assemblages observed

in the drip tests is not required, because the total uranium accumulation is what is
important to criticaliry.

2. The uranium release rate measured in the drip tests is the total uranium released
Jrom the sample, including the uranium that precipitated on the vessel bur
excluding the portion that reprecipitates on the UOy-Zircaloy assembly. That is, it
is the sum of the aqueous uranium and the solid-phase uranium in the leachate
and on the bottom of the stainless steel veaction vessel. The solid phase includes
secondary minerals and UQ; particles that detach froim the sample surfaces.
Because the model neither simulates entrainment of selid particles nor spallation

of UO; particles, the predicted agueous release rates should not exceed the mean
measured cumulative uranium release rates.

3. Only toward the end of the experiments berween 8 and 10 years was leachate
filtered to separate suspended uranivm from agueous uranium. These
measurements determined that approximately 2% of the uranium released was in
the filtered <5 nm size fraction (Wronkiewicz et al. 1996, p. 86). Experiments 3
and 6 were the only experiments that continued to 10 years with a flow rate (7.82
mL/yr) equal to the simulated flow rate (Wronkiewicz et al. 1996, Table 1).
Therefore, the predicted aqueous uranium release rates shonld be approximately
2% (plus or minus a factor of 10) of the mean measured cumulative uranium
release rates between 8 and 10 years for the experiments 3 and 6.

4. Predicted leachate pH should be within the range observed in the experiments.

5. Predicted leachate concentrations of Na, Ca, and Si should be within the ranges
observed in the experiments. Other than OH, the components Na, Ca, and Si are
the primary controls on U(VI) solubility in the experiments.

Method D (Section 2.2.1, p. 8):

{1.] The criterion used to demonstrate that the munerical model is sufficiently
accurate is that for a given value of cumulative fiux or relative concentration, the
horizontal distance along the cross section of the invert calculated by the
numerical model is within +10 cm of the value calculated by the analytical model.

The Technical Work Plan (Appendix A) specified the following requirements for the qualifications of the
independent model validation technical reviewer(s). A response or notation follows each requirement:

{. Reviewer shail not have contributed to the development, checking, and review of the model
documentation.

This reviewer did not contribute to the development, checking, or review (in the 2.14 sense)
of the Validation Report.
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2. Reviewer shall have an appropriate technical background (i.e., advanced degree in an
appropriate teclnical field) and demonstrated expertise in geachemistry, flow and transport
in porous media.

The technical qualifications of this reviewer are documented in Section 7.2.2.1
(Qualifications of Independent Technical Reviewer) of the Validation Repott.

3. Qualifications and training of the reviewer shall be reviewed and approved by a memo fron
the Technical Work Plan Manager.

This reviewer has not seen the memo required in item (3). However, the fulfillment of this
requirement need not be documented in the present review,

The Technical Work Plan (Appendix A) specified the (ollowing activities (The independent model
validation technical reviewer shall...) for the present review. These activities follow the original
numbering, here with “A” for activity preceding the number. A response follows each specified activity:

[A]L. Review the validation criteria in this TWP to determine if they are adequate for intended
use of the model.

[ find the validation criteria specified in the Technical Work Plan (o be adequate for the
intended use of the model. In making this finding, [ considered the assigned level of
confidence, Level 1. If a higher level of confidence were required, I believe it would be
necessary to tighten up validation criteria.

Specific validation criteria for Method A (independent technical review) are specified at the
end of Appendix A in the TWP. They are also listed in Table 7-6 of the Validation Report as
“acceptance criteria” for Method A (this table also includes the “acceptance criteria” for
Methads A, B, and C which were identified in the TWP and previously in the present memo
as the validation criteria for those methods). The Method A criteria will be reproduced later
in the present memo along with correspending specilic findings of the present review. 1 found
these criteria to be sufficiently encompassing and detailed in relation to the stated purpose
and model approach and method and approach for this Validation Report. However, if the
required level of confidence were to be raised to above Level I, 1 believe that tighter criteria
would be appropriate.

The TWP provides specific validation criteria are given for Methods B, C, and D (also
reproduced above in the present memo). The criteria for Method B (compares the
PHREEQC results of the model to the minerals observed in natural analogues and
laboratery experiments) appropriately focus on comparing computed and actual mineral
assemblages. The criteria here appropriately require taking into account any differences in the
chemistries of the modeled systems. I point out that the criteria do not require the computed
models to provide a detailed match to the modeled systems. All models are approximations at
one ievel or another. Given the required level of confidence and the intended use, [ believe
the present criteria are sufficient.

The criteria for Method C {uses the PHREEQC external accumulation model to predict the
accumulation of uranyl minerals observed in UO, degradation drip tests) are similar in
overall intent to those for Method C. The first criterion for this method is the most important:
that the calculations make a reasonable prediction of the accumulation of uranium minerals,
without requiring an exact match regarding the identities of the uranium minerals that
precipitate. The second and third criteria appropriately address issues regarding the usage and
interpretation of data from the drip tests, and are necessary to account for specific analytical
issues, model limitations, and proper bookkeeping that are somewhat unique to these drip
tests. The fourth and fifth criteria provide checks on important elements of the computed
aqueous solution composition (a “sanity check™). These criteria appear to be sufficient

ANL-EBS-GS-000002 REV 01 H-4 September 2006



Geochemistry Model Validation Report: External Accumulation Model

considering the requited level of confidence and the intended use. I note that the
representation of potential uranium minerals in the thermodynamic database is somewhat
limited and that this could raise issues in the future. I understand that additional minerals are
being added to this database and would be considered in future geochemistry calculations,
including possible sensitivity calculations.

For Method D (... the TOUGHREACT-based model used to calculate the geometry in the
invert is validated with an alternate meodel...) the single validation criterion of a 10 cm scale
for differences between the two models in the position of a given value of cumulative flux or

relative concentration appears adequate. In reality, the invert material will not be as ideal as it

is represented in these calculations (the actual material will almost certainly have more
heterogeneity). The processes of fluid flow and mixing of fluids in these models is also
idealized. Furthermore, modifications of the shape and positions of waste isolation
components in the drifts due to say seismic shaking are not considered. Consequently, any
atlempt lo predict accumulation of uranivm and plutonium in the invert material ai a scale
much finer than 10 cm is probably ingenuous. I have not considered the potential issue of
how fine a scale might be required lor some possible criticality scenarios, owing to a lack of
pertinent information. I am assuming that when the relevant criticality analyses are
performed, it witl be recognized that the types of calculations validated by Method D carry
some Lype of scale uncertainty of at least 10 ¢m.

[AJ2. Review the external accumulation model report in draft.

This reviewer reviewed the Rev. 01A (Check Copy) draft and provided written comments Lo
the AMR originator. These comments were resolved in the Rev. 01B (Preliminary Backcheck
Caopy) draft. Many of these comments dealt with transparency issues, particularly concerning
the PHREEQC calcutations. I note that additional validation information was requested
regarding the application of the sorption model to the multi-component (competitive) case.
This was included in Rev. 01B.

[A]3. Assess whether or not the model as documented in the report meets the validation
criteria.

1 find that the model as documented in the report (Rev. 01B draft) meets the validation
criteria in regard to Methods A, B, C, and D. The validation (metheds and results) is
discussed in detail in Section 7 of the Validation Report.

[A]4. Assess whether or not the model is adequate for its intended use. Meet with the author to
resolve comments, and reconuend actions, as appropriase, fo resolve any inadequacies
Sound as part of the review.

I find the model adequate for its intended use. Following my examination of the Rev. 01 A
draft, T had a number of communications with the originator of record (Susan LeStrange) and
other contributors o resolve inadequacies. One examples is the previously noted issue of
suppressing Ni(OH); solid (which should not have been on the suppressed list) and the
inclusion of additional validation information for the multi-component sorption model.
Another concerns issues involving the technical details of the PHREEQC calculations. These
details were worked with Paul Mariner, one of the contributors to the Validation Report.

[A]S5. Document this review process, and the final conclusion as to whether the model is valid
Jor its intended use, as a memo to be included as an appendix in the report.

The present memo, ence included in the Validation Report, meets this requirement.
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The Technical Work Plan (Appendix A) specified the following criteria for the present independent
technical review (Method A). These activities follow the original numbering, here with “C” for aclivity
preceding the number. A response follows each specified criterion:

[C}1. The approach described in the document addresses all significant modes of accumulation

in the near-field (invert) and far-field (unsarrated zone).

The Validation Report addresses all likely maodes ol accumulation in the invert and
unsaturated zone. These include precipitation, sorption, and movement of solid particulates
out of a waste package. Precipitation is and sorption are dealt with as thermodynamically
controlled processes. Thus, they are (or can be) controlled by processes such as gas
exchange, temperature changes, and mineral-water and sorption interactions, including
interactions that do not involve components of direct interest to criticality analyses.

CJ2. The adsorption of U and Pu on the inverr materials (tuff), as impleinented in the
/2 P

PHREEQC modeling, is based on sound scientific principles.

The adsorption model is not a perfect model, However, more elaborate sorption models used
in geochemistry and environmental studies (for example, the triple-layer model) are not
perfect either, The present model provides a sufficiently accurate approximation (o support
Level I criticality analyses. It accounts for the principal effects, including: an increase in the
amount of adsorbed component with increasing agqueous concentration of the same
component, following the usual sort of mass action [orm; substrate saturation due (o finite
substrate; and competition among adsorbing components for finite substrate. 1 note that basic
Kd models have a long history of accepted usc in groundwater transport modeling, although
they often criticized by some geochemists (including the present reviewer). The modifications
here Lo account for saturation and competitive effects are a major imprevement over the
“basic” Kd models.

[C]3. The use of the thermodynamic database in the PHREEQC modeling and the choice of

mineral suppressions and formations are justified and appropriate for the intended use of the
nmodel.

In general, this was found to be the case. One exception, the improperly justified suppression
ol Ni(OH), solid, has been noted previously in this memo. The Validation Report deals with
that by showing that for the calcuiations examined, this solid would not have precipitated
anyway. In my original comments provide to the originator, I also noted that the choice of
neptunium solid (NpO,) might be controversial, as some aclinide chemists do not believe that
this can form in oxidizing systems. I further noted that the same theoretical considerations
that suggest NpO, for neptunium also suggest PuO, for plutonium (though there s no
evidence for this from available experimental observations or field observations, of which I
am aware). My sense though is that the potential formation of PuO; may be something that
the people doing the criticality analyses should consider in evaluating their uncertainties. Of
course, what [ would really like to see is an appropriate experimental investigation of PuQ,
formation analogous to the limited NpO; studies, but 1 perhaps digress beyond the scope of
the present memo.

[C}4. Modeling asswmptions are clearly defined, discussed, and justified as appropriate for the

intended use of the model.

1 found this to be so for the stated intended use of the model (to feed Level I criticality
analyses).

[C13. Uncertainties in parameters, processes, and assuriptions are appropriately described, and

impacts of these unceriainties on the intended use of the model are discussed,
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Overall, within the context of this AMR and a Level I level of confidence, 1 found this to be
true, It is not entirely clear how uncertainties in the present model will be dealt with in the
criticality analyses that are intended to be fed by all this. This is a difficulty arising from the
use of multiple AMRs to address a complex problem, when the linkages (and AMR
timelines) are not “linear.” There may be some risk of a “disconnect” when everything is put
together, but that cannot be evaluated by reviewing the present AMR by itself.

[Cf6. The overall technical credibility of the approach, including assumptions, parameters, and
equations, is appropriate for the model’s intended use.

The model basically pieces together other models. The geochemical models (including
PHREEQC, EQ3/6, and TOUGHREACT, and associated qualified supporting databases) can
probably be fairly said to have their own technical credibility owing to use elsewhere (both
inside and outside the Yucca Mountain Project). The technical credibility of the overall
model here seems more than adequate (or the intended use (Level [ criticality analyses). For a
higher level of confidence, an integrated thermal-chemical-hydrologic model would be
preferred, perhaps with an appropriately scaled field test.

In conclusion, I find this Validation Report to be adequate in light of the required level of confidence and
intended use. T congratulate the originator and her team of contributors for doing an excellent job in pulling
this complex effort together. If the required level of confidence andfor the intended use were to change, I
believe that tighter requirements and additional work, including both model development and application
and experimental work, would be necessary.
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APPENDIX 1
DETAILS OF ASPRIN CALCULATIONS
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Source Term: TMI, Igneous, 1 liter/year

This source term (TMI IG1) represents the second stage of an igneous simulation of the
degradation of a Three Mile Island (TMI) codisposal waste package at a flow rate of 1 liter/year.
The EQ6 input file located in Output DTN: MOO0609SPAINOUT.002; folders:
TMI _IGI\TMI IG1 source term, file: TMI IGla.6i, listed in Table 4-4, was rerun using
data0.tmi (Section 4.1.1). This input file represents the second stage of an igneous simulations.
ASPRIN was run using the following steps:

1. Updated the file defltsolids.txt located in Output DTN: MOO0609SPAINOUT.002,
folders: TMI _IGI\TMI IG1_Asprin, with the file TMI IGla.min_info.txt , located in
Output DTN: MOO0609SPAINOUT.002, folders: TMI IGI\TMI IG1 Asprin. The
file in defltsolids.txt contains the list of U solids appearing in the simulation and is
needed to run ASPRIN. The file *.min_info.txt contains all the minerals that formed
during the stage 1 simulation.

2. Input flushing rate from the EQ6 input file, TMI 1G1la.61 (5.01E-12 mol/sec), which is
equivalent to 1 liter/year.

3. Input initial isotopic composition of aqueous solution and schoepite. This represents
the composition after the first stage of the igneous scenario, when all the fuel has been
oxidized to schoepite and the aqueous solution and schoepite have the same isotopic
composition as the starting TMI fuel, as listed in Table 6-3.

4. Input isotopic composition of HLW Glass as listed in Table 6-3.

Based on a plot of the U concentration versus time from the ASPRIN output (Output
DTN: MOO0609SPAINOUT.002, folders: TMI IGI\TMI IG1 Asprin file: TMI IGla.xls), ten
points were identified to be simulated with PHREEQC, as shown in Figure 6-4. Figure 6-4 also
shows the ASPRIN results of enrichment fraction (ratio of U-235 to total U in solution) versus
time.

Source Term: TMI, Igneous, 1,000 liter/year

This source term (TMI 1G2) represents the second stage of an igneous simulation of the
degradation of a TMI codisposal waste package at a flow rate of 1,000 liter/year. The EQ6 input
file TMI IG2a.61 located in  Output DTN: MOO0609SPAINOUT.002, folders:
TMI_IG2\TMI IG2 source term, listed in Table 4-4, was rerun using data0.cr3 (see Section
4.1.1). This input file represents the second stage of an igneous simulation at a flow rate of
1,000 liter/year. At this flow rate, the EQ6 output binary files are very large. If a binary file is
too large, ASPRIN cannot read the file. For this case, six separate EQ6 simulations were
required. For the first EQ6 run (TMI_1G2a.61), ASPRIN was run with the following steps:

1. Updated defltsolids.txt with the TMI IG2a.min_info.txt file (both files located in
Output DTN: MO0609SPAINOUT.002, folders: TMI IG2\TMI 1G2_Asprin\ Stepl-
TMI _1G2a)).
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2. Input flushing rate from the EQ6 input file TMI 1G2a.6i (5.01E-9 mol/sec), which is
equivalent to 1,000 liter/year.

3. Input initial isotopic composition of aqueous solution and schoepite. This is the
composition after the first stage of the igneous scenario, when all the fuel has been
oxidized to schoepite and the aqueous solution and schoepite have the same isotopic
composition as the starting TMI fuel, as listed in Table 6-3.

4. Input isotopic composition of HLW Glass as listed in Table 6-3.

For the rest of the EQ6 simulation, see files TMI 1G2b.61 through TMI 1G2f.61, located in
Output DTN: MO0609SPAINOUT.002, folders: TMI IG2\TMI IG2_Asprin\Step#-TMI_1G2*,
where # is 2-6 and 8 is b-f). ASPRIN was run according to the instructions listed above for steps
1, 2, and 4, but step 3 was slightly different. Step 3 requires the starting isotopic composition. In
the first EQ6 simulation, the initial isotopic composition is the same as the isotopic composition
of the fuel, and is listed in Table 6-3. But the second ASPRIN calculation requires the starting
isotopic composition of the second EQ6 simulation. That value is calculated by running
ASPRIN with the first EQ6 binary file. It differs from the fuel isotopic composition, because the
EQG6 calculations include HLW glass degradation, which changes the isotopic composition of the
aqueous solution. For each ASPRIN calculation, an output file was created that contains the
isotopic composition at the end of the simulation, to be used in the subsequent ASPRIN
calculation. In other words, the initial isotopic composition of the aqueous solution and uranium
minerals (if present) for each ASPRIN calculation comes from the ASPRIN output of the
previous EQ6 simulation. For example, for the second EQ6 simulation (TMI_1G2b.61), the file
Isotopic fraction end step 1.xls provides the values of enrichment that were taken from the
ASPRIN output file (TMI_IG2a.txt).

Based on a plot of the U concentration versus time from the all the ASPRIN output files
(TMI 1G2 _asprin_all.xls, folder TMI 1G2), eight points were identified to be simulated with
PHREEQC, as shown in Figure 6-5. Figure 6-5 also shows the ASPRIN results of enrichment
fraction (ratio of U-235 to total U in solution) versus time.

