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1. PURPOSE

The Monitored Geologic Repository (MGR) Waste Package Operations (WPO) of the Civilian
Radioactive Waste Management System Management and Operating Contractor (CRWMS
M&OQ) performed calculations to provide input for disposal of Pu-ceramic waste forms. The Pu-
ceramic (Refs. 1 and 2) is designed to immobilize excess plutonium from weapons production,
and has been considered for disposal at the potential Yucca Mountain site. Because of the high
content of fissile material in the ceramic, the waste package (WP) design requires special
consideration of the amount and placement of neutron absorbers, and the possible loss of
absorbers and fissile materials over geologic time. For some WPs, the corrosion-allowance
material (CAM) and the corrosion-resistant material (CRM) may breach (Ref. 3, Section
10.5.1.2), allowing the influx of water. Water in the WP will moderate neutrons, increasing the
likelihood of a criticality within the WP; and the water may, in time, gradually leach the fissile
components and neutron absorbers out of the WP, further affecting the neutronics of the system.

This study presents calculations of the long-term geochemical behavior of WPs containing Pu-
ceramic disks arrangcd'accordmg to the “can-in-canister” concept. The cans containing Pu-
ceramic disks are embedded in canisters filled with high-level waste (HLW) glass (Ref. 1) The
objectives of this calculation were to determine:

e The extent to which criticality control material, suggested for this WP design, will remain .
in the WP after corrosion/dissolution of the initial WP configuration (such that it can be -
effective in preventing criticality). '

¢ The extent to which fissile pluionium and uranium will be carried out of the degraded
WP by infiltrating water (such that internal criticality is no longer possible, but the
possibility of external criticality may be enhanced).

e The nominal chemical composition for the criticality evaluations of the WP design, and
to suggest the range of parametric variations for additional evaluations.

The chemical compositions (and subsequent criticality evaluations) for some of the simulations
are calculated for time periods to ~6-10° years. The longer time is based on the analysis in
Reference 4 (Figure C-13), which suggests that 5% of the WPs may remain flooded for longer
than 2-10° years. However, it is important to note that after 10° years of flooding, most of the
materials of interest (fissile and absorber materials) will have either been removed from the WP,
reached a steady state, or been transmuted.

The calculation included elements with high neutron absorption cross sections, notably
gadolinium (Gd), as well as the fissile materials. The results of this calculation will be used to
ensure that the type and amount of criticality control material used in the WP design will prevent
criticality.

A previous calculation of the degradation of Pu-ceramic WPs found maximum losses of ~15% of
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the original Gd content of the Pu-ceramic WP (Ref. §, Table 5.3-1). However, the water and
HLW glass compositions, and the ceramic degradation rates, used in that prior study, have been
supcrcedcd by new information. In addition, the development of a faster and more flexible
version of the reaction-path code has made it possible to calculate degradation of the WPs under
a wider range of ratc combinations. Consequently, the current study provides a greater .
understanding of the effects of composition and rate uncertainty on the potential losses of Gd and
fissile materials.

This calculation was prepared under procedure AP-3.12Q, Revision 0, ICN 0.
2. METHOD
The method used for this calculation involves the following steps:

e Use of the qualified and modified version of the EQ3/6 reaction-path code (software
package, Section 4.1) for tracing the degradation of the WP. The software estimates the
concentrations remaining in the aqueous solution and the composition of the precipitated
solids. (EQ3 is used to determine a starting fluid composition for EQ6 calculations; it
does not simulate reaction progress.)

¢ Evaluation of available data for degradation rates of package materials, to be used as EQ6
reaction rates (rk1 in the EQ6 “6i” files).

e Use of “solid-centered flow-through™ mode (SCFT) in EQS; in this mode, an increment
of aqueous “feed” solution is added continuously to the WP system, and a like volume of
the exxstmg solution is removed, s1mulatmg a continuously-stirred tank reactor. This
mode is discussed in Section 4.

¢ Determination of fissile material concentrations in solution as a function of time (from
the output of EQ6 simulated reaction times up to 6-10° years).

¢ Calculation of the amount of fissile material released from the WP as a function of time
(fissile material loss reduces the chance of criticality within the WP).

¢ Determination of concentrations of neutron absorbers, such as Gd and B, in solution as 2
function of time (from the output of EQ6 over times up to 6-10° years).