Source Term: FFTF, Igneous, 1 liter/year

This source term (FFTFIG1ladEhdec) represents the second stage of an igneous simulation of the
degradation of an FFTF codisposal waste package at a flow rate of 1 liter/year. The adjusted Eh
equivalent to oxygen fugacity of 1.77 x 10~ bar, and Pu radioactive decay (*’Pu —>*°U; half-
life is 24,100 years) was included. ASPRIN was run according to the following steps:

1. Update defltsolids.txt with the FFTFIGladEhdec.min_info.txt file, (both files located
in Output DTN: MOO0609SPAINOUT.002, folders:
FFTFIG1ladEhdec\FFTFG1_ Asprin_Sourceterm).

2. Input flushing rate from the EQ6 input file, FFTFIGladEhdec.6i (5.01E-12 mol/sec),
equivalent to 1 liter/year.

3. Input initial isotopic composition of aqueous solution and schoepite. This represents
same isotopic composition as the starting FFTF fuel, as listed in Table 6-3. Since
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FFTF fuel is composed of UOX and MOX, which have different isotopic fractions, an
average  isotopic ~ composition  was calculated in  Output DTN:
MOO0609SPAINOUT.002, file: Fuel Isotopic Composition.xls for use with ASPRIN.

4. Input isotopic composition of HLW Glass as listed in Table 6-3.

Based on a plot of the U and Pu concentrations versus time from the ASPRIN output (Output
DTN: MOO0609SPAINOUT.002, folders: FFTFIGladEhdec\FFTFG1 Asprin Sourceterm; file:
FFTFIG1adEhdec.xls)), ten points were identified to be simulated with PHREEQC, as shown in
Figure 6-6. Figure 6-6 also shows the ASPRIN results of enrichment fraction (ratio of U-235 to
total U in solution) versus time.

Because this source term was estimated at a reduced Eh, the aqueous concentration in the
PHREEQC input file needed more than just total concentration of N, Pu, and Np. The
concentration of each dominant oxidation state for N, Pu, and Np needed to be specified.
ASPRIN was used to extract the aqueous species for N, Pu, and Np, and the major species were
summed in Aqueous species.xls, folder FFTFIG1 _asprin.

Source Term: FFTF, Igneous, 1,000 liter/year

This source term (FFTFIG2adEhdec) represents the second stage of an igneous simulation of the
degradation of an FFTF codisposal waste package at a flow rate of 1,000 liter/year. The EQ6
input file for this source term was rerun to create the binary files (Output DTN:
MOO0609SPAINOUT.002, folders: FFTFIG2adEhdec\FFTFG2_Asprin; file:
FFTFIG2adEhdec.bin), needed to run the code ASPRIN. This input file represents the second
stage of an igneous simulation at a flow rate of 1,000 liter/year. Four separate EQ6 simulations
were required. For the first EQ6 simulation (Output DTN: MO0609SPAINOUT.002, folders:
FFTFIG2adEhdec\FFTFG2_ Asprin; file:  FFTFIG2adEhdec.6i), ASPRIN was conducted
according to the following steps:

1. Update defltsolids.txt with the FFTFIG2adEhdec.min_info.txt file (both files located
in Output DTN: MOO0609SPAINOUT.002, folders:
FFTFIG2adEhdec\FFTFG2_Asprin\Step1- FFTFIG2adEhdec).

2. Input flushing rate from the EQ6 input file FFTFIG2adEhdec.6i (5.01E-9 mol/sec),
which is equivalent to 1,000 liter/year.

3. Input initial isotopic composition of aqueous solution and schoepite. This represents
the same isotopic composition as the starting FFTF fuel, as listed in Table 6-3. Since
FFTF fuel is composed of UOX and MOX, which have different isotopic fractions, an
average isotopic  composition was calculated in in  Output DTN:
MOO0609SPAINOUT.002, file: Fuel Isotopic_Composition.xls for use with ASPRIN.

4. Input isotopic composition of HLW Glass as listed in Table 6-3.
For the rest of the EQ6 simulations, see files FFTFIG2adEhdeca.6i through

FFTFIG2adEhdecc.61), located in Output DTN: MOO0609SPAINOUT.002, folders:
FFTFIG2adEhdec\FFTFIG2adEhdec Asprin\Step#-FFTFIG2adEhdec*, where # is 2-4 and 8 is
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a-c)., ASPRIN was run according to the instructions listed above for steps 1, 2, and 4, but step 3
is slightly different. The initial isotopic composition of the aqueous solution and uranium
minerals (if present) came from the ASPRIN output of the previous EQ6 simulations. For
example, for the second EQ6 simulation (FFTFIG2adEhdeca.6i), the file Isotopic fraction end
step 1.xls provides the values of enrichment that were taken from the ASPRIN output file
(FFTFIG2adEhdec.txt).

Based on a plot of the U concentration versus time from the all the ASPRIN output files (folders:
FFTFIG2adEhdec\FFTFG2_ Asprin; file: Aqueous species FFTFIG2.xls)), eight points were
identified to be simulated with PHREEQC, as shown in Figure 6-7. Figure 6-7 also shows the
ASPRIN results of enrichment fraction (ratio of U-235 to total U in solution) versus time.

Like the previous FFTF source term, this source term was estimated at a reduced Eh, equivalent
to oxygen fugacity of 1.77 x 10 bar. Because of this, the aqueous concentration in the
PHREEQC input file must specify the concentration of each dominant oxidation state for N, Pu,
and Np. ASPRIN was used to extract the aqueous species for N, Pu, and Np, and the major
species were summed in the file: Aqueous species FFTFIG2.xls.

Source Term: N-Reactor, Igneous, 1,000 liter/year

This source term (CDSPIG2) represents the second stage of an igneous simulation of the
degradation of an N-Reactor codisposal waste package at a flow rate of 1,000 liter/year. The
first two EQ6 input files (see Output DTN: MOO0609SPAINOUT.002, folder:
CDSPIG_Asprin\Stepl-CDSPIG2a  and Step2-CDSPIG2b, files:CDSPIG2a.61 and
CSDPIG2b.61) had binary files from the Geochemistry Model Validation Report: Material
Degradation and Release Model (BSC 2006 [DIRS 176911]) that were small enough to be read
by ASPRIN. But, the binary file for the third EQ6 simulation (see Output DTN:
MOO0609SPAINOUT.002, folder: CDSPIG_Asprin\Step3-CDSPIG2c, file: CDSPIG2c.bin) was
too large (448 Megabytes) and so the EQ6 input file had to be rerun with a shorter span of time
to generate a smaller binary file. For the first EQ6 simulation (CSDPIG2a.6i), ASPRIN was run
according to the following steps:

1. Update defltsolids.txt with the CDSPIG2a.min_info file, (both files located in Output
DTN:  MOO0609SPAINOUT.002, folders:  CDSPIG2\CDSPIG_Asprin\Stepl-
CDSPIG2a).

2. Input flushing rate from the EQ6 input file CDSPIG2a.6i (5.00E-9 mol/sec),
equivalent to 1,000 liter/year.

3. Input initial isotopic composition of aqueous solution and U-minerals. This represents
the same isotopic composition as the starting N-Reactor fuel, as listed in Table 6-3.
The isotopic composition of Mark TA fuel, rather than Mark IV, was used in running
ASPRIN since it has the highest U-235 content.

4. Input isotopic composition of HLW Glass as listed in Table 6-3.

For the rest of the EQ6 simulations, files CDSPIG2b.6i and CDSPIG2c.6i, (Output DTN:
MOO0609SPAINOUT.002, folders: CDSPIG\CDSPIG_Asprin\Step2-CDSPIG2b and Step3-
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CDSPIG2c), ASPRIN was run according to the instructions listed above for steps 1, 2, and 4, but
step 3 is slightly different. The initial isotopic composition of the aqueous solution and uranium
minerals (if present) came from the ASPRIN output of the previous EQ6 run. For example, for
the second EQ6 simulation (CDSPIGb.61), the file Isofopic fraction end step 1.xls provides the
values of enrichment that were taken from the ASPRIN output file of the first EQ6 simulations
(CDSPIG2a.txt).

Based on a plot of the U concentration versus time from the all the ASPRIN output files (Output
DTN: MO0609SPAINOUT.002, folder CDSPIG\CDSPIG_ Asprin, file:
CDSPIG2_asprin_all.xls), eight points were identified to simulate with PHREEQC, as shown in
Figure 6-8. Figure 6-8 also shows the ASPRIN results of enrichment fraction (ratio of U-235 to
total U in solution) versus time.

Source Term: CSNF, Seismic, 1,000 liter/year

This source term (CSFlux9) represents a CSNF waste package in the seismic scenario in which a
pre-existing fault is reactivated and the displacement shears the drip shield, waste package, and
fuel cladding (Geochemistry Model Validation Report: Material Degradation and Release Model
(BSC 2006 [DIRS 176911], Section 6.2.3.2). The waste package is flooded and the flow rate is
1,000 liter/year. The EQ6 input file for this case was taken from Geochemistry Model Validation
Report: Material Degradation and Release Model (BSC 2006 [DIRS 176911]), but was rerun
to get the binary file. During the EQ6 simulation, two additional minerals were suppressed
(PuO; and Spinel-Co), to be consistent with Table 6-8, the EQ6 suppressed minerals list. As was
done for the FFTF source terms, a reduced Eh (oxygen fugacity of 1.77 x 10~ bar) was used to
more accurately reflect the Pu concentrations. Since the CSNF waste package only contains one
waste form (as opposed to the co-disposal waste packages that contains both SNF and HLW
glass), the enrichment fraction of the entire waste package contents is constant and equal to the
starting enrichment of the CSNF as listed in Table 6-3. For the first EQ6 simulation (Output
DTN: MOO0609SPAINOUT.002, folders: CSFlux9\CSflux9 Asprin\Stepl-CSFlux9a, file:
CSFlux9a.6i), ASPRIN was executed not to determined the enrichment fraction, but to extract
the aqueous species from the binary file according to the following steps:

1. Start ASPRIN and enter “N” to execute Read PIt only. This choice is just for reading
data from the binary file.

2. Choose all elements in aqueous species and all aqueous species containing N, Np, and
Pu.

For the rest of the EQ6 simulations (CSFlux9b.6i and CSFlux9c.6i), Output DTN:
MOO0609SPAINOUT.002, folders: CSFlux9\CSflux9 Asprin\Step2-CSFlux9b and Step3-
CSFlux9c, ASPRIN was run according to the instructions listed above. The ASPRIN outputs are
contained in folder CSFlux9-asprin.

Based on a plot of the U concentration versus time from the all the ASPRIN output files (Output
DTN: MO0609SPAINOUT.002, folder: CSFlux9 Asprin, file: CSFlux9 asprin_all.xls ), eight
points were identified to run with PHREEQC (Figure 6-9). Figure 6-9 also shows the
enrichment fraction (ratio of U-235 to total U in solution), which comes from Table 6-3.
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APPENDIX J

DIFFUSIVE RELEASE INPUT ROADMAP
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1[a]. PURPOSE

The purpose of this addendum is: (1) to perform accumulation analyses with revised inputs and
(2) to add calculations to determine the mass of fissile material that would be required to
accumulate in the invert or in the host rock of the repository (including fractures and
lithophysae) in order to pose a significant probability of a critical event occurring. The output of
this addendum is used to assess the potential for a criticality event outside the waste package due
to the accumulation of radionuclides in the invert or the host rock.

The accumulation analyses in this addendum were performed because the main inputs (referred
to as “source terms”) to the external accumulation model were revised in Geochemistry Model
Validation Report: Material Degradation and Release Model (MDR model) (SNL 2007
[DIRS 181165], Section 8). The accumulation analyses address source terms (defined in this
report as estimates of dissolved releases of radionuclides from degrading waste packages) from a
commercial spent nuclear fuel (CSNF) waste package and from a degrading codisposal waste
package containing high-level waste glass (HLWG) and U.S. Department of Energy
(DOE)-owned spent nuclear fuel (SNF) from the Fast Flux Test Facility (FFTF) at the Hanford
site in Washington state. The source terms were recalculated in the MDR model due to changes
in the waste package designs. The CSNF waste package design (SNL 2007 [DIRS 179394]) now
includes a stainless steel transportation, aging, and disposal (TAD) canister within the waste
package outer corrosion barrier and inner vessel, contains neutron absorber plates constructed of
borated stainless steel rather than a gadolinium-bearing nickel alloy, and uses stainless steel in
place of the carbon steel in the basket material specified in the old design. The major change to
the codisposal waste package design is that a thick stainless steel shield plug has been added to
the inner vessel (SNL 2007 [DIRS 179567]). The accumulation analyses were performed in
accordance with the requirements in Technical Work Plan for External Accumulation for
Criticality Evaluations (BSC 2006 [DIRS 177153], Sections 2.1.1, 2.1.2). To be more efficient,
instead of preparing an analysis report, as specified in Section 2.1.2 of the TWP (BSC 2006
[DIRS 177153]), an addendum was prepared to address the CSNF TAD design. Another
deviation from the TWP (BSC 2006 [DIRS 177153]) is that SCI-PRO-006, Models, was
followed rather than the no longer applicable model procedure, which is listed in Section 2.1.1 of
the TWP (BSC 2006 [DIRS 177153]).

In addition, this addendum contains new calculations to estimate the mass of fissile materials that
would be required to accumulate in the invert or host rock in order to pose a significant
probability of a critical event. The code system used for this analysis is SCALE
(STN: 10129-5.1-00 [DIRS 181249]), which was developed at Oak Ridge National Laboratory.
This qualified code package has been used to evaluate the criticality of uranium or plutonium
minerals that may accumulate in the invert below the waste package or in the host rock below the
invert. To mimic accumulation within the near field (invert) and far field (fractures and
lithophysae), the uranium and plutonium minerals (also referred to as “waste” in the addendum)
were mixed with Topopah Spring Tuff and pore water. The volume of interest was modeled as a
spherical mass, reflected by an infinite amount of a similar rock—water composition. The
spherical configuration was chosen, as it is the most reactive. The criticality calculations were
developed in accordance with the requirements of Technical Work Plan for: Postclosure
Criticality (SNL 2007 [DIRS 178869], Section 2.1.8).
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The format of this addendum is patterned after the parent document, with the sections of the
addendum numbered the same as the parent document except with “[a]” added to the end of each
section number. Some sections have not been changed and are indicated as “No changes.”
Other sections contain information necessary to describe the new calculation inputs and results.
A few sections contain additional information to improve clarity of the document.
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2[a]. QUALITY ASSURANCE

Preparation of this addendum and its supporting technical activities has been performed in
accordance with the appropriate requirements of the Yucca Mountain Project quality assurance
program and are subject to the requirements of Quality Assurance Requirements and Description
(DOE 2007 [DIRS 182051]). This addendum is prepared in accordance with SCI-PRO-006 and
reviewed in accordance with SCI-PRO-003, Document Review. Input information for this
addendum is identified and tracked in accordance with SCI-PRO-004, Managing Technical
Product Inputs. The methods used to control the electronic management of data, as required by
IM-PRO-002, Control of the Electronic Management of Information, are identified in Section 8
of the TWP (SNL 2007 [DIRS 177153]). Planning and preparation of the report were initiated
under the Bechtel SAIC Company Quality Assurance Program. Therefore, forms and associated
documentation (primarily the TWP (BSC 2006 [DIRS 177153])) prepared prior to October 2,
2006, the date this work was transferred to the Lead Laboratory, were completed in accordance
with Bechtel SAIC Company procedures.
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3[a]. USE OF SOFTWARE

The controlled and baselined software used in this report are listed in Table 3-1[a] and the
operating environments are provided in Table 3-2[a]. The range of use for each software
application is within that for which it was qualified. Each software code was selected because it
is appropriate for use in geochemical or criticality modeling. The geochemistry software uses
the project-qualified thermodynamic database. There are no limitations on the outputs due to the
selected software. The use of the software was consistent with the intended use and within the
documented validation range of the software. No software was used prior to qualification to
develop any preliminary output.

Microsoft Excel, commercially available software, is used in this report; however, the results are
not dependent on the software program used, so the software is exempt from requirements in IM-
PRO-003, Software Management.

For all software, the formulas and inputs used in this model are discussed in Section 4 of the
parent report and Section 4[a] of the addendum. The calculations and outputs are discussed in
Section 6[a] and the appendices. No other information is required for an independent person to
reproduce the work.

Table 3-1[a]. Computer Software

Software Tracking Number
Software Name | Version (Qualification Status) Description and Components Used

ASPRIN 1.0 10487-1.0-00 Determines isotopic content of minerals and
[DIRS 179458] solution in EQ6 output files
(Qualified on Windows 2000)

PHREEQC 23 10068-2.3-01 A code for geochemical speciation, reaction path
[DIRS 157837] modeling, reactive transport, and surface
(Qualified on Windows 2000) complexation modeling

PHREEQC_Post 1.1 10723-1.1-00 A Microsoft Excel macro that is used to
[DIRS 157839] postprocess PHREEQC output information and
(Qualified on Windows 2000) extracts actinide mineral accumulation rates

GetEgPhases 1.0 10725-1.0-00 A Microsoft Excel macro that determines the
[DIRS 157840] mineral phases likely to precipitate in PHREEQC
(Qualified on Windows 2000) simulations

Acc_with_decay 1.2 10499-1.2-00 A Microsoft Excel macro that applies decay to
[DIRS 157838] plutonium and uranium and variable enrichment to
(Qualified on Windows 2000) postprocess PHREEQC outputs

MinAcc 1.0 10724-1.0-00 A Microsoft Excel macro that computes the volume
[DIRS 157841] of mineral accumulation by postprocessing
(Qualified on Windows 2000) PHREEQC outputs

transl 2.0 10251-2.0-00 Converts EQ3/6 formatted thermodynamic
[DIRS 155029] database to PHREEQC format
(Qualified on Windows 98)

SCALE 5.1 10129-5.1-00 Performs light water reactor fuel depletion
[DIRS 181249] analyses, reactivity sensitivity analyses, and
(Qualified on Windows XP) radiation transport calculations

Microsoft Excel SP2 Commercial off-the-shelf Used in this document for graphical representation
software: Exempt and arithmetical manipulations
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Table 3-2[a]. Computers and Operating Systems

Computer Make Operating

(Operator) CPU # System Software Used

. . PHREEQC V. 2.3, PHREEQC_Post V.1.1
Dell Optiplex GX260 Windows ’ L~ ’ .
(Wendy Mitcheltree) S884987 2000 \C/%e1tI(E)thases V.1.0, Acc_with_decay V.1.2, MinAcc
Dell Optiplex GX260 Windows
(Susan LeStrange) 884966 2000 ASPRIN V.1.0
Dell Optiplex X10-23533 Windows 98 |Transl V. 2.0
(William Downs)
Dell Optiplex GX260 S884966 Windows XP |SCALE V. 5.1
(Larry Sanchez)
NOTE: CPU = central processing unit.
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4[a]. INPUTS

This section lists the additional inputs needed for the addendum calculations.

4.1[a] DIRECT INPUT

This section identifies the additional direct inputs that were used in the development of the
addendum. (An exception is Table 4-1[a], which contains direct inputs used in the parent report,
but is presented here to supplement the discussion in Section 4.1 of the parent report.)

4.1.1[a] Thermodynamic Database

Table 4-1[a] lists the databases that were used in the parent report. The table is provided as a
supplement to the discussion in Section 4.1.1 of the parent report to improve transparency. The
inputs were not used in the addendum and therefore are considered indirect inputs for the
addendum. Table 4-2[a] lists the thermodynamic database that was used in the addendum.

Table 4-1[a]. Databases Used in Parent Report

Input Database

Input Database Description Description of Output Database

Name of Output Database and

data0.tmi; dataO.cr3

These databases are based on
data0.ymp.R4

(DTN: SN0410T0510404.002 [DIRS

172712)).
Databases used in EQ6 simulat
to generate source terms for

external accumulation calculations
(Section 6.4.1 of the parent report).

file |[No changes

ions

phreeqcDATA025.dat

PHREEQC database

(DTN: MO0604SPAPHR25.001
[DIRS 176868]) converted from
data0.ymp.R4. Database was

changed for external accumulation | header of databases, as contained in

analyses.

phreeqcDATA025bdotCr3.dat and
phreeqcDATA025bdotCr3az.dat.

Changes made to each database (to be
consistent with data0.cr3) are listed in

DTN: MOO0609SPAINOUT.002.

Thermk1.01.dat

Database developed for
TOUGHREACT V3.0

No changes

NOTE: The table is provided as a supplement to the discussion in Section 4.1.1 of the parent report
to improve transparency. The inputs were not used in the addendum and therefore are

considered indi

rect inputs for the addendum.

Table 4-2[a]. Database Used in Addendum

Input Input Database
Database Source Description DTN and Name of Output Database
Data0.ymp.R5 |DTN: EQ3/6 Output DTNs:
SN0612T0502404.014 |thermodynamic MOO0704PHREEQ25.000, phreeqcDATAORS525.dat;

[DIRS 178850]

database converted
to PHREEQC format
at 25°C, 50°C, and
90°C

MO0704PHREEQ50.000, phreeqcDATAORS550.dat;
MO0709PHREEQ90.000, phreeqcDATAORS590.dat
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4.1.2[]a] Mixing Water Composition
4.1.2.1]a] Basalt Water

The composition of the mixing water used in the PHREEQC calculations in the addendum for
the igneous scenario is taken from the Columbia Basin basalt groundwaters (Table 4-3[a]). This
is the same basalt water composition used in the CSNF igneous case from the MDR model
(SNL 2007 [DIRS 181165], Section 4.1.2). In the PHREEQC calculations, this water mixes with
the waste package effluent (source term) within the invert or fractured rock.

Table 4-3[a]. Basalt Water Composition

pH, pE, and Elemental

Composition Value Units
pH 8.3585 pH
pE 8.5603 pE

Calcium 9.731024965 x 10™° Moles/kg
Chlorine 3.666857706 x 107 Moles/kg
Fluorine 1.000084265 x 10™* Moles/kg
Carbon 2.654332347 x 107 Moles/kg
Potassium 2.046124865 x 10~ Moles/kg
Magnesium 2.057189976 x 10™° Moles/kg
Sodium 3.305818354 x 107 Moles/kg
Sulfur 2.186051845 x 107 Moles/kg
Silicon 1.214959706 x 10~ Moles/kg

Source: DTN: MO0705GEOMODEL.000 [DIRS 181798], folder: EQ3\basalt
waters\Columbia basin CSNF\Adjusted Eh, file: b50_adeh.30.

4.1.2.2[a] SD-9 Pore Water
No changes.
4.1.2.3[a] J-13 Well Water

The composition of the mixing water used in the PHREEQC calculations for the seismic scenario
is J-13 well water (Table 4-4[a]). This is the same base-case water composition used in the
FFTF seismic case from the MDR model (SNL 2007 [DIRS 181165], Section 4.1.2).

Table 4-4[a]. J-13 Well-Water Composition, Adjusted-Eh, 50°C

pH, pE, and Elemental
Composition Value Units
pH 8.2300 pH
pE 8.6888 pE
Calcium 3.243674988 x 10~ Moles/kg
Chlorine 2.013951078 x 10™* Moles/kg
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Table 4-4[a]. J-13 Well-Water Composition, Adjusted-Eh, 50°C (Continued)

pH, pE, and Elemental
Composition Value Units

Fluorine 1.147465104 x 10™* Moles/kg
Carbon 1.974634086 x 10~ Moles/kg
Potassium 1.289058665 x 107 Moles/kg
Magnesium 8.269903705 x 107° Moles/kg
Nitrogen 1.416016275 x 10~ Moles/kg
Sodium 1.992190534 x 1073 Moles/kg

Sulfur 1.915397807 x 10™* Moles/kg

Silicon 1.015240302 x 10~ Moles/kg

Source: DTN: MO0705GEOMODEL.000 [DIRS 181798], folder: EQ3\seismic pore
waters\J13\CSNF\Adjusted Eh, file: J-13-adeh.30.

4.1.3[a] Waste Package Releases

This addendum calculates the accumulation in the invert or fractured rock as a result of dissolved
releases from CSNF and DOE SNF waste packages from igneous and seismic scenarios in which
seepage drips on the waste packages. The source terms come from the MDR model (SNL 2007
[DIRS 181165]. The files are listed in Table 4-5[a]).

4.1.3.1]a] Diffusive Releases from Waste Package
No changes.
4.1.3.2[]a] Dissolved Releases

Table 4-5[a] contains the EQ3/6 V. 8.1 (STN: 10813-81.-00 [DIRS 176889]) simulations used
as source terms for dissolved losses from the waste packages from the MDR model (SNL 2007
[DIRS 181165]; DTN: MO0705GEOMODEL.000 [DIRS 181798]). For CSNF, the case with
the highest uranium loss was the igneous scenario, with high seepage rate and adjusted-Eh, as
shown in the MDR model (SNL 2007 [DIRS 181165], Tables 8.1-1 and 8.1-2). For DOE SNF
waste packages, the case with the highest uranium loss was the FFTF waste package, igneous
scenario with high seepage rate (Table 8.1-4). However, the results from the external
accumulation presented in the parent report (Table 8-2) show that very little accumulation
occurred for the high seepage cases (TMI 1G2, FFTFIG2adEhdec) compared to the low seepage
cases (TMI IGI and FFTFIGladEhdec). The cases with the next highest release of uranium
with a low seepage rate were the FFTF and Three Mile Island (TMI) waste packages, maximum
HLWG corrosion rate. Since the FFTF waste packages contain both uranium and plutonium in
the waste form, the FFTF waste package was chosen for the external accumulation analysis.
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Table 4-5[a]. EQ6 Source Term File Inputs

Waste Percent Remaining at
EQ6 File Names Used | Package 10,000 Years Reason for
for Input Type Scenario Conditions Pu U Choice
CSIGAdEh.6i CSNF Igneous |1,000 L/yr seepage 74.8 98.8 Highest
CSIGAdEh.bin rate through the waste uranium loss for
CSIGAdEh.min_info.txt package, adjusted-Enh, CSNF of any
CSIGAdEZ2.6i 50°C cases listed in
CSIGAdE2.bin Section 8,
CSIGAdE2.min_info.txt Conclusions of
CSIGAJES3.6i SNL 2007
CSIGAdE3.bin [DIRS 181165],
CSIGAdE3.min_info.txt Tables 8.1-1
and 8.1-2
FFTFMxGE.6i FFTF Seismic |1 L/yr seepage rate 99.9 79.7  |One of highest
FFTFMxGE.bin through the waste uranium losses
FFTFMxGE.min_info.txt package, adjusted-Eh, for DOE SNF;
“AugmentLogK” for contains both
gadolinium and uranium and
plutonium species, plutonium, low
50°C seepage flux

Source: DTN: MO0705GEOMODEL.000 [DIRS 181798], “Percent Remaining” values from folder: CSNF, file:
CSNF Igneous Summary.xls; and folder: FFTF, file: FFTF Seismic Summary.xls; CSNF EQ6 files from
folder: CSNF\CSNF Igneous\High Seepage Adj Eh; FFTF EQ6 files from folder: FFTF\Seismic\Max Glass

Adj Eh.
NOTE:

CSNF = commercial spent nuclear fuel; FFTF = Fast Flux Test Facility; SNF = spent nuclear fuel.

Both source terms used the adjusted-Eh model, in which the fugacity of oxygen is lower than
atmospheric values. When preparing the PHREEQC input files, N»(aq) was suppressed, as it is
not expected to form. Nj(aq) was suppressed in the adjusted-Eh cases in the MDR model also
(SNL 2007 [DIRS 181165], Section 6.3.14).

In the MDR model, the EQ3/6 source term from the FFTF waste package used the
“AugmentLogK” option in the EQ3/6 input file, which adjusts the log K in the database for
several gadolinium and plutonium aqueous species (SNL 2007 [DIRS 181165], Section 6.3.13).
This adjustment was made because the EQ3/6 database only has log K values at 25°C for those
aqueous species, not for 50°C conditions. The same adjustment to the log K in the PHREEQC
runs were accomplished by calculating the log K at 50°C and entering the values in the
PHREEQC input files. The inputs listed in Table 4-6[a] were used to calculate the log K values

at 50°C. The calculations are presented in spreadsheet Gd-Pu-augmentk.xls (output
DTN: MOO0705PHREEMOD.000) and the results are presented in Section 6.4-1[a].
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Table 4-6[a]. Augment Log K Input Values for FFTF PHREEQC Input File

Equation Augment Log K Value (50°C) log K (25°C)
GdCOs" + H" = Gd* + HCO3~ -0.29949 2.5288
Gd(CO3),” + 2H" = Gd*" + 2HCO;” -0.51542 7.5576
GdHCO:* = Gd** + HCO5” -0.53328 -2.1000
Gda(COs)s (solid) + 3H" = 2 Gd** + 3HCO; -1.37366 -3.7136
PuO,COs (aq) + H' = PuO,** + HCO3 -0.24979 -1.2567

Sources: DTNs: SN0612T05024.014 [DIRS 178850], file: data0.ymp.R5 (equation and log K at 25°C);
MO0705GEOMODEL.000 [DIRS 181798], folder: Augment logK, file: Gd-CO3-complex-augmentk.xls
(Augment Log K value).

4.1.3.3[a] Solid Entrainment Losses

The corresponding section in the parent report, Section 4.1.3.3, is deleted. Entrained releases are
not estimated in the MDR model (SNL 2007 [DIRS 181165]), and therefore are not considered
in the external accumulation model.

4.1.3.4|]a] Solid Losses from Bottom of Waste Packages
No changes.
4.1.3.5]a] Uranium and Plutonium Isotopic Content of Waste Forms

An additional input for the addendum is the uranium and plutonium content of the HLWG as
used in the MDR model (DTN: MO0705GEOMODEL.000 [DIRS 181798], folder: glass, file:
CDSP_HLWGlass_2004.xls, tabs: “U content” and “HLWG Oxide Conversions”). The values
are discussed in Section 6.4-1[a] and are used in the ASPRIN V. 1.0 (STN: 10487-1.0-00
[DIRS 179458]) code to determine the enrichment fraction of the source term (Appendix I[a]).

4.1.3.6[a] Radioactive Half-Life of *’Pu

No changes.

4.1.4[]a] Waste Package Flow Rate

No changes.

4.1.5[]a] Self-Diffusion Coefficient of Water
No changes.

4.1.6[a] Tuff Composition

No changes.
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4.1.7]a] Dissolution Rates for Tuff Minerals
4.1.7.1]a] Dissolution at 25°C for Parent Report

The dissolution rates of the tuff minerals (cristobalite, annite, phlogopite, maximum microcline,
albite low, and anorthite) used in the parent report did not change. The following paragraphs
replace the discussion of the dissolution rates of cristobalite, annite, and phlogopite in the
parent report.

The dissolution rate of cristobalite (Si0;,) is calculated based on the dissolution rate of quartz
(see parent report output DTN: MOO0609SPAINOUT.002, folder: Dissolution Rates of
Tuff Minerals, file: cristobalite&quartz.xls). This approach is based on findings of Rimstidt and
Barnes (1980 [DIRS 101708]), who showed that all the silica polymorphs share the same growth
rate at near-neutral pH when conditions are far from equilibrium. Renders et al. (1995
[DIRS 107088]) further showed that the ratio of dissolution rate to precipitation rate should be
proportional to the solubility of a silica polymorph. Thus, the ratio of dissolution rates for two
different polymorphs is proportional to the ratio of solubilities. Table 4-11 of the parent report
gives the solubility constants for cristobalite and quartz. Spreadsheet cristobalite&quartz.xls
uses these data to calculate a solubility ratio that is multiplied by the quartz dissolution rate to
obtain the cristobalite dissolution rate.

The dissolution rates of annite and phlogopite at 25°C are assumed to be the same as the
dissolution rates of muscovite at 70°C (see parent report output DTN: MO0609SPAINOUT.002,
folder: Dissolution _rates_of Tuff Minerals, file: Annite and Phlogopite Dissolution
(muscovite).xls). Complete kinetic data for mica dissolution are available only for muscovite;
very limited pH data are available for phlogopite and biotite (annite is the iron-rich end member
of the latter). Nagy (1995 [DIRS 124361]) states that most sheet silicates have approximately
the same dissolution rate on a mole-mineral basis at 25°C and near-neutral pH. Nagy (1995
[DIRS 124361], Table 6) gives dissolution rates for phlogopite and biotite as approximately 4
and 6 times those of muscovite at 25°C at a pH of 5. Activation energies for muscovite
(Nagy 1995 [DIRS 124361], Table 8) are estimated to be from 22 to 54 kJ/mole,
indicating that the dissolution rate of muscovite at 70°C should be from 3 to 17 times the value at
25°C (calculated in activation energy multipliers.xls, tab ‘“Muscovite rates,” output
DTN: MOO0705PHREEMOD.000). Thus, the 70°C muscovite rates should approximate the
phlogopite and annite rates at 25°C, because the increase in rates expected for muscovite going
from 25°C at 70°C is approximately equal to the increase in rates at 25°C expected for a change
in mineral going from muscovite to phlogopite or annite.

4.1.7.2[a] Dissolution at 50°C for Addendum

The source terms listed in Table 4-5[a] were generated from EQ6 runs at 50°C. The dissolution
rates for the tuff minerals developed in the parent report represent 25°C dissolution rates.
Dissolution rates at 50°C were calculated using: (1) the activation energies from A Compilation
of Rate Parameters of Water-Mineral Interaction Kinetics for Application to Geochemical
Modeling (Palandri and Kharaka 2000 [DIRS 175261], pp. 15, 24, 26, and 38), (2) the universal
gas constant of 8.31451 J/(mol-K) from Nuclides and Isotopes, Chart of the Nuclides
(Parrington et al. 1996 [DIRS 103896], p. 59), and (3) the Arrhenius equation (Stumm and
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Morgan 1996 [DIRS 125332], Equations 129 and 130). (The inputs from Palandri and Kharaka
2000 [DIRS 175261] and Parrington el al. 1996 [DIRS 103896] are classified as “Established
fact” because they are sources that scientists would use in their normal work practices,
containing a compilation of rate parameters and numerical constants.) The values of the
activation energies and the calculations are contained in activation _energy multipliers.xls
(tab: “Tuff mineral rates 50,” output DTN: MOO705PHREEMOD.000). The resulting
dissolution rates of the tuff minerals at 50°C are tabulated in Section 6.4-2[a].

4.1.8[a] Invert Properties

No changes.

4.1.9[a] Adsorption Coefficients

No changes.