¢ Calculation of thc amount of neutron absorbcrs retained within the WP as a function of
time,

¢ Determination of composition and amounts of solids (precipitated minerals or corrosion
products, and unreacted package materials).

Detailed description of each step is available in Section 5 of this calculation.
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3. ASSUMPTIONS

All assumptions are for preliminary design; these assumptions will require verification before
this calculation can be used to support procurement, fabrication, or construction activities. All
assumptions are used throughout Section § and Section 6.

3.1 It is assumed that an aqueous solution fills all voids within WPs, and that the solutions
that drip into the WP will have a composition approxunatmg that of the J-13 well water
(as given in Ref. 6, Tabl&s 4.1 and 4.2; this composition is given in Table 54 of the
current document) for ~10° years. (The J-13-like composmons are hereafter referred to as

“incoming water”, rather than “J-13 well water”, to distinguish the idealized
compositions from actual well water samples.) The basis for the first part of this
assumption is that it provides the maximum degradation rate with the potential for the
fastest flushing of the neutron absorber from the WP, and is thereby conservative. The
basis for the second part of the assumption is that the groundwater composition is
controlled largely by transport through the host rock; over pathways of hundreds of
meters, and the host rock composition is not expected to change substantially over 10
years. For a few thousand years after waste emplacement, the composition may differ
because of perturbations resulting from reactions with engineered materials-and from the -
thermal pulse. These are not taken into account in this calculation because the corrosion
allowance barrier and CRM are not expected to breach until after that perturbed period
Therefore, the early perturbation is not relevant to the calculations reported in thxs
document. See Assumption 3.3. '

3.2 It is assumed that the density of the incoming water is 1.0 g/cm’. The basis for this -
assumption is that for dilute solutions, the density is extremely close to that for pure
water, and that any differences are insignificant in respect to other uncertainties in the
data and calculations. Moreover, this value is used only initially in EQ3/6 to convert
concentrations of dissolved substances from parts per million to molalities.

3.3  The assumption that the water entering the WP can be approximated by the J-13 well
water implicitly assumes: (1) that the incoming water will have only a minimal contact, if
any at all, with undegraded metal in the corrosion allowance barrier, and (2) that any
effects of contact with the drift liner will be minimal after a few thousand years. The
basis for the first part of this assumption is that the water will move sufficiently rapidly
through openings in the WP barriers such that its residence time in the corroded barrier .
will be too short for significant reaction to occur, and the corrosion products lining the
cracks should consist primarily of inert Fe oxides. The second part of this assumption is
justified by the following: (A) the drift liner at the top of the drift is expected to collapse
with the roof support well before 1000 years; and (B) the water flowing through the
concrete liner, dominantly along fractures, will be in contact with the degradation
products of the liner, which will have come close to equilibrium with the water moving
through the rock above the repository (most recent drift designs do not contain significant
amounts of concrete); and (C) recent evaluations of codisposal WPs show that
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34

35

3.6

3.7

degradation of the WP materials (specifically, HLW glass and steel) overwhelms the
native chemistry of the incoming water (Figures 5-2 through 5-20 of Ref. 7 show pH
variations of 3 to 10 in WP). Thus, even though the chemistry of the infiltrating water
may vary substantially, the effects of the variations will likely be insignificant in a WP
that undergoes significant alteration. An evaluation of the effects of varying incoming
water chemistry is given in Section 5.3.2 of the current document.

It is assumed that water may circulate sufficiently freely in the partially degraded WP that
all degraded solid products may react with each other through the aqueous solution
medium. The basis for this assumption is that this provides one bound for the extent of
chemical interactions within the WP.

It is assumed that 25 °C thermodynamic data can be used for the calculations. The bases
of this assumption are two-fold. First, the initial breach and filling of 2 WP is unlikely to
occur before 10* years (Ref. 4, Figure C-12), when the WP contents have cooled to
<50°C (Ref. 8, Figures 3-22 and 3-24). Second, the assumption is conservative, with
respect to loss of the Gd, the criticality control material. Gd carbonates and phosphates
are likely to be the solubility-limiting solids for the Gd. Since the solubilities of solid
carbonates and GdPO4-H,O are temperature-independent or retrograde (Ref. 9, Tables IV
and V), use of the lower-temperature database is likely to be conservative.