4.1.10[a] Characteristics of Fractures, Matrix, and Lithophysae

In addition to the references listed in Table 4-18 of the parent report,
DTN: GS991108314224.015 [DIRS 151042] provided the sizes of lithophysae (5 cm to greater
than 100 cm) and the void percentage of the lithophysae clusters (3% to 30%). The maximum
value of infill thickness in lithophysae within the repository was observed to be 50-mm
(DTN: GS980308315215.008 [DIRS 107355], values in column “Fracture Infill Thickness
(cm)” for those entries with “Lithophysal Cavities” in column “Type”). The lithophysae data are
used in Section 6.9[a].

4.1.11]a] Atomic Weights

No changes.

4.1.12[]a] Waste Package Dimensions

No changes.

4.1.13[a] Log K Values Used in Sensitivity Analyses for Uncertainty
No changes.

4.1.14[a] Justification and Qualifications of External Sources

No changes.

4.1.15[a] Seepage Rates

The range of drift seepage flux expected for the seismic and igneous scenarios is presented in
Figures 4-1[a] and 4-2[a]. The values represent locations in the repository with the lowest
seepage (PS1) and the highest seepage (PS5). The drift seepage represents the water that enters
the area defined by the diameter of the emplacement drift and the waste package length. The
values shown are for the CSNF waste packages. Data is also available for codisposal waste
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packages, but the values are approximately the same (see DTN: MO0705GEOMODEL.000
[DIRS 181798], file: Igneous seepage.xls, tabs: “25% Chart” and “95% Chart”). The values
were calculated in the MDR model (DTN: MO0705GEOMODEL.000 [DIRS 181798]), based
on Goldsim calculations for the total system performance assessment. The values are used to
demonstrate that the flow rates used in Section 6.4.6 of the parent report are reasonable values.
These values replace the seepage values that are presented in the parent report in
Assumption 5.2.3, Section 5.

4.1.16]a] Atom Number Density Calculations

The density of crystalline PuO, (11.46 g/cm3) and the iron nuclide atom percentages, as listed in
Exter Critxls (output DTN: MOO705SCALEGEO.000), come from CRC Handbook of
Chemistry and Physics (Weast 1978 [DIRS 128733], p. B-148 and pp. B-284, B-285,
respectively).  Inputs from CRC Handbook of Chemistry and Physics (Weast 1978
[DIRS 128733]) are considered ‘“established fact,” as it is a handbook that scientists and
engineers would use in their normal work practices, containing solid densities and isotope

abundances. The inputs are used in the atom number density calculations described in
Section K.3[a].
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Source: DTN: MO0705GEOMODEL.000 [DIRS 181798], folder: seepage, file: Seismic seepage.xls.
Figure 4-1[a]. Seismic Drift Seepage
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Source: DTN: MO0705GEOMODEL.000 [DIRS 181798], folder: seepage, file: Igneous seepage.xls.
Figure 4-2[a]. Igneous Drift Seepage

4.2[a] CRITERIA
No changes.
4.3[a] CODES, STANDARDS, AND REGULATIONS

No changes.
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S5[a]. ASSUMPTIONS
S5.1]a] DISCUSSION OF ASSUMPTIONS IN UPSTREAM DOCUMENTS
No changes.
5.2[a] ASSUMPTIONS INTERNAL TO EXTERNAL ACCUMULATION MODEL
5.2.1]a] Carbon Dioxide Conditions
No changes.
5.2.2]a] Oxidizing Conditions
No changes.
5.2.3[a] Seepage Rates

The values for seepage rates are no longer an assumption. The seepage rates are presented in
Section 4.1.15[a].
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6[a]. MODEL DISCUSSION
6.1[a] OBJECTIVES

The objective of the addendum is to perform external accumulation analyses with revised inputs
and to add calculations to determine the mass of accumulated fissile material that would be
required in order to pose a significant probability of a critical event occurring. The revised
inputs to the PHREEQC-based external accumulation model are described in Section 6.4[a]
(including subsections) and Appendix I[a]. The criticality calculations are described in
Section 6.9[a] (and subsections) and Appendix K[a]. When no additional information is needed
for the calculations, the sections are marked as “No changes.”

6.2]a] CONCEPTUAL MODEL

This addendum considers dissolved releases from the waste package due to an igneous or seismic
event. As described in Section 6.2 of the parent document, in the external accumulation model,
PHREEQC is used to determine accumulation in the invert or host rock due to precipitation and
adsorption of uranium and plutonium contained in waste package effluent. The precipitation
occurs in the invert or host rock due to mixing of the radionuclide-carrying waste package
effluent with seepage water that does not contain fissile elements. The changes in chemistry of
the resulting solution may result in lower solubilities of the fissile material, leading to
precipitation.

6.3]a] NOMINAL CASE—DIFFUSIVE RELEASES—SCOPING CALCULATIONS
No changes.

6.4[a] SEISMIC FAULT DISPLACEMENT AND IGNEOUS CASES—DISSOLVED
RELEASES

No changes.
6.4.1[a] Source Term Description

The source terms used in the PHREEQC simulations are listed in Table 4-5[a]. Two types of
source terms were used for the PHREEQC simulations—igneous and seismic scenarios. For
each source term, the software ASPRIN was used to calculate the enrichment fraction (ratio of
25U to total uranium) in the effluent solution. The details of the ASPRIN calculations are
provided in Appendix I[a]. Table 6.4-1[a] lists the isotopic mole fraction for each waste form
used in the ASPRIN calculations. Figures 6.4-1[a] and 6.4-2[a] provide plots of aqueous
concentration of uranium and plutonium and the enrichment fraction for each source term. In
addition, the points identified for PHREEQC simulations are marked on the figures.
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Table 6.4-1[a]. Isotopic Mole Fraction for Each Waste Form

FFTF Mixed
Uranium and
Plutonium Oxide FFTF Uranium
Units CSNF (MOX) Oxide (UOx) HLWG®

Moles uranium per mole of N/A® 2.75x 107 3.70x 10 6.90 x 107
waste form

Moles plutonium per mole of N/AP 9.41 x 1072 0 1.00 x 107
waste form

Moles #**U per mole uranium 0 0 0 8.28 x 107°
Moles #**U per mole uranium 417 x 107 0 0 8.13x107°
Moles ?*°U per mole uranium 1.11 x 1072 1.90 x 107 7.00 x 10°° 412 %107
Moles #**U per mole uranium 6.88 x 107 4,55 x 1072 0.00 470 x 107
Moles #**U per mole uranium 9.82x10™" 9.53 x 107" 9.93x 10" 9.95x 10"
Moles 2*°Pu per mole 7.67 x 10" 1.00 0 1.00
plutonium

Moles 2*°Pu per mole 1.38 x 10™" 0 0 0
plutonium

Moles %*?Pu per mole 9.56 x 1072 0 0 0
plutonium

@ The HLWG composition used in the EQ6 run that generated the FFTF source term (Table 4-5[a]) is based on a
glass composition (Allison 2004 [DIRS 168734]) that differs slightly from the HLWG composition used in the

parent report.

® Not applicable because it is not needed in the addendum calculations.

Sources: Parent report output DTN: MO0609SPAINOUT.002, file: Fuel_Isotopic_Composition.xls (CSNF and
FFTF); DTN: MO0705GEOMODEL.000 [DIRS 181798], file: CDSP_HLWGlass_2004.xls, tabs: “HLWG
Oxide Conversions,” rows 52 to 53; “U content,” rows 44 to 48 (HLWG).
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Figure 6.4-1[a]. CSNF Source Term, 1000 L/yr, Uranium in Solution versus Time
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Figure 6.4-2[a]. FFTF Source Term, 1 L/yr, Uranium and Plutonium versus Time

The EQ6 input file that generated the FFTF source term contained correction factors (Augment
Log K) so that correct values of log K at 50°C for certain gadolinium and plutonium species
were used in the simulations. Using the values listed in Table 4-6[a], the log K values at 50°C
were calculated in Gd-Pu-augmentk.xls (output DTN: MOO705PHREEMOD.000).  The
resulting values are presented in Table 6.4-2[a]. The corrected values were included in each of
the PHREEQC input files for the FFTF case (for example, see output DTN:
MOO0705PHREEMOD.000, folder: FFTF-Seismic\Phreeqc Runs\rlzl, file: FFTF 0.503k.in).
During checking, it was identified that the log K value used in the PHREEQC input files for the
dissolution of Gdy(COs); (solid) was the value of —-5.61822, rather than -5.08726. This small
discrepancy (-0.53096) resulted in a lower solubility of Gd>(CO3) than the conditions used in the
EQ6 source term, which could have led to precipitation of the mineral simply due to the changes
in the log K value. However, since the mineral did not form during the PHREEQC simulations
(output DTN  MOO705PHREEMOD.000,  folder: = FFTF-Seismic\Min_Acc, file:
FFTF Vol summary.xls, tab: “Sorted Minerals™), the discrepancy has no impact on the results.
Thus, the simulations were not rerun.
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Table 6.4-2[a]. Augment Log K Values for FFTF PHREEQC Input File

Equation log K, 50°C
Gd> + HCO3 = GdCO;5" + H* -2.22931
Gd* + 2HCO;™ = Gd(COs),” + 2H" -7.04218
Gd* + HCOs = GdHCO4** 2.63328
Gd2(CO3)s (solid) + 3H" = 2 Gd>* + 3HCO;~ -5.08726
PuO,”* + HCO3™ = PuO,COs (aq) + H" 1.50649

Source: Output DTN: MO0705PHREEMOD.000, file: Gd-Pu-augmentk.xls.

6.4.2[a] Dissolution of Tuff Minerals

The dissolution rate constants for the tuff minerals were calculated for 50°C
(Table 6.4-3[a]) based on the rate constants for 25°C developed in the parent report in
Table 6-4. The calculations are presented in activation energy multipliers.xls (output
DTN: MO0705PHREEMOD.000).

Table 6.4-3[a]. Dissolution Rate Constants of Minerals in the Topopah Spring Tuff for 50°C

Dissolution Rate = ki[H']*' + ko[H']? (mol/cm®-s)
Acidic Leg Basic Leg

Mineral k4 S1 ka S2

Cristobalite 3.00x 107" 0.0594 528 x 107" -0.318
Annite _ _
- " 471x107" 0.426 1.46 x 107" -0.231
ogopite

,\'\/’I'f:’r‘gzl‘l‘r:g 277 x 107" 0.443 4.95x 107" -0.0214
Albite low 6.05 x 107" 0.33 4.60 x 1078 -0.32
Anorthite 2.65x 107" 0.91 349x107"® -0.30

Source: The values of S1 and S2 are unchanged from Table 6-4 in the parent report. The values
of k1 and kz are calculated in output DTN: MO0705PHREEMOD.000, file:
activation_energy_multipliers.xIs.

6.4.3[a] Adsorption onto Tuff Minerals
No changes.
6.4.4[]a] Minerals Included during PHREEQC Simulations

In addition to the minerals listed in Table 6-7 of the parent report, the minerals listed in
Table 6.4-4[a] were included in the PHREEQC simulations. (Minerals included in the
PHREEQC input files will only form if the thermodynamic conditions are favorable.)
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Table 6.4-4[a]. Minerals Included in PHREEQC Input Files

Chemical Formula
(Thermodynamic

Mineral Database) Justification
Becquerelite Ca(U0O2)604(OH)s:8H2.0 Occurs as a secondary uranium mineral usually closely associated
with uraninite (Roberts et al. 1990 [DIRS 107105], p. 78).
CaUOq CaUOq4 Moroni and Glasser (1995 [DIRS 178395]) reported formation of

CaUOy in high Ca environments.

Clinochlore-7A | MgsAl,SizO10(OH)s Clinochlore is in solid solution with daphnite (also known as
chamosite) (Deer et al. 1992 [DIRS 163286], p. 335). Both minerals
are in the chlorite group and may form authigenically (Deer et al.
1992 [DIRS 163286], p. 342), which indicates possible precipitation
under repository conditions. While chlorite typically forms at
elevated temperatures (>200°C), it is used in numerical simulations
to represent the “mixed layer hydroxide” minerals commonly found
in soils and that would be expected around the repository

(Dixon 1995 [DIRS 159374]).

Compreignacite |Kx(UO2)sO4(OH)e:8H20 This phase was one of the uranium phases formed during laboratory
degradation of UO, (Wronkiewicz et al. 1996 [DIRS 102047],

Table 5). Also, found as a rare oxidation product of “pitchblende” in
uranium deposits, along with other uranium minerals favorable to
forming in the waste package, such as schoepite and uranophane.

NOTE: This table contains the minerals included in the PHREEQC modeling that are not listed in Table 6-7 of
the parent report.

6.4.5]a] Use of PHREEQC and Postprocessing Macros for Geochemical Modeling
6.4.5.1]a] Use of PHREEQC V2.3

The EQ3/6 thermodynamic database (Data0.ymp.R5; DTN: SN0612T0502404.014
[DIRS 178850]) was converted into a format that can be used by PHREEQC. The conversion
was accomplished using the YMP-qualified code #rans/ V2.0 (STN: 10251-2.0-00
[DIRS 155029]). The translation of the database contains the thermodynamic data for
geochemical simulations valid at 25°C (output DTN: MOO0704PHREEQ25.000), 50°C (output
DTN: MO0704PHREEQ50.000), and 90°C (output DTN: MO0709PHREEQ90.000). Only the
50°C version of the database was used in the addendum calculations. During the translation,
CR-8766 was addressed, in which the azero parameter in the PHREEQC database was checked
to ensure it was correct.

6.4.5.2[a] GetEQPhases3

No changes.

6.4.5.3[a] Use of PHREEQC Post V1.1
No changes.

6.4.5.4[a] Use of Acc_with_decay V1.2

No changes.
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6.4.5.5[a] Use of MinAcc V1.0
No changes.
6.4.5.6]a] Results—Accumulation of Minerals

Tables 6.4-5[a] and 6.4-6[a] tabulate the volumes of minerals accumulated in the invert per one
kilogram of solution, including the uranium and plutonium minerals. The volumes are scaled
down so that the total volumes do not exceed the capacity of the invert, as described in
Section 6.4.5.6 of the parent document. As mentioned in Section 6.2 of the parent report,
redissolution of the precipitated minerals are not allowed in the model; therefore, the
accumulated volumes at 10,000 years represent the maximum accumulation.

Table 6.4-5[a]. Average Volume of Minerals Accumulated at 10,000 Years for Source Term CSNF,
Igneous Scenario, Flow at 1,000 L/yr

Volume (cmi/kg of solution)

Mineral Type Mineral Name at 10,000 Years
Uranium Minerals Uranophane(alpha) 381.94
CalUOQq4 32.37
Boltwoodite-Na 2.39

Plutonium Minerals None 0

Other Minerals Saponite-Mg 147.33
Saponite-Ca 18.44
Stellerite 66.79
Chabazite 15.35
Zn,Si04 (Willemite) 2.24
Nontronite-Mg 0.1
Nontronite-Ca 0.04

Source:  Output DTN: MO0705PHREEMOD.000, folders: CSNF-Igneous/CSNF_REV02_MinAcc, file:
CSNF_REV02_Vol_Summary.xls, tab: “Sorted Minerals,” columns E and H.

NOTE:  Only values greater than 0.01 cm®/kg of solution for all minerals are presented.

Table 6.4-6[a]. Average Volume of Minerals Accumulated at 10,000 Years for Source Term FFTF,
Seismic Scenario, Flow at 1 L/yr

Volume (cma/kg of solution) at

Mineral Type Mineral Name 10,000 Years

Uranium Minerals Boltwoodite-Na 444,71
Plutonium Minerals None 0

Other Minerals Erionite 136.81
Chabazite 49.76
Phillipsite 19.60
Mesolite 6.36
Chalcedony 4.92
Saponite-Na 2.72
Nontronite-Na 2.12

Source: Output DTN: MO0705PHREEMOD.000, folders: FFTF-Seismic/ Min_Acc, file: FFTF_Vol_summary.xls,
tab “Sorted Minerals,” columns E and H.

NOTE: For all minerals, only values greater than 0.01 cm 3/kg of solution are presented.
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Table 6.4-7[a] contains the moles of uranium and plutonium released from the waste package,
moles precipitated within the crushed tuff of the invert or the host rock, and moles adsorbed onto
the tuff. The moles of precipitated and adsorbed radionuclides were summed for total
accumulation and converted to wunits of mass in Mass accumulated.xls (output
DTN: MOO0705PHREEMOD.000), using molecular weights from Audi and Wapstra
(1995 [DIRS 149625], p. 60). (The inputs from Audi and Wapstra 1995 [DIRS 149625] are
considered “established fact” since it is a source that scientists and engineers would use in their
normal work practices, containing tables of the atomic mass for radioisotopes of the chemical
elements.) The results are presented in Sections 8.1.2[a] and 8.1.3[a].

Both sets of results presented in Table 6.4-7[a] show no plutonium precipitation and very small
amounts of adsorbed plutonium, which is similar to all of the cases analyzed in the parent report
(Table 6-15). The results presented in Table 6.4-7[a] also show that about 80% of the uranium
released from the waste package was precipitated, with very little adsorption. This is similar to
the previous results for CSNF (Table 6-15 of the parent report), but differs for the previous FFTF
case (Table 6-15 of the parent report, case FFTFIGIladEhdec) in which only about 10%
precipitated and 10% was adsorbed. The differences are explained by the different compositions
of the mixing waters used for the accumulation calculations. For the FFTF case from the parent
report, the scenario is an igneous scenario in which the source term was mixed with basalt water
with a pH of 9.02 (Table 4-1 of the parent report), whereas, for the FFTF case in the addendum,
the scenario is a seismic scenario in which the mixing water was J-13 well water with a pH of
8.36 (Table 4-3[a]). When a mixing water with a higher pH (such as the basalt water) is
combined with a source term, the resultant solution has a higher pH than the resultant solution
would have if a lower pH solution (such as the J-13 well water) was mixed with the source term.
The higher pH solution has a higher uranium solubility, which leads to less material
precipitating. In addition, the higher uranium concentration of the higher pH solution leads to
higher adsorption. Therefore, though some of the results presented in the addendum and the
parent report are different, the differences are based on the different scenarios being modeled.
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6.4.6[]a] Flow and Transport in the Invert Using TOUGHREACT

No changes.

6.4.7]a] Location of Accumulation Zone within the Invert

No changes.

6.4.8[]a] Accumulation within the Fractures and Lithophysae of the Host Rock
No changes.

6.5[a] BOTTOM FAILURE AND SOLID RELEASE FOR ALL SCENARIOS
No changes.

6.6[]a] SEISMIC SCENARIO—ENTRAINED RELEASES

The corresponding section in the parent report, Section 6.6, is deleted. Entrained releases were
not estimated in the MDR model (SNL 2007 [DIRS 181165], Section 8), and therefore are not
considered in the external accumulation model.

6.7[a] ALTERNATIVE CONCEPTUAL MODELS

No changes.

6.8[a] SENSITIVITY ANALYSES

No changes.

6.9]a] EXTERNAL CRITICALITY CALCULATIONS

External criticality calculations are included in this addendum to estimate the mass of fissile
materials that would be required to accumulate in the invert or host rock in order to pose a
credible probability of a critical event occurring. When a system is “critical,” the multiplication
factor, k, is equal to 1, where £ is defined as the number of neutrons in one generation divided by
the number of neutrons in preceding generation (Duderstadt and Hamilton 1976 [DIRS 1060701,
p. 75). The infinite medium multiplication factor, k&, is a multiplication factor for an infinite

system and the effective multiplication factor, k., is a multiplication factor for a finite system
(Duderstadt and Hamilton 1976 [DIRS 106070], pp. 81 and 84). The critical limit, which is the
value of k. at which a configuration is considered potentially critical, is derived from the bias
and uncertainties associated with the criticality code, nuclear data, and modeling process
(YMP 2003 [DIRS 165505], Section 3.5.3.2.5). For this report, a value of k.; equal to 0.96 was
chosen as the critical limit, which is equivalent to or slightly lower than the lower critical limits
calculated for CSNF (0.97) (BSC 2004 [DIRS 168553], Table 5, Waste Form: “IEU External”
and “HEU External”), N-reactor (0.975) (BSC 2003 [DIRS 164419], Figure 31), FFTF (0.96)
(BSC 2003 [DIRS 164419], Figure 19), and TMI (0.97) (BSC 2003 [DIRS 164419], Figure 33).
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The resulting calculations can be used, along with the external accumulation model results, to
establish the probability of achieving a critical event within the invert, or the host rock.

6.9.1]a] Basis of Calculations

Figure 6.9-1[a] provides diagrams of the external configurations considered in the criticality
calculations. For the sake of simplicity and to increase reactivity of the system, the external
criticality calculations were based on a sphere of a fissile-bearing mineral dispersed in a partially
saturated rock matrix, surrounded by an infinite reflector (thickness greater than 300-mm) of a
similar material. The computational steps required to get from the realistic depictions presented
in Figure 6.9-1[a] to the spherical representation used in the criticality calculations are described
in Exter Crit.xls (output DTN: MO0705SCALEGEO.000, tab: “Introduction”). The small-scale
heterogeneities of dispersal of the radionuclide-containing material into and through the rock
matrix were modeled explicitly. Mass limits were based on a critical limit of k= 0.96 for the
reflected sphere configuration. The methodology used to determine the potential for criticality
events external to waste packages is presented in detail in Appendix K[a].

All criticality calculations were performed with the SCALE V. 5.1 system (STN: 10129-5.1-00
[DIRS 181249]). The XSDRNPM module of the SCALE V. 5.1 system was used, along with the
physical representation for this effort as a one-dimensional reflected sphere. XSDRNPM is a
discrete-ordinates code that solves the one-dimensional Boltzmann transport equation in slab,
cylindrical, or spherical coordinates. All calculations used the 238 group ENDF-VI criticality
library of tabulated cross sections provided as a standard component of the SCALE code system
(STN: 10129-5.1-00 [DIRS 181249]) and residing on the computers where the code is installed.
The cross sections were self-shielded and resonance-processed with the BONAMI, CENTRM,
and PMC modules (all qualified modules of the SCALE V.5.1 system) to treat the small-scale
heterogeneity effects.

A deterministic method was chosen for these calculations in order to address the heterogeneity of
the rock—liquid—fissile material system. The scale of the heterogeneity represented was on the
order of less than a millimeter to several centimeters. The heterogeneity effect added on the
order of 0.01 to 0.05 to k. versus a homogeneous representation.

The fissile material-rock—water configuration is not a homogeneous mixture. At low
enrichments, heterogeneous mixtures can be more reactive than homogeneous mixtures, and this
is true for the CSNF and some of the DOE SNF. At high enrichments the opposite is true. At
low enrichments, the reactivity is increased because the neutrons released in fission can migrate
through the rock and water media and miss the large resonances in the non-fissile isotopes of
uranium. At high enrichments, lumping the uranium depresses the neutron flux at the centers of
the lumps, and the fissile species are not as effectively utilized as they would be if the mixture
were homogeneous. Therefore, detailed heterogeneity was considered for all enrichments,
particularly those below 5% enriched in **°U.
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:

(a) Invert (b) Fractured Tuff

(d) Single Large Lithophysa

(c) Small Lithophysae Array

Source: Output DTN: MO0705SCALEGEO.000, file: Exter_Crit.xls.
Red indicates the waste accumulated, where “waste” refers to precipitated minerals containing fissile

NOTE:
material. The blue indicates the portion of the system filled 65.3% by volume with aqueous solution
containing dissolved fissile material. The waste fraction is the volume of the waste (red) divided by the

volume of the voids (red plus blue). The brown indicates the host rock, consisting of tuff.
Figure 6.9-1[a]. Diagrams of External Configurations for Criticality Calculations

The heterogeneity in the invert (near-field) was addressed as an array of spherical fuel particles
surrounded by a mixture of water, rock, and void space. Three different environments were
addressed for the analysis of heterogeneity effects in the far field. The first heterogeneity in the
host rock was treated as an array of repeating slabs with interspersed fractures filled with fissile
material, seepage water, and void space. The maximum water content filling the voids (0.653)
was determined based on Appendix G in the parent report (details are given at the end of this
section). The second and third heterogeneities in the host rock dealt with lithophysae partially
These were treated in two

filled with uranium or plutonium compounds and seepage water.
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ways. Large lithophysae (> 200 mm, second heterogeneity) were treated as spherical voids filled
with a fissile waste and seepage water mixture reflected by saturated tuff. In this case, a single
lithophysa was treated as a separate entity. Small lithophysae (< 200 mm, third heterogeneity)
were treated as an array of voids filled with a similar fissile waste/seepage water mixture
(Figure 6.9-1[a], diagram (c)). The break point between large and small was chosen as 200 mm.
Above 200 mm, the neutrons in one void are not able to communicate with adjacent voids, and
the volume in the void is large enough to hold a critical mass for certain enrichments and fissile
waste concentrations. Below 200 mm, the neutrons created in one void are able to communicate
with fissile material in another void. To obtain a critical configuration with lithophysae below
200 mm in diameter, there must be more than one, and they need to be close together. While the
arrays are random in nature, they were modeled as a regular arrangement. This simplification of
the modeling captures the salient behavior of the system. Lithophysae that are located close
together will have more interaction with each other, while those at greater separation will have
less interaction, but in the aggregate, the effects would average out. The values of porosity of the
rock containing the lithophysae and the lithophysae sizes were taken from
DTN: GS991108314224.015 [DIRS 151042].

The main inputs to the external criticality calculations are the compositions of the rock matrix,
the seepage water, the fissile material from the waste package effluent, and their mixing ratios.
The rock matrix composition used for all of the external criticality calculations was Topopah
Spring Tuff (Section 4.1.6 of the parent report). For the seismic cases, J-13 well water
(Table 4-4[a]) filled the voids and pores in both the invert and the host rock. A sensitivity case
using the concentration of SD-9 pore water gave nearly identical results to the J-13 water (output
DTN: MOO0705PHREEMOD.000, file: CSNF.xls, tab: “SSN5”, columns M, N, O). For the
igneous cases, basaltic water (Table 4-3[a]) filled the voids and pores in both the invert and the
host rock. The uranium concentration for the seismic scenario was set equal to 1.21 x 107
moles/liter, the peak concentration observed in the CSNF seismic scenario from the parent
document (output DTN: MOO609SPAINOUT.002, folder: CSFIux9\CSFlux9 Asprin, file:
Aqueous_Species CSFlux9.xls, column AJ). The uranium concentration for the all igneous
scenarios (except TMI) was based on the peak concentration observed in the CSNF igneous
scenario (5.17 x 10 molal) from the addendum (output DTN MO0705PHREEMOD.000,
folder: CSNF-Igneous\asprin, file: CSIGAdEh U Pu.xls, tab: “phreeqc points, U Pu released”).
The actual value used (5.43 x 10~ molal) was taken from a preliminary simulation and was
retained because it only slightly overestimates the uranium concentration and would only slightly
overestimate the likelihood of a criticality. For the TMI igneous scenario, the highest uranium
concentration (1.32 x 10”" molal) predicted during the first 10,000 years for the TMI case in the
parent report was used (parent report output DTN: MOO609SPAINOUT.002, folder:
TMI_IGI\TMI IG1_ Asprin\TMI 1G1_Asprin, file: TMI IG1A.xIs).

Based on the results of the external accumulation model, the dominant uranium compounds that
appear to form in the invert are uranophane and Na-boltwoodite (Tables 6-9, 6-11, and 6-14 of
the parent report). The mineral (UO,)3(PO4)2:H,O formed for the FFTF igneous scenario at low
flow rates (Table 6-11), but was not used in the criticality calculations because FFTF is only a
concern for plutonium accumulation due to the low uranium enrichment in the fuel
(Table 6.4-1[a]). Schoepite is found in spent fuel degradation experiments and could eventually
form in the external environment (Section 7.2.3 of the parent report). Therefore, for the invert
criticality calculations, schoepite was considered in addition to the primary minerals uranophane
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and Na-boltwoodite. For the host rock analyses, only schoepite and uranophane were
considered. Given the large ranges for the mixture variables that were considered, it is not likely
that the exact waste form will have a big effect. Plutonium was considered to precipitate out as
the compound PuO, rather than PuO,(hyd,aged), which is listed in Table 6-7 of the parent report.
This simplification has no impact on the reactivity of the system, since the waters of hydration
on PuO;(hyd,aged) would be overwhelmed by the abundance of water in the aqueous solution
filling the voids.

Additional materials that are released from the waste packages, including neutron poisons and
fission products, were neglected. This simplification increases the reactivity of the system.

Each fuel is modeled with its as-manufactured enrichment, which increases the reactivity of the
system. In the case of CSNF, realistic burn-ups can easily be accounted for by comparing the
results for fresh 5% enriched fuel, the 3% enriched TMI fuel, and the 1.3% enriched N-Reactor
fuel.

Having identified the materials of interest, the next step is to identify how they are mixed. Since
the waste packages will reside in drifts in the rock matrix over an invert filled with crushed rock,
the mixing ratios and geometries must be split into three separate configurations. The first
configuration deals with deposition in the crushed tuff in the invert. The second configuration
deals with precipitation of the fissile material and water into the fractures in the rock matrix
beneath the invert. The third configuration deals with the accumulation of waste in the spherical
cavities of the lithophysae.

In the parent report (Section 4.1.8), two types of invert properties were addressed: The
well-sorted (uniform particle size) and the poorly sorted (non-uniform particle sizes). The
well-sorted crushed rock is identified as having a diameter of 3 mm (base case in Appendix F of
the parent report), with an intergranular porosity of 0.45 (Table 4-16 of the parent report). The
poorly sorted crushed rock specification indicates that the maximum size of the rock particles
will be 50 mm, or less, and a distribution of sizes with less than 5% below a U.S. No. 200 sieve
size (SNL 2007 [DIRS 179354], Table 4-1, Parameter 02-08, which points to BSC 2007
[DIRS 179897], Table 1 and Figure 1). The average particle diameter is estimated to be about
10 mm. The bed will be compacted to 95% of its maximum density. There is no simple way to
model this random bed. Traditional nuclear engineering practice represents heterogeneities with
regular or well-sorted arrays. Intergranular porosities for regular or well-sorted arrays tend to be
larger than those for mixed arrays, as there are no smaller particles to fill in the spaces between
the bigger particles. To estimate the performance of the invert then, a well-sorted array with
particles of 10 mm diameter would be the first choice. However, due to the limitation on the
ultra-fine particles (< than 200 sieve size), a regular array with a smaller diameter is a better
representation for coming closer to the maximum intergranular porosity. The 3 mm regular array
was chosen, as it meets this criteria, and matches the base case in the parent report. Another
approach would be to self-shield cross sections for a number of different regular array particle
sizes and then to combine them based on the distribution of particle sizes expected. There are no
examples of this type of approach being taken in the nuclear engineering literature, and therefore
it is not a validated approach. The 3 mm regular array with 45% maximum intergranular
porosity is the best approximation to bound the reactivity of accumulations in the invert.
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For the fractured tuff calculations, the heterogeneities were represented as repeating slabs of
fissile minerals, liquid, and porous rock. The equivalent void fractions for the fractures in the
rock matrix varied from 0.0075 to 0.0135 (slightly larger range than values in Table 6-25 of the
parent report). The spacing between fractures was varied from 15 cm to 25 cm (slightly larger
range than values in Table 6-24 of the parent report). For the filled lithophysae calculations in
the far field, the lithophysae were represented first as spheres filled with a fissile mineral-liquid
mixture that was limited to no more than 50% by volume (Section 6.4.8.5 of the parent report) of
fissile waste, or to no more fissile waste than the amount required to build up a 50-mm layer on
the internal bottom surface of the void (DTN: GS980308315215.008 [DIRS 107355], maximum
value of infill thickness). The size of the void was allowed to vary so as to obtain the conditions
for the minimum fissile mass required for k., = 0.96. For the repeating array of small
lithophysae spheres, the diameter was varied from 50 to 200 mm, and the void fraction in the
matrix was varied from 3% to 20%, based on values given in Section 6.4.8.4 of the parent report.
Many of the voids observed were lenticular and not very spherical (Mongano et al. 1999
[DIRS 149850], Table 4). However, by treating the voids as spherical and allowing them to be
completely filled, the calculations are conservative for criticality. No attempt has been made to
justify how the voids could be filled with liquid, nor how they could retain this liquid once filled.
The porosity of the rock matrix was set at 13% (Table 6-27 of the parent report).

The rock matrix pores were always considered saturated. A maximum saturation (Sgmq.) of the
void space in the invert, tuff, and lithophysae was chosen as 0.653, calculated from the final
equation in Appendix G of the parent report, by setting total saturation (S7m.) = 0.71,
intergranular or fracture porosity (¢,) = 0.4, matrix saturation (Sum«) = 1.0, and matrix

porosity ¢, =0.131.

Each of the calculation sequences used in the SCALE input and output files (output
DTN: MO0705SCALEGEO.000, folder: 10 ZIP) is identified by a code of three letters
followed by a number. The first letter refers to the radionuclide containing material:

U = uranophane, B = Na-boltwoodite, S = schoepite, and P = PuO,.
The second letter refers to the water type:
J =1J-13 well water, B = basalt, and S = SD-9 pore water.
The third letter refers to the heterogeneity model employed:
N = invert, F = fractures, L = lithophysae arrays, and V = single lithophysa.

The number refers to the enrichment, where the higher-enriched DOE SNF does not correspond
directly to any of the DOE SNF fuel groups, but are added for sensitivity cases:

1 = N-Reactor SNF (1.27 wt % enriched **°U)
3 = TMI SNF (3 wt % enriched **°U)

5= CSNF (5 wt % enriched *°U)

20 = DOE SNF (20 wt % enriched *°U)

50 = DOE SNF (50 wt % enriched **°U)
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70 = DOE SNF (70 wt % enriched **°U)

93 = DOE SNF (93 wt % enriched *°U, Fort St. Vrain uranium and thorium dicarbide
fuel)

98 = DOE SNF (98 wt % enriched ***U, light water breeder reactor (LWBR) fuel)

10 = FFTF SNF (100 % enriched **°Pu).

Thus, UBL20 would be uranophane with basalt water in the lithophysae array with 20 wt %
enriched fuel.

6.9.2]a] Ceriticality Calculations Results
6.9.2.1[]a] Critical Mass Bounds in the Invert (Near-Field)

CSNEF in the Invert (Near-Field)—Since the greatest volume of material stored in the repository
will be CSNF, it is appropriate to consider this waste form first. Once the compositions of the
mineral waste form and filling liquid have been identified, there are seven parameters that can
affect the maximum mass of fissile waste that can safely be accumulated without exceeding
key=0.96. These are:

¢ = fissile enrichment, set to 5 wt % enriched 235U for CSNF

V¢ = the fraction of total invert volume not occupied by rock (void fraction)

W = the volume fraction of the void (V) that is occupied by fissile waste (waste fraction)
S; = saturation of remaining extra-granular spaces

Dy, = diameter of rock particles

dm = rock matrix porosity

S = matrix saturation.