- In most calculations, it is assumed that chromium and molybdenum will oxidize fully to

chromate (or dichromate) and molybdate, respectively. The first basis of the assumption
is the body of available thermodynamic data (the data0 file in the accompanying
electronic media, Ref. 10), which indicates that in the presence of air the chromium and
molybdenum would both oxidize to the VI valence state. Laboratory observation of the
corrosion of Cr- and Mo-containing steels and alloys, however, indicates that any such
oxidation would be extremely slow. In fact, oxidation to the VI state may not occur at a
significant rate with respect to the time frame of interest, or there may exist stable Cr(III)
or Cr(VI) solids (not present in the EQ3/6 thermodynamic database) that substantially
lower aqueous Cr concentration. For the present analyses, the assumption is made that
over the times of concern the oxidation will occur. The second basis of the assumption is
that it is conservative with respect to solubility of GAOHCO; (the expected solubility-
controlling phase for Gd); extreme acidification of the water will enhance solubility (Ref.
S, Section 5.3) and transport of Gd out of the WP, thereby separating it preferentially
from fissile material. A

1t is assumed that the CRM (the inner barrier) of the WP will react so slowly with the
infiltrating water (and the water already in the WP) as to have negligible effect on the
chemistry. The bases for this assumption consist of the facts that the CRM is fabricated
from Alloy 22 (see nomenclature in Section 5.1.1), which corrodes very slowly compared
(1) to other reactants in the WP and (2) to the rate at which soluble corrosion products
will likely be flushed out of the WP
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3.8 In most calculations, is assumed that gases in the solution in the WP will remain in
equilibrium with the ambient atmosphere outside the WP. In other words, it is assumed
that there is sufficient contact with the gas phase in the repository to maintain equilibrium
with the CO; and O, present, whether or not this be the normal atmosphere in open air or
rock gas that seeps out of the adjacent tuff. Under these conditions, the partial pressure of
CO, exerts important controls on the pH and carbonate concentration in the solution and
hence on the solubility of uranium, gadolinium and other elements. The basis of this
assumption is that it is consistent with the approach taken in the viability assessment
(VA) (Ref.. 11, Figure 4-27), is simple, and generally causes higher losses of gadolinium
at high pH, and is thus conservative. A sensitivity study on the effects of fCO; is given in
Section 5.3.2, and calculations with variations in oxygen fugacity are presented in
Sections 6.1 and 6.2.

39 It is assumed that precipitated solids that are deposited remain in place, and are not
mechanically eroded or entrained as colloids in the advected water. The basis for this
assumption is that it conservatively maximizes the size of potential deposits of fissile
material inside the WP.

3.10 It is assumed that the corrosion rates used in this calculation encompass rates for
microbially assisted degradation, and that the degradation rates will not be controlled
principally by bacteria. The bases for this assumption are (1) steel corrosion rates
measured under environmental conditions inherently include exposure to bacteria, and (2)
the lack of organic nutrients available for bacterial corrosion will limit the involvement of
bacteria. It is assumed that bacteria act as catalysts, particularly for processes such as the
reduction of sulfate, but this catalytic effect is not expected to change significantly the
types of solids formed in the WP.

3.11 Itis assumed that sufficient decay heat is retained within the WP over times of interest to
cause convective circulation and mixing of the water inside the WP. The basis for this
assumptlon is the analysis in Reference 12 (Att. VI).

3.12  Itis assumed that the rate of entry of water into, as well as the rate of egress from, a WP
is equal to the rate at which water drips onto the WP. The basis for this assumption is
that for most of the time frame of interest, i.e., long after the corrosion barriers become
largely degraded, it is more reasonable to assume that all or most of the drip will enter the
degraded WP than to assume that a significant portion will instead be diverted around the
remains. However, the calculations include scenarios with very low drip rates, which
effectively simulate diversion of the bulk of the water striking the WP.

3.13 It is assumed that the most insoluble solids for a fissile radionuclide will form, i.e.,
equilibrium will be reached. The basis for this assumption is conservatism; the highest
chance of internal criticality occurs when the fissile solids have lowest solubility, and are
thus retained in the WP.
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314

3.15

3.16

3.17

A number of minor assumptions have been made about the geometry of the Pu-ceramic
WP. The bases of these assumptions are outlined and referenced in the spreadsheet Pu-
ceram.xls (Ref. 10), and are also discussed in Section 5.1. The assumptions about WP
geometry are always intended to obtain the greatest accuracy in the representation, and
where inadequate information is available to choose among possible WP designs, the
choice that appears to lead to greatest conservatism is made.