Once the matrix porosity and saturation, the enrichment, and the saturation of the remaining
extra-granular spaces have been set, the fissile mass allowed to remain sub-critical depends on
the particle diameter, Dy, the void fraction, V¢, and the waste fraction, Wy. For all of the invert
analysis performed here, the particle diameter was set to 3 mm. In the actual calculation, this
becomes the diameter of the spherical waste particles as opposed to the rock particles. Since £,

increases very slightly with increased waste particle diameter for low enrichments, this choice of
value increases reactivity. (For higher enrichments, 3-mm heterogeneity has a negligible effect
on k,.) Then the maximum mass allowed to remain sub-critical depends simply on the waste

fraction and the invert void fraction. The value for the invert void fraction has been identified as
0.45. This value provides the space for fissile waste and liquid to accumulate in the invert. In all
calculations, this void fraction produced the minimum mass required to remain sub-critical. So
in the following plots, curves for void fractions of 0.35 and 0.45 (and sometimes 0.4) are
provided, though void fractions as low as 0.15 were calculated to ensure that no unusual effects
were observed. The following plots then give the total mass of uranium fissile waste in the
invert required to achieve k.;= 0.96 as a function of the fraction of void space filled by the fissile
waste, Wr.

The minimum fissile waste mass calculations proceed by estimating a radius for the waste
containing spherical core, nominally 25 cm for CSNF. (The size of this core estimate is allowed
to depend on the enrichment of the fissile waste for other fuels. It was always desirable to start
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the search for the minimum critical size with a core size less than the actual minimum critical
size due to a limitation in the XSDRNPM search algorithm. If the search algorithm predicts a
negative radius, it quits rather than simply choosing a smaller radius than the current iteration.)
The total fissile mass is then estimated for this initial core size. A spherical reflector, 100-cm
thick, is then added to the core. This reflector has the same composition as the core, but replaces
the fissile mass component with additional liquid. The core-plus-reflector sphere is then
expanded (or contracted) until XSDRNPM calculates a k.5 equal to 0.96. The ratio of the radius
calculated for this expansion (or contraction) to the initial radius is used to estimate the minimum
critical mass. The value for the minimum critical mass is simply the value for the initial critical
mass multiplied by the radius ratio cubed.

Because the invert has a finite depth, if the final core radius calculated for k. equal to 0.96
produces a core plus reflector that has a greater diameter than the depth of the invert, the
calculated critical mass will be slightly more reactive. That is, a reflected sphere has the
minimum volume (and fissile mass). Any permutation such as a smaller reflector or a
non-spherical configuration will require a larger fissile mass to approach criticality. Even though
the spherical representation used to estimate the minimum mass does not completely fit into the
depth of the invert, the estimated mass is a lower bound for the mass that could be deposited in
the invert and achieve a critical configuration. When the size of the configuration approaches or
exceeds the depth of the invert, additional neutrons will leak out into the drift, and the tuff below
the fissile mass will become part of the reflector. Both of these effects will tend to reduce the k5
of the configuration. Therefore, the minimum mass calculated with the simple spherical model is
a good lower bound for the minimum mass required to go critical. It is also simple to calculate
and easily demonstrates its bounding properties.

The first scenario considered was the seismic scenario. The fissile mineral considered here is
schoepite and the filling liquid is J-13 well water. The critical mass search results are given in
Figure 6.9-2[a].
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Source: Output DTN: MO0705SCALEGEOQO.000, file: CSNF.xls.
Figure 6.9-2[a]. Critical Masses of Uranium for SIN5 (schoepite, J-13 well water, CSNF)

The minimum mass of uranium for this case is 126 kilograms and occurs for a waste fraction in
the void of 0.35. At 5 wt % enrichment, this gives 6.3 kilograms of ***U. In calculating this total
mass, the uranium in the liquid in the spherical core has a concentration of 1.21 x 10™* moles/L.
The uranium in the liquid outside of the core was included in the transport calculation but not in
the mass estimate.

The second scenario considered was the igneous scenario. Two radionuclide-containing
minerals were considered here, and the results are different. The void filling liquid was basalt
water with a uranium concentration of 5.43 x 10> moles/L. The first radionuclide-containing
mineral was Na-boltwoodite. The critical mass search results are presented in Figure 6.9-3[a].

ANL-EBS-GS-000002 REV 01 AD 01 6-17 October 2007



Geochemistry Model Validation Report: External Accumulation Model

350

300 -

” ‘\\0—0//:///:///
—e—V£=0.35
—=—Vf=0.40

150 —a—Vf=0.45

200

Mass (kg)

100

50

0 0.2 0.4 0.6 0.8 1
Waste Fraction in Void
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Figure 6.9-3[a]. Critical Masses of Uranium for BBNS (Na-boltwoodite, basalt water, CSNF)

For this case, the minimum mass of 5 wt % enriched uranium is 159 kilograms, at a waste
fraction of 0.45. The two sets of curves have a very similar structure. The second waste mineral

considered was uranophane. The results for this waste form mineral are presented in
Figure 6.9-4[a].

The results for this case are shifted to the right. This is due to the lower concentration of the
uranium in the uranophane mineral. At theoretical density, uranophane has a uranium number
density of 4.80 x 10* atoms/cm’, Na-boltwoodite has a uranium number density of 6.21 x 10*'
atoms/cm’, and schoepite has a uranium number density of 9.1 x 10*! atoms/cm’. The minimum
mass for uranophane is 158 kg, and it occurs at a waste fraction in the void of 0.45.

TMI Fuel in the Invert (Near-Field)—For this SNF, there is a significantly larger amount of
uranium released into the invert. It is approximately 3 wt % enriched and provides a reasonable
upper bound for the actual enrichment of most of the CSNF with any burnup of consequence.

In all of the analyses performed here, uranium and plutonium were considered totally separately.
The reason for this approach is that the processes transporting these elements out of the fuel are
different, and it is unlikely that the two elements would move together.

The seismic scenario for the TMI fuel is graphed in Figure 6.9-5[a].
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Figure 6.9-4[a]. Critical Masses of Uranium for UBN5 (Uranophane, basalt water, CSNF)
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Figure 6.9-5[a]. Critical Masses of Uranium for SUN3 (schoepite, J-13 well water, TMI)

The minimum critical mass is 349.6 kilograms. This includes the uranium in the water at a
concentration of 1.21 x 10™* moles/L.
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Once again two minerals were considered for the igneous scenario. The results for the first,
Na-boltwoodite, are presented in Figure 6.9-6[a].
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Source: Output DTN: MO0705SCALEGEOQ.000, file: TMI.xIs.
Figure 6.9-6[a]. Critical Masses of Uranium for BBN3 (Na-boltwoodite, basalt water, TMI)

The minimum mass of uranium for this case to reach the critical limit is 560 kilograms. This
occurs at a waste fraction in the void of 0.6 and includes the uranium in the water at a
concentration of 0.132 moles/L, which is the peak uranium concentration observed from the TMI
igneous case (TMI_IG1) presented in the parent report (output DTN: MO0609SPAINOUT.002,
folder: TMI _IGINTMI IG1 Asprin\TMI 1G1_ Asprin, file: TMI IG1A.xls). The results for the
second mineral, uranophane, are presented in Figure 6.9-7[a]. The minimum mass for this case
is 538 kilograms of uranium at a waste fraction in the void of 0.8, including the uranium in the
water at a concentration of 0.132 moles/L.
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Figure 6.9-7[a]. Critical Masses of Uranium for UBN3 (uranophane, basalt water, TMI)

N-Reactor Fuel in the Invert (Near-Field)—The next fuel type of interest is the N-Reactor fuel
with an enrichment of 1.27 wt % *U. For this fuel, the igneous scenarios of interest in the
invert with 3-mm-diameter fuel particles and void fractions from 0.15 to 0.45 yielded a &, less
than 0.96. The seismic scenario reached a k, slightly greater than 0.96 and gave a minimum

mass of 266,000 kg to approach a k. of 0.96 (SJN1). Thus, virtually any amount of this fuel
could be accumulated in the invert, and there would not be a criticality. For the seismic scenario,
the greatest k£, was 0.966 at a void fraction of 0.45 and a waste fraction of 0.95. For the igneous

scenario with uranophane and basalt water, the largest k£, was 0.85 at a void fraction of 0.45 and
waste fraction of 0.90.

Peak £k, Void Fraction =~ Waste Fraction in Void
Seismic Scenario 0.966 0.45 0.95
Igneous Scenario 0.85 0.45 0.90

FFTF Fuel in the Invert (Near-Field)—For the FFTF fuel, two fissile materials were considered.
The plutonium oxide fuel is 87% enriched in **’Pu, and the uranium oxide fuel is either natural
uranium or depleted uranium with enrichment between 0.2% and 0.7%. The plutonium oxide
fuel was treated as 100% **°Pu, since after 10,000 years, nearly all of the 240py and **'Pu will
have decayed away. This increases reactivity, but not excessively so. The uranium oxide fuel
was ignored, as these low enrichments are bounded by the N-Reactor fuel and not of any
consequence for criticality.

Considering only the plutonium oxide mineral form, the seismic scenario with J-13 well water
(PJN) gave a minimum critical mass of 1.66 kg at a waste fraction in the void of 0.004 and a void
fraction of 0.45. For the igneous scenario with basalt water (PBN), the minimum critical mass
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was 1.66 kg at a waste fraction of 0.004 and a void fraction of 0.45. As a sensitivity case, when
a void fraction of 0.35 was used, the system was found to be less reactive, with a
minimum critical mass increase of 283 grams. These results are tabulated in output
DTN: MO0705SCALEGEO.000, file: FFTF.xls.

For both of these cases, the uranium in the water is of little consequence and is actually a poison,
so neglecting it increases reactivity. There is essentially zero plutonium dissolved in the liquid
for any cases considered to date. Plutonium dioxide is essentially insoluble in water and all
PHRREQC calculations show a very small fraction released.

Other DOE SNF in the Invert (Near-Field)—In order to evaluate how other waste forms with
higher fissile-material concentrations might accumulate and react, the following set of sensitivity
cases were represented in order to observe the change in minimum critical mass as a function of
fissile concentration. Since these fuels were not modeled explicitly in this study, it is difficult to
say what enrichment the specific waste streams will have. So a generic plot was developed for
23U fuels as a function of enrichment. These results are presented in Figure 6.9-8[a] for the
seismic scenario.
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Source: Output DTN: MO0705SCALEGEOQ.000, file: DOEF.xIs.

Figure 6.9-8[a]. Critical Masses of Uranium for SUN-AIll Enrichments (schoepite, J-13 well water,
DOE SNF)

Note that the minimum uranium mass for 93% enriched fuel (SIN93) is 3.0 kilograms, and it
occurs at a waste fraction of 0.02 and void fraction of 0.45.

The igneous scenario is covered by Figure 6.9-9[a]. These results are based on uranophane and

basalt water and use uranium concentration in the liquid of 5.43 x 10~ moles/L. This gives a
minimum mass for 93% enriched fuel at 3.0 kg (UBN93).
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Figure 6.9-9[a]. Critical Masses of Uranium for UBN-AIl Enrichments (uranophane, basalt water,
DOE SNF)

One DOE SNF of interest is the LWBR fuel. It is 98% enriched in *°U (DOE 1999
[DIRS 105007], Table 3-1). Typically, **U produces minimum critical masses closer to >’Pu
than to *U. The minimum critical mass for the seismic scenario is 1.89 kg at a waste fraction of
0.02 and a void fraction of 0.45. For the igneous scenario, the critical mass is 1.91 kg, which

includes the uranium in the liquid at 5.43 x 10~ moles/L. These results are summarized in
output DTN: MO0705SCALEGEO.000, file: DOEF .xIs.

The LWBR critical mass calculations in the preceding paragraph, however, do not take into
account the high corrosion resistance of the LWBR fuel. A number of the studies have indicated
that both air and water oxidation of uranium and thorium oxide fuel pellets ((Th, U)O,) proceed
more slowly than with pure uranium oxide (UQO;), and these processes decrease with decreasing
UO; content in the fuel (DOE 2003 [DIRS 166027], p. 33). This lower solubility would lead to
lower release of uranium from the waste package.

Another example of a fuel with a high enrichment that could cause concern for external
criticality is the Fort St. Vrain fuels, with 93.5% enrichment (Taylor 2001 [DIRS 154726],
Section 1.1). These fuels are also a corrosion-resistant waste form. The Fort St. Vrain fuels
have an integral silicon carbide (SiC) protective layer that not only retains the fission products
but also protects the uranium and thorium dicarbide ((U,Th)C,) from oxidation and hydrolysis
(DOE 2003 [DIRS 166027], p. 48). Comparative analysis has indicated that the Fort St. Vrain
fuels have the lowest degradation rate of all DOE SNF and should behave significantly better in
terms of fissile material dissolution.
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Therefore, the high corrosion resistance of the LWBR and Fort St. Vrain fuels indicates that,
even though the uranium enrichment content is high, the low solubility of the waste form is
expected to result in much smaller quantities of accumulation in the invert or fractured rock than
the DOE SNF analyzed in this report (N-Reactor, TMI, and FFTF).

6.9.2.2[a] Critical Mass Bounds in the Fractured Tuff (Far-Field)

CSNF in Fractured Tuff (Far-Field)—Upon exiting the invert, any waste will likely migrate into
fractures in the tuff below the invert. The tuff has been characterized as large blocks of rock
penetrated by fractures separated by an average spacing from 0.19 m to 0.25 m (Table 6-24 of
the parent report). The fractures were too narrow to measure accurately in the field, but median
air porosities measured between 0.85% and 1.30% (Table 6-25 of the parent report). So the tuff
was modeled as a plane parallel structure with radionuclide-containing material in the center of
the fracture, surrounded by the appropriate liquid, and contained in the rock matrix. The rock
porosity was maintained fully saturated at 13% as before for the invert rock. The liquid in the
fractures remained at 65.3% saturation as before. The fracture spacing was varied from 0.15 m
to 0.25 m. The void fraction for the fractures was varied from 0.0075 to 0.0135. The waste
fraction in the fractures was varied from 0.1 to 0.9.

Based on this representation, &k never exceeded 0.96 for schoepite and J-13 well water, the most

reactive mixture (schoepite has the largest theoretical number density). Thus, the rock matrix
fractures could be filled with CSNF for as large a volume as possible and never approach
criticality. Values of k_ for 0.15-m spacing are presented in Figure 6.9-10[a]. k&, values for

0.25-m spacing are presented in Figure 6.9-11[a].
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NOTE: Values of koO for 0.15-m spacing are shown in this plot.

Figure 6.9-10[a]. k_ in Fractured Tuff for SJF5 (schoepite, J-13 well water, CSNF)
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Figure 6.9-11[a]. k_ in Fractured Tuff for UBF5 (uranophane, basalt water, CSNF)
The values for the igneous scenario (Figure 6.9-11[a]) are a little less than for the seismic
scenario due to the lower uranium number density in the uranophane mineral. For both cases,
the difference between 0.15-m spacing of fractures and 0.25-m spacing of fractures was
negligible. Even at 0.15-m spacing, there is very little communication between fractures
neutronically.

TMI and N-Reactor Fuels in Fractured Tuff (Far-Field)—Given the results for the CSNF at the
maximum 5% enrichment, it is obvious that the lower enrichments of N-Reactor and TMI fuels
(1.27% and 2.98% enrichment, respectively) will not produce &, values greater than 0.96.

FFTF Fuel in Fractured Tuff (Far-Field)—For the seismic scenario, the minimum mass of 29py
required to reach k. = 0.96 is 4.3 kg for a fracture porosity of 1.35%, a 0.15-m fracture spacing,
and a waste fraction of 0.1 (PJF10). For the igneous scenario, the minimum mass is 4.3 kg at the

same porosity and waste fraction (PBF10).  These results are tabulated in output
DTN: MO0705SCALEGEO.000, file: FFTF.xls.

Other DOE SNF in Fractured Tuff (Far-Field)—Higher enriched uranium fuels will produce £_

values that eventually exceed 0.96. At 20% enrichment, the seismic scenario can give a critical
mass as little as 186 kg (output DTN: MO0705SCALEGEOQ.000, file: DOEF .xls, tab: “SJF207).
As the enrichment is increased to 93%, the mass of uranium required to reach a k. of 0.96
decreases substantially. The minimum uranium mass required to reach a k.;of 0.96 as a function
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of waste enrichment for both the seismic and igneous scenarios is presented in Figure 6.9-12[a].
In all cases, the minimum critical mass did not depend on fracture spacing for a given porosity.

The LWBR fuel was once again treated as a special case and the minimum critical mass for this
material at k.; = 0.96 was 4.7 kg for the seismic scenario and 4.8 kg for the igneous scenario.
These results are tabulated in output DTN: MOO0705SCALEGEO.000, file: DOEF.xls
(tabs: “UBF98” and “SJF98”).

As mentioned in Section 6.9.2.1[a], the high corrosion resistance of the DOE SNF with high
enrichments, such as the LWBR and Fort St. Vrain fuels, is likely to result in low releases of
uranium to the invert and far field, and therefore low quantities of accumulation.
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Source: Output DTN: MO0705SCALEGEO.000, file: DOEF.xIs.
Figure 6.9-12[a]. Critical Masses of Uranium in Fractured Tuff for SUF and UBF-All Enrichments

6.9.2.3[a] Ciritical Mass Bounds in Lithophysae Formations (Far-Field)

The second far-field scenario of interest is the lithophysae filled with fissile-containing minerals
and liquid. The analysis for this scenario was broken down into two separate configurations.
The first was a single large lithophysa. The scenario that would lead to accumulation in a large
lithophysa is as follows: The waste package effluent containing dissolved uranium and
plutonium flows into the invert, and flows through a fracture that leads to a large lithophysa,
without interacting with any fluids on the path. Once the effluent reaches the lithophysa, it
mixes with uncontaminated seepage water that flows into the lithophysa via another fracture.
The mixing of the two solutions causes the chemistry to change and the fissile minerals are
precipitated. More realistically, the waste package effluent would be adsorbed or precipitated in
the invert and fractures before it ever reached the lithophysa. Many of the fractures observed in
the repository are deflected around lithohysae (Section 6.4.8.4 of the parent report), and therefore
the chances are low of two fractures intersecting a large lithophysa, each carrying different water
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solutions. In addition, UZ Flow Models and Submodels (SNL 2007 [DIRS 175177], Section
6.1.5) states that little water is expected to flow through lithophysal cavities, owing to the strong
capillary barrier effect on seepage into cavities. Therefore, the accumulation in a large
lithophysa is not considered a likely event. However, in order to determine the criticality
potential of accumulation in a large lithophysa, the scenario is addressed in this addendum.

The second lithophysae configuration addressed is a regular array of small lithophysae. “Small”
was defined as any lithophysa that had a diameter less than 200 mm, and “large” was a diameter
greater than 200 mm. The rationale for this division was that the average mean free path in the
Topopah Spring Tuff for neutrons above 0.1 MeV (fission range) was 48.3 mm based on the data
available in the SCALE V. 5.1 cross-section libraries (STN: 10129-5.1-00 [DIRS 181249)).
When arrays of lithophysae have spacings between voids that are greater than a mean free path,
it is difficult for them to neutronically communicate with each other. In Figure 6.9-13[a], the
minimum thickness of tuff that a neutron must travel to go from one lithophysa to its nearest
neighbor is plotted as a function of the diameter of the lithophysae in the array. For diameters
above 130 mm, the tuff thickness is greater than an average mean free path for neutrons in the
fission range. So 200 mm diameter and larger was taken as the size of lithophysae that should be
considered as single entities, rather than components of an array.
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Source: Output DTN: MO0O705SCALEGEOQ.000, file: Lith_MFP.xIs.

Figure 6.9-13[a]. Minimum Distance between Lithophysae in Arrays

CSNF in Lithophysae (Far-Field)—The significant characteristics of the lithophysae that are
important for far-field criticality analysis are as follows:

1. Sizes for lithophysae that occur in clusters were varied from 50 mm to 200 mm in
diameter.

2. Void fractions for the lithophysae clusters varied from 0.03 to 0.20 (total lithophysal
void volume divided by the total volume of the rock mass).
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3. The maximum fill fraction for any lithophysa was 0.5, including the large single voids.

4. The maximum deposit depth in any lithophysa was 50 mm, including the large single
voids (see the waste layer shown in Figure 6.9-1[a], diagram (d)). This depth is based
on the data in DTN: GS980308315215.008 [DIRS 107355], which gives depths of
secondary phases deposited over a 12-million-year period. Even though the
mechanisms involved in the historical precipitation of calcite and opal in the
lithophysal cavities (depressurization of high SiO,-fCO, fluids) would be different
from the mechanisms involved in the external accumulation model (mixing of
solutions resulting in precipitation), the existing infill quantities can be used as a
starting estimate of possible accumulation volumes.

5. The shapes of the deposits were not particularly regular.

Characteristics 3 and 4 were used to represent the maximum concentrations of waste and matrix
liquid that could accumulate in a single large lithophysa of any size. The waste fraction was
limited to a value of 0.5, and was further limited to the total amount of waste that could form a
deposit layer on the bottom inner surface of the lithophysa no more than 50 mm in depth.

The single large lithophysa was represented as a large spherical void in the saturated tuff filled
with basalt water and various volume fractions of uranophane waste. The results of this analysis
are presented in Figure 6.9-14[a] for CSNF. (The bend-over in the curve is caused by hitting the
50 mm layer thickness limit for maximum waste depth.)
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Source: Output DTN: MO0705SCALEGEOQO.000, file: CSNF.xIs.
Figure 6.9-14[a]. Maximum k.¢for a Single Lithophysa (UBV5)

For arrays of lithophysae filled with CSNF (5% enrichment) and waste fractions up to 0.5, k_

can exceed 1.0 slightly. This occurs for smaller diameters, ~50 mm, when the void fraction
approaches 0.2 and the waste fraction in the voids is 0.5. The values of k, for a 0.2 void
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fraction as a function of lithophysae diameter are plotted in Figure 6.9-15[a]. Calculating an
array of 50-mm-diameter lithophysae with a void fraction of 0.2 is fairly reactive. For this case,
the minimum fissile waste mass required to reach k.; = 0.96 1s 1,390 kg (UBLS5). The results for
this case are tabulated in output DTN: MOO0705SCALEGEO.000, file: CSNF .xls.
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Source: Output DTN: MO0705SCALEGEOQ.000, file: CSNF.xIs.
Figure 6.9-15[a). Lithophysae Arrays with Waste Fraction of 0.5 (UBL5)

TMI Fuel in Lithophysae (Far-Field)—At a maximum of 3% enrichment for the TMI fuel, a
single lithophysa cannot produce a critical sphere. Likewise, the lithophysae arrays filled with
TMI fuel waste will not achieve k.= 0.96, because they are both bounded by the results for the
CSNF fuel.

N-Reactor Fuel in Lithophysae (Far-Field)—Since the enrichment for the N-Reactor fuel is
approximately 1.27%, the criticality results for CSNF in the lithophysae bound this case also.
Essentially any amount could be leaked to the far field without presenting a criticality problem.

FFTF Fuel in Lithophysae (Far-Field)—The fuel from the FFTF can potentially release
dissolved plutonium and uranium to the far-field lithophysae. The uranium released is not a
problem because its enrichment is even lower than that of the N-Reactor. The plutonium waste
is essentially not soluble in the typical liquids considered. The plutonium was treated as PuO,,
and 100% enriched as before. For a single large lithophysa, the minimum critical mass is 2.2 kg
in a lithophysa with a diameter of 0.5 m and a waste fraction of 0.005 (PBV). For an array of
lithophysae, the minimum mass is 4.0 kg in an array of 0.05-m-diameter voids, with a void
fraction of 0.03 and a waste fraction in the void of 0.05 (PBL). These results are summarized in
output DTN: MO0705SCALEGEO.000, file: FFTF.xls.

Other DOE SNF in Lithophysae (Far-Field)—For a single large lithophysa, a uranium waste

form at 20% enrichment reached k.= 0.96 with a mass of 8.11 kg and a waste fraction of 0.074
in a void with a 0.45-m diameter (UBV20). At higher enrichments, the minimum mass required
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drops below 1 kg, and the representations will need to be refined to give a truly realistic estimate.
Since the 0.20-m-diameter void is at the upper end of the range considered for an array, array
data were not calculated. The minimum masses for an array should be bounded by the minimum
mass for a single lithophysa. An array model is not relevant when a single element can produce
the bounding k.

6.9.3[a] Summary

To summarize all of the above calculations and the predicted releases to the invert and the
far-field host rock, a direct comparison is provided in Table 6.9-1[a]. None of the cases showed
an accumulated mass higher than the mass required to achieve k. = 0.96. The DOE SNF
addressed in this report (N-Reactor, TMI, and FFTF) make up approximately 90% of the mass of
heavy metal in the DOE SNF inventory expected to be stored in the repository. Some of the
other DOE SNF with high enrichments, such as LWBR and Fort St. Vrain, are also not expected
to be a concern due to the corrosion resistance of the waste form (see Section 6.9.2.1[a]).

Table 6.9-1[a]. Summary of External Criticality Results—Minimum Mass for ke = 0.96

Calculated Accumulation or
Mass Released from Waste Mass of U or Pu (for FFTF) required to achieve
Package Kerr = 0.96
Uranium
Mass,
Waste Unless
Package Otherwise Invert |Fractured | Lithophysae Large
Scenario Type Noted (kg) | Location of Value (kg) Tuff Array Lithophysa
N-Reactor Not calc? Not calc 266,000 Inf° Not calc Not calc
TMI Fuel Not calc Not calc 350 Inf Not calc Not calc
Folder: CSNF-
Seismic, File: U
Seismic released.xls (output
DTN: MOO0705PHR
CSNF 90.3° EEMOD.000) 126 Inf Not calc Not calc
FFTF
(Plutonium
mass) 0 Table 8-2[a] 1.66 4.3 Not calc Not calc
Parent report, Table
N-Reactor 0.109 8-2, CDSPIG2 Inf Inf Inf Inf
Parent report, Table
Igneous ™I 30.7 8-2, TMI_IG1 538 Inf Inf Inf
CSNF 74.8 Table 8-1[a] 159 Inf 1390 Inf
FFTF Parent report, Table
(Plutonium 8-2,
mass) 6.34 x 10° | FFTFIG1adEhdec 1.66 4.3 4.0 2.2

a «

Not calc” means that this scenario was of little interest given that it was bounded by another scenario. In most

cases, this simply meant that, if CSNF waste was very sub-critical, then TMI and N-Reactor had to be also.
® “Inf’ means that an infinite amount of fissile waste released in this model will not produce an arrangement that can

reach ker= 0.96 (k,, < 0.96).

¢ Maximum mass released from the waste package. This value supersedes the value in the parent report
(Table 8-4) due to the new CSNF waste package design.

Source: The mass required to achieve ke = 0.96 is found in Output DTN: MO0705SCALEGEO.000.
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7la]. VALIDATION

No changes.
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8[a]. CONCLUSIONS
8.1[a] MODEL OUTPUT

The conclusions in the parent report are still valid (except for the seismic scenario as indicated
below) and are considered qualified. The following sections provide a summary of the
addendum results. The output DTN are listed in Section 9.4[a].

8.1.1[a] Nominal Scenario—Scoping Results
No changes.
8.1.2[a] Igneous Scenario

Table 8-1[a] provides the mass of uranium and plutonium accumulated in the invert or host rock
for the CSNF igneous scenario.

Table 8-1[a]. Uranium and Plutonium Accumulation in the Igneous Scenario (10,000 years)

Plutonium Total Uranium
Source Term Accumulation (kg) Accumulation (kg) 25y Accumulation (kg)
CSNF 7.31x107’ 7.48 x 10’ 9.72 x 10

Source: Output DTN: MO0705PHREEMOD.000, file: Mass Accumulated.xls.
8.1.3[a] Seismic Scenario

Table 8-2[a] provides the mass of uranium and plutonium accumulated in the invert or host rock
for the FFTF seismic scenario.

Table 8-2[a]. Uranium and Plutonium Accumulation in the Seismic Scenario (10,000 years)

Plutonium Total Uranium
Source Term Accumulation (kg) Accumulation (kg) 25y Accumulation (kg)
FFTF 8.63 x 10™* 6.50 x 10’ 2.74 x 10"

Source: Output DTN: MO0705PHREEMOD.000, file: Mass Accumulated.xls.

Corrections to Seismic Scenario Results from Parent Report—The following two sets of
results from the parent report are no longer valid:

e The mass accumulated in the CSNF seismic scenario presented in Table 8-4 of the
parent report (ranging from 171 to 254 kg) were based on the results of the previous
waste package design and are now considered too high. Using the results from the latest
revision of the MDR model (SNL 2007 [DIRS 181165]), as presented in Table 6.9-1[a],
the maximum uranium released from the waste package for the CSNF seismic scenario
was found to be 90.3 kg. Therefore, the maximum accumulation that could occur would
be less than or equal to 90.3 kg.
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e The results discussed in Section 8.1.3 of the parent report regarding the entrained
releases from the waste package are no longer valid. As mentioned in Section 6.6[a], the
entrained releases are no longer considered in the external accumulation model because
estimates of entrained releases were deleted from the MDR model.

8.1.4]a] Ciriticality Calculations

Plots showing the fissile mass needed for a k. of 0.96 are presented in Section 6.9.2[a]. The
summary of the results is listed in Table 6.9-1[a]. The results show that none of the CSNF or
DOE SNF (N-Reactor, TMI, FFTF) waste package scenarios investigated resulted in
accumulation above the criticality threshold of k.= 0.96.

8.2[a] CRITERIA

No changes.
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ANL-EBS-GS-000002 REV 01 AD 01 9-4 October 2007



Geochemistry Model Validation Report: External Accumulation Model

MOO0709PHREEQ90.000. PHREEQCDATAORS590.DAT. Submittal
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APPENDIX I[a] —DETAILS OF ASPRIN CALCULATIONS
I.1[a] SOURCE TERM: CSNF, IGNEOUS, 1,000 L/'YR

This source term (CSIGAdEh) represents the second stage of an igneous simulation of the
degradation of a CSNF waste package at a flow rate of 1,000 L/yr. Three separate EQ3/6
(V.8.1. STN: 10813-8.1-00 [DIRS 176889]) simulations were required to reach 10,000 years.
For the first EQ3/6 simulation (output DTN: MOO0705SPHREEMOD.000, folder:
CSNF-Igneous\asprin\CSNF Step 1, file: CSIGAdEh.6i), ASPRIN (V. 1.0. STN: 10487-1.0-00
[DIRS 179458]) was conducted according to the following steps:

1. Update file defltsolids.txt (which is a file provided along with the ASPRIN software
package (STN: 10487-1.0-00 [DIRS 179458]) with the list of minerals formed during
the EQ6 run, as listed in CSIGAdEh.min_info.txt (DTN: MO0705GEOMODEL.000
[DIRS 181798], folder: CSNF\CSNF Igneous\High Seepage Adj Eh). The revised file
deftlsolids.txt is located in output DTN: MOO0705PHREEMOD.000, folder:
CSNF-Igneous\asprin\CSNF Step 1.

2. Begin running ASPRIN (STN: 10487-1.0-00 [DIRS 179458]), with the file
CSIGAdEh.bin  (DTN: MOO0705GEOMODEL.000 [DIRS 181798], folder:
CSNF\CSNF Igneous\High Seepage Adj Eh) and the updated defltsolids.txt in the
same directory. [Since the * bin file was too large for ASPRIN (659 megabytes), the
command line for running ASPRIN was revised as follows: “asprin.exe
CSIGAdEh.bin 7,” where the value “7” indicates that every 7th data point is read by
ASPRIN.]

3. When prompted, input the normalized flushing rate (4.13 x 10~ mol/s) from the EQ6
input file CSIGAdEh.6i (DTN: MO0705GEOMODEL.000 [DIRS 181798], folder:
CSNF\CSNF Igneous\High Seepage Adj Eh), which is equivalent to 1,000 L/yr.

4. When prompted, input initial isotopic composition of aqueous solution and all
uranium-bearing minerals. This represents the same isotopic composition as the
starting CSNF, as listed in Table 6.4-1[a].

For the rest of the EQ3/6 simulations, see ASPRIN output files CSIGAdE?2.txt and CSIGAdE3.txt
(located in output DTN: MOO0705PHREEMOD.000, folders: CSNF-Igneous\asprin\CSNF Step
#, where # is 2 or 3). ASPRIN was run according to the instructions listed above for steps 1, 2,
and 3, but step 4 is slightly different. In step 4, the initial isotopic composition of the aqueous
solution and uranium minerals comes from the ASPRIN output of the previous EQ6 simulation.
For example, for the second EQ6 simulation (CSIGAdE?2.txt), Isotopic fraction end step 1.xls
provides the values of enrichment that were taken from the ASPRIN output file from the first
step (CSIGAdE.txt).

Based on the ASPRIN output files (output DTN: MOO0705PHREEMOD.000, folder:
CSNF-Igneous\asprin\CSIGAdEh U Pu.xls), eight points were identified to be simulated with
PHREEQC, as shown in Figure 6.4-1[a]. Figure 6.4-1[a] also shows the ASPRIN results of
enrichment fraction (ratio of *°U to total uranium in solution) versus time. This source term was
estimated at a reduced Eh, equivalent to oxygen fugacity of 1.77 x 10~ bar (or 10> bar)
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(SNL 2007 [DIRS 181165], Section 6.3.14). Because of this, the aqueous concentration in the
PHREEQC input file must specify the concentration of each dominant oxidation state for
neptunium and plutonium. ASPRIN was used to extract the aqueous species for plutonium and
neptunium, and the major species were summed in CSIGAdEh U Pu.xls.

I.2[a] SOURCE TERM: FFTF, SEISMIC, 1 L/'YR

This source term (FFTFMxGE) represents the seismic simulation of the degradation of an FFTF
waste package at a flow rate of 1 L/yr. ASPRIN was conducted according to the following steps:

1. Update defitsolids.txt with FFTFMxGE.min_info.txt (DTN: MO0705GEOMODEL.
000 [DIRS 181798], folder: FFTF\Seismic\Max Glass Adj Eh). In addition, add
waste forms UOx, mixed oxide (MOX), and HLWG to defltsolids.txt. The uranium
and plutonium contents of the MOX, UOx, and HLWG are found in Table 6.4-1[a].
The revised file deftlsolids.txt is located in output DTN: MO0705PHREEMOD.000,
folder: FFTF-Seismic\asprin\FFTF Step 1.