For any WP components that were described as “304” stainless steel, without indication
of the carbon grade, the alloy was assumed to be the low-carbon equivalent (see Section
5.1.1 for nomenclature). The basis of this assumption is that, in general, the carbon in the
steel is totally insignificant compared to the carbon supplied by the fixed CO; fugacity of
the EQ3/6 calculation, and to the constant influx of carbonate via the incoming water.

It is assumed that the thermodynamic behavior of hafnium (Hf) can be treated as if it
were zirconium (Zr). The basis of this assumption is the extreme similarity of the
chemical behaviors of the two elements (Ref. 13, p. 272). Thermodynamic data for many
important Hf solids and aqueous species are lacking, thus Zr was substituted for Hf in the
calculation.

It is assumed that the decay of 2°Pu to Z*U can be conservatively approximated by a
simple exponential correction to the reported amounts of solids in the EQ6 runs, after
completion of each rin. EQ6 cm'rently has no built-in capability to handle radioactive
decay. The basis of this assumption is that it is conservative for internal criticality since
Pu solids are gencrally less soluble than U solids. The assumption causes an overestimate
of the amount of 2*U remaining in the WP with time. The exponential correction is not
made in the tables and figures presented in this document, but is left up to the user of the
calculation results. For the calculations with sngmﬁcant Gd loss, the loss generally occur
within two half lives of #°Pu, so that the correction is less than a factor of four.
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4. USE OF COMPUTER SOFTWARE AND MODELS
This section describes the computer sofiware used to carry out the calculation.

EQ3/6 Software Package-The EQ3/6 software package originated in the mid-1970s at
Northwestern University (Ref. 14). Since 1978, Lawrence Livermore National Laboratory
(LLNL) has been responsible for maintenance of EQ3/6. The software has most recently been
maintained under the sponsorship of the Civilian Radioactive Waste Management Program of the
United States Department of Energy (DOE). The major components of the EQ3/6 package
include: EQ3NR, a specxatlon-solublhty code; EQ6, a reaction-path code, which simulates
water/rock interaction or fluid mixing in either a pure reaction progress mode or a time mode;
EQPT, a data file preprocessor; EQLIB, a supporting software library; and various supporting
thermodynamic data files. The sofiware deals with the concepts of the thermodynamic
equilibrium, thermodynamic disequilibrium, and reaction kinetics. The supporting data files
contain both standard state and activity coefficient-related data. Most of the data files support
the use of the Davies or B-dot equations for the activity coefficients; two others support the use
of Pitzer’s equations. The temperature range of the thermodynamic data on the data files varies
from 25 °C only for some species to a full range of 0-300 °C for others. EQPT takes a formatted
data file (a “data0” file) and writes an unformatted “datal” file, which is actually the form read
by EQ3NR and EQ6. EQ3NR is useful for analyzing groundwater chemistry data, calculating
solubility limits, and determining whether certain reactions are in states of partial equilibrium or
disequilibrium. EQ3NR is also required to initialize an EQ6 calculation.

EQ6 simulates the consequences of interactions among an aqueous solution and a set of
degrading reactants. This code operates both in 2 pure reaction progress frame and in a time
frame. In a time frame calculation, the user specifies rate laws for the progress of the irreversible
reactions. Otherwise, only relative rates are specified. EQ3NR and EQS6 use a hybrid Newton-
Raphson technique to make thermodynamic calculations. This method is supported by a set of
algorithms that create and optimize starting values. EQ6 uses an ordinary differential equation
(ODE) integration algorithm to solve rate equations in time mode. The codes in the EQ3/6
package are written in FORTRAN 77 and have been developed to run on personal computers
(PCs) running Microsoft DOS or Windows, and under the UNIX operating system. Further
information on the codes of the EQ3/6 package is provided in References 14, 15, 16, and 17.