2. Begin running ASPRIN, with FFTFMxGE.bin and the updated defltsolids.txt in the
same directory.

3. When prompted, input the normalized flushing rate (4.93 x 102 mol/s) from the EQ6
input file FFTFMxGE.6i (DTN: MO0705GEOMODEL.000 [DIRS 181798], folder:
FFTF\Seismic\Max Glass Adj Eh), which is equivalent to 1 L/yr.

4. When prompted, input initial isotopic composition of aqueous solution, which can be
assumed to be 100% ***U, since it is just the starting composition. Next, when
prompted, add the isotopic composition of the UOx, MOX, and HLWG as listed in
Table 6.4-1[a].

For the second EQ6 simulation, see ASPRIN output file FFTFMxG2.txt (located in output
DTN: MOO0705PHREEMOD.000, folder: FFTF-Seismic\asprin\FFTF Step 2). ASPRIN was run
according to the instructions listed above for steps 1, 2, and 3, but step 4 is slightly different. In
step 4, the initial isotopic composition of the aqueous solution and uranium minerals comes from
the ASPRIN output of the previous EQ6 simulation. For example, for the second EQ6
simulation (FFTFMxG?2.txt), Isotopic fraction end step 1.xls provides the values of enrichment
that were taken from the ASPRIN output file from the first step (FFTFMxGE.1xt).

Based on the ASPRIN output files, three points were identified to be simulated with PHREEQC,
as shown in Figure 6.4-2[a]. Figure 6.4-2[a] also shows the ASPRIN results of enrichment
fraction (ratio of **U to total uranium in solution) versus time. This source term was estimated
at a reduced Eh, equivalent to oxygen fugacity of 1.77 x 10 bar. Because of this, the aqueous
concentration in the PHREEQC input file must specify the concentration of each dominant
oxidation state for neptunium and plutonium. ASPRIN was used to extract the aqueous species
for Np and Pu, and the major species were summed in FFTFMxGE U Pu.xls (output
DTN: MO0705PHREEMOD.000).
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APPENDIX K[a]—EXTERNAL CRITICALITY CALCULATION APPROACH
K.1[a] CALCULATION FLOW

All of the external criticality analyses depend on the materials likely to be found external to the
waste packages. As indicated in Section 6.9[a], all external criticality calculations were
performed for a spherical representation of the accumulated fissile-containing minerals (referred
to as “waste”’) embedded in a tuff-water mixture and reflected by an infinite amount of the same
tuff-water mixture, as shown graphically in Exter Crit.xls (output
DTN: MOO0705SCALEGEO.000, tab: “Introduction”). The heterogeneity effects were taken
into account with four different representations for the unit cells. After cell-weighted cross
sections were developed by the BONAMI, CENTRM, and PMC modules of SCALES.1 for these
unit cells, the cells were homogenized and the critical sizes were estimated based on a mixed
homogeneous sphere inside an infinite reflector. This configuration will produce the minimum
fissile mass required to reach a specified multiplication constant, k. (In this case, the ks limit
was chosen as 0.96.)

The material mixtures are defined in terms of the atomic concentrations per unit volume in the
zones of interest. To compute these atomic concentrations, the concentrations for each of the
components are computed based on the full density for the component, for instance water. The
components are then mixed based on the fractions of a unit volume that they occupy. When
mixing components, the small scale heterogeneity of the components can influence the potential
for criticality. That is, if the fissile material is arranged in lumps, it can be more or less reactive
than if it is just homogeneously mixed on an atom by atom basis. A homogeneous mixture of
natural uranium and carbon can not achieve a k.ygreater than 1.0 (Duderstadt and Hamilton 1976
[DIRS 106070], p. 400); however, by lumping natural uranium, Enrico Fermi was able to
achieve the first critical pile in a matrix of graphite. For low enrichments, the configuration
becomes more reactive due to a decrease in resonance self-shielding. For high enrichments, the
lumped configuration can be less reactive due to flux suppression at the center of the lumps.
Therefore, each of the external critical configuration possibilities was represented with a lumped
configuration that best describes the likely physical situation that could occur.

The standard method for dealing with lumping or heterogeneity effects is to process the nuclear
cross sections with a repeating cell representation to take into account the effects of lumping
(adjusting resonance absorption and flux depressions). The industry standard code for
performing this type of processing is the SCALE V. 5.1 (STN: 10129-5.1-00 [DIRS 181249])
code system and in particular the BONAMI, CENTRM, and PMC modules, which are described
in the users manual provided with the electronic media containing the SCALE V. 5.1 software
(STN: 10129-5.1-00 [DIRS 181249]) Once the repeating array heterogeneity is taken into
account, the nuclear cross sections are rewritten in a file as a set of self-shielded cross sections.
Each set of self-shielded cross sections is only valid for the array geometry for which it was
processed. Then these cross sections are used in a large scale calculation as if the array were
homogeneous. This large scale calculation attempts to determine the size of a reflected sphere
that will require the minimum waste mass to achieve k. = 0.96. The SCALE module that
performs this calculation is called XSDRNPM.
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There are four heterogeneity representations that have been used in this analysis. The first
applies to the near field in the invert. In the invert, the waste is represented as small spheres
dispersed in water and tuff. As discussed in Section 6.9.1[a], the nominal size for the tuff
particles is 3.0 mm. Based on the way the SCALE system is set up, the fissile material must be
in a central spherical particle surrounded by the other materials. The fissile waste particles were
chosen to have a diameter of 3.0 mm for calculation purposes. This may overestimate the likely
size, based on 3.0 mm tuff fill. However, in this case, a larger than actual fissile waste particle
increases reactivity. In preliminary calculations, smaller waste particles were analyzed and in
fact k. did go down slightly. The volume fraction of voids in the invert between the tuff
particles was varied from 0.15 to 0.45. The volume fraction of the fissile waste within these
voids was varied from 0.0 to 1.0. The porosity of the tuff used to fill the invert was taken as 13%
and fully saturated. The fluid that filled the remaining void volume was 65% of full saturation.

The second heterogeneity representation was used for the far-field host rock. In this
representation, monolithic blocks of tuff are penetrated by fractures that occur in a semiregular
pattern. As mentioned in Section 6.9.1[a], values of fracture porosity range from 0.75% to
1.35%. The fractures occur in a semi-regular fashion with a spacing in the range of 0.15 to
0.25 m. This geometry was represented as a repeating slab, with fissile waste in the middle of
the fracture, surrounded by the appropriate liquid, followed by the tuff matrix. The tuff was fully
saturated at 13% porosity. The waste fraction within the fracture was allowed to vary from 0.0
to 1.0 times the available volume.

The third heterogeneity representation was used to address a repeating array of small
lithophysae, with voids that vary from 0.05 m to 0.2 m in diameter and void fractions of the
media between 0.03 and 0.20. As discussed in Section 6.9.2.3[a], observations indicated that
voids were always less than half filled with deposits and never had a deposit coating depth
greater than 50 mm. These arrays were represented as repeating spheres of liquid and waste
embedded in a matrix of tuff. The tuff had the same properties as above. In this case, the waste
fraction on the void space was allowed to vary between 0.0 and 0.5, not to exceed the amount
that could create a 50-mm coating on the bottom surface of the void.

The fourth heterogeneity representation simply extended the small lithophysae representation to
large lithophysae. It dealt with lithophysae with a diameter of 0.2 m to over 1.0 m. For all of the
cases considered, it was never necessary to extend much beyond 1.0 m in diameter, because a
core mixture with a slightly different fraction of fissile waste was likely to produce a k.= 0.96 at
a smaller diameter. The goal was always to find the minimum fissile mass that gave k.;= 0.96.
The waste in the central cavity was mixed homogeneously with the cavity water and restricted by
the two bounds identified above. The waste fraction could never exceed 0.5 of the available
void volume, or a quantity of full density waste that could form a layer equal to 50 mm on the
bottom surface of the void.

The calculation procedure was:
1. Select materials of interest and calculate full density atomic number densities

2. Build a heterogeneity representation for the BONAMI, CENTRM, and PMC modules
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3. Make a self-shielded cross section set for this representation

4. Use the self-shielded cross section set in XSDRNPM to search for the size of a
reflected sphere that will give k.= 0.96.

K.2[a] CALCULATION OF MATERIAL ATOMIC NUMBER DENSITIES

Material atomic number densities were calculated from partial densities, atomic masses, and
Avogadro’s number. The real units are atoms per cubic centimeter. However, an alternative unit
is defined, called the barn. A barn is 1.0 x 107** square centimeters, or 1.0 x 107* square
meters. Then atomic number densities are expressed as atoms per barn-cm or atoms per barn-m.
If Avogadro’s number is taken as 6.022 x 10* (Parrington et al. 1996 [DIRS 103896], p. 59), the
choice of the unit atoms per barn-cm eliminates carrying a big exponent in all of the data input
and documentation.

Consider

Nm= ppNa/A
where
Nm= material atomic number density in atoms/cc
pp = the density of the element or compound in grams/cc
N.= Avogadro’s number — 6.022 x 107
A = atomic mass for the molecule or atom.

Consider water as an example. The density of water is 1.0 gm/cc and the water molecule has an
atomic mass of 2(1.00794 [hydrogen]) +1(15.9994 [oxygen]) =18.015. This gives:

N, = 1.0 X 6.022 x 10/ 18.015
= 3.343 x 10* molecules/cubic centimeter

3.343 x 10*® molecules/ cubic meter
= (0.03343 molecules/barn/cm.

This translates into 0.03343 atoms/barn/cm for oxygen and 0.06686 atoms/barn/cm for hydrogen.
K.3[a] MATERIAL ATOM NUMBER DENSITIES

The material atom number densities were calculated in output DTN: MO0705SCALEGEO.000,
file: Exter Crit.xls. The formulas for the minerals come from data0.ymp.R5
(DTN: SN0612T0502404.014 [DIRS 178850]). The densities for the minerals are calculated in
density.xls, based on molar volumes from data0.ymp.R5 (DTN: SN0612T0502404.014
[DIRS 178850]). The values of atomic mass come from Parrington et al. (1996 [DIRS 103896],
p. 60). The density of crystalline PuO, and the iron nuclide atom percentages come from CRC
Handbook of Chemistry and Physics (Weast 1978 [DIRS 128733], p. B-148 and pp. B-284 to
B-285, respectively).

The compositions of the three uranium minerals, the tuff, the J-13 well water, and the basalt
water  were  converted to  number  densities in  Exter Critxls  (output
DTN: MO0705SCALEGEO.000).
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K.4[a] Heterogeneity Representations
K.4.1]a] Representation for the Single Large Lithophysa

The simplest of the heterogeneity representations is the far-field single lithophysa scenario. For
this scenario, there are two homogeneously mixed material zones. For the central zone
containing the fissile waste and liquid, the full atom number densities are mixed according to the
following formula.

Ni¢ = Wi Ny? + (1.0-Wy) Sy N/’ (Eq. K-1[a])
where

N;¢ = the number density in the central void for the fissile waste and liquid
W¢ = the waste fraction (by volume) in the central void

N,,” = the full number density for the fissile waste

S, = the liquid saturation of the void spaces

N = the full number density for the liquid.

The first term in Equation K-1[a] represents the number density of the fissile waste and the
second term in Equation K-1[a] represents the number density of the liquid.

For the tuff reflector, the full number density, N{, is given by:
Ni'=(1.0-P)N’+PS,N/ (Eq. K-2[a])
where

P, = the number porosity of the tuff

NtO = the full number density for the tuff
S, = the saturation of the pores in the tuff
N = the full number density for the liquid.

The first term in Equation K-2[a] represents the number density of the tuff and the second term
in Equation K-2[a] represents the number density of the saturating liquid.

The waste fraction in the void is limited by the maximum amount of waste that could precipitate
to give a layer on the bottom of the void up to 50-mm thick. The volume of a spherical segment
is given by (Beyer 1987 [DIRS 103805], p. 130):

Vigyer = (1/3) 7 h* (3R-h) (Eq. K-3[a])
where

h = the height of the layer at the bottom of the sphere
R = radius of the sphere.
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Substituting h = 5 cm (50 mm) and R = D/2 into Equation K-3[a], where D is the diameter (cm)
of the lithophysa, gives the volume (cm?) of the deposit in the bottom of the spherical lithophysa:

Viager = 7 (25/2 D = 125/3) (Eq. K-4[a])

Where D is the diameter of the void (cm). The volume of the void is given by (Beyer 1987
[DIRS 103805], p. 130):

Vioia = 4/3 © (D/2)° (Eq. K-5[a])
The waste fraction in the void is then limited by the ratio Viayer/Viyoid.
K.4.2]a] Representation for the Lithophysae Arrays

The SCALE representation (STN: 10129-5.1-00 [DIRS 181249]) used for the cross section
self-shielding for the lithophysae arrays is the LATTICECELL, SPHSQUAREP representation.
This represents the unit cell as an internal fuel region composed of the mixed fissile waste and
liquid in the central region surrounded by a tuff moderator. The formulas for calculating the
number densities for these two regions are exactly the same as given for the single lithophysa
representation above. The difference here is that the dimension of the void region is smaller and
a reflecting boundary condition is placed on the outside of the reflector. The diameter of the
void, or fissile waste and liquid region, is set as a parameter. Then the outside radius of the tuff
reflector is calculated based on the void fraction that the lithophysae represent of the total matrix.
The arrangement of spheres on a square pitch was used to calculate array pitch. The spherical
voids are represented as spheres located in the center of a regular array of cubes with side of
length P. Then:

V= {4/3 1 (D)’ }/ P’ (Eq. K-6[a])

is the defining equation. V¢ is the array void fraction, D is the void diameter, and P is the pitch
of the cubes. The only unknown is P. The equation is solved for pitch providing all of the
geometric model input data required to run the SPHSQUAREP model for a LATTICECELL
calculation in SCALE. The maximum waste fraction in the voids is also limited by the 50-mm
layer on the bottom of the voids as above.

K.4.3[a] Representation for the Invert

The representation for the invert is very similar, once again using the LATTICECELL
SPHSQUAREP sequence in SCALE (STN: 10129-5.1-00 [DIRS 181249]). In this case, the
fissile waste is assumed to form a full density particle in the invert with a diameter of 3 mm. It is
surrounded by a liquid layer that performs the classic geometric function of a “clad” in reactor
terminology. Outside of the clad is the tuff matrix moderator. The tuff number densities are
calculated as shown in Section K.4.1[a]. The fuel kernel number densities and the liquid density
numbers are taken as the full density values. The remaining data required are the geometric data
necessary to run the cell calculation. The diameter of the tuff particles and the void fraction are
combined to give a relationship for the tuff as a moderator in a fuel particle centered cell. For a
square pitch arrangement, the pitch P can be solved for from the following equation:
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(1-V9 PP =4/3 n (D:/2)° (Eq. K-7[a])

where Vi is the invert void fraction and Dy is the tuff particle diameter. The clad diameter can
then be calculated based on:

Vi PP =4/3 n (D./2)° (Eq. K-8[a])

where D, is the clad diameter (liquid outer diameter). Then the waste diameter is calculated
from:

Wi = {4/3 1 (Dy/2)’}/{4/3 1 (De/2)’} = (Dy/De)’

where Dy is the fuel particle diameter. This gives all of the required geometric data required to
run the LATTICECELL SPHSQUAREP model in SCALE.

K.4.4[a] Representation for the Fractured Tuff

The fractured tuff representation uses the LATTICECELL SYMMSLABCELL model in SCALE
(STN: 10129-5.1-00 [DIRS 181249]) to perform the self-shielding. For this representation the
fracture spacing is essentially the required pitch. The void fraction is then the width of the liquid
and fuel layer and becomes the dimension for the clad overall thickness (CLADD). The waste
fraction is then the fraction of this fracture width that contains the full density fissile waste. Or
the thickness of the fissile waste region is given by:

Tw= W V¢ S¢ (Eq. K-9[a])
where

T,, = width of the fissile waste region
St = fracture mean spacing

W = waste fraction (by volume)

V¢ = void fraction in the tuff matrix.

This becomes the fuel dimension for the SCALES.1 calculation. The number densities in the tuff
are calculated as in Section K.4.1[a].

K.5[a] Neutron Transport Calculations

The transport calculations were performed in two parts. First, the cross sections from the 238
group ENDF/B/VI data set were self-shielded with the BONAMI, CENTRM, and PMC modules
from SCALE (STN: 10129-5.1-00 [DIRS 181249]). These cross sections were saved to disk so
that the transport could be run several times if necessary. Then, the XSDRNPM module
performed the minimum critical mass calculations. Instead of two parts, the calculations could
have been incorporated into a single XSDRNPM run, but in order to facilitate the ability to
perform sensitivity studies, the XSDRNPM module was run separately from the BONAMI,
CENTRM, and PMC modules. In many cases both an infinite medium calculation and a finite
medium calculation were run. So for each scenario there are two sets of input and output files
(output DTN: MO0705SCALEGEO.000, folder: IO_ZIP). If the title is SINS, then the input and
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output for the self-shielding run are SSINS.INP and SSIN5.OUT. The input and output files for
the XSDRNPM run are XSJN5.INP and XSJN5.out. Each scenario is maintained in a separate
directory.
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