Solid-Centered Flow-through Mode-EQ6 Version 7.2b, as distributed by LLNL, does not
contain an SCFT mode. To add this mode, it is necessary to change the eq6.for source code, and
recompile the source. However, by using a variant of the “special reactant™ type built into EQ6,
it is possible to add the functionality of SCFT mode in a very simple and straightforward
manner. This mode was added to EQ6 per Software Change Request (SCR) LSCR198 (Ref. 18),
and the Software Qualification Report (SQR) for Media Number 30084-M04-001.

The new mode is induced with a “special-special” reactant. The EQ6 input file nomenclature for
this new mode is jcode=5; in the Daveler format, it is indicated by the reactant type
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DISPLACER. The jcode=S5 is immediately trapped and converted to jcode=2, and a flag is set to
indicate the existence of the DISPLACER reactant. Apart from the input trapping, the distinction
between the DISPLACER and SPECIAL reactants is seen only in one 9-line block of the EQ6
FORTRAN source code (in the reacts subroutine), where the total moles of elements in the rock
plus water system (mte array) is adjusted by adding in the DISPLACER reactant, and subtracting
out a commensurate amount of the total aqueous elements (Inteaq array).

4.1 SOFTWARE APPROVED FOR QUALITY ASSURANCE (QA) WORK

The addendum to EQ6 was approved for QA work by the M&O (M&O identifier CSCL: UCRL-
MA-110662 V 7.2b; final approval in Ref. 18). An installation and test report (Ref. 19) was
written and submitted to Software Configuration Management (SCM), and the proper installation
was verified before the runs described in this calculation were made. The implementation of the
SCFT mode is covered by SCR LSCR198, and the SQR for Media Number 30084-M04-001.
The SCFT addendum was installed on three of the Central Processing Units (CPUs), and the
installation and test reports were filed and returned to SCM before the calculations were run. All
calculations were run under the Windows 95 operating system. In this study EQ3/6 was used to
provide the following:

¢ A general overview of the expected chemical reactions.
¢ The degradation products from corrosion of the waste forms and canisters.
e An indication of the minerals, and their amounts, likely to precipitate within the WP.

The programs have not been used outside the range of parameters for which they have been
verified. Some runs with high HLW glass degradation rates and low flush rates had temporary
excursions to high ionic strength, above the range for which the B-Dot ionic strength correction
has been validated. However, the excursions were temporary, and they occurred in the early part
of the calculation, which principally sets up the mass balance for the completion of the run.
Results from these high-ionic strength runs are included for conservatism since such runs likely
overestimate Gd loss. The EQ3/6 calculations reported in this document used Version 7.2b of the
code, which is appropriate for the application, and were executed on Pentium series (including
“Pentium II"") PCs.

The EQ3/6 package has been verified by its present custodian, LLNL. The source codes were
obtained from SCM in accordance with the Office of Civilian Radioactive Waste Management
AP-SL1Q Revision 1, ICN 0 procedure. The code was installed on the Pentium and Pentium II
PCs according to an M&O-approved Installation and Test procedure (Ref. 19). /

4.2 SOFTWARE ROUTINES

Spreadsheet analyses were performed with the Office 97 version of Microsoft Excel, installed on
a PC running Microsoft Windows 95. The specific spreadsheets, used for results reported in this
document, are included in the electronic media (Ref. 10).
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4.3 MODELS

None used.
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S. CALCULATION

The calculations begin with selection of data for compositions, amounts, surface areas, and
reaction rates of the various components of Pu-ceramic WPs. These quantities are recalculated
to the form required for entry into EQ6. For example, weight percentages of elements or
component oxides are converted to mole fractions of elements; degradation rates in pm/y are
converted to mole/(cm?ss), etc. Spreadsheets (Ref. 10) provide details of these calculations. The
final part of the input to EQ6 consists of the composition of incoming water together with a rate
of influx to the WP that corresponds to suitably chosen percolation rates into & drift and drip rate
into 2 WP (Section 5.1.1.3). The EQ6 output provides the results of the chemical degradation
calculations for the WP, or components thereof. In selected cases, the degradation of the WP is
divided into phases, e.g., degradation of HLW glass before breach of the stainless steel cans, and
subsequent exposure of the Pu-ceramic to water. The results include the compositions and
amounts of solid products and of elements dissolved in solution. Details of the results are
presented in Section 6.

In all tables from this document, the number of digits reported does not necessarily reflect the
accuracy or precision of the calculation. In most tables, two to four digits after the decimal place
have been retained, to prevent round-off errors in subsequent calculations.

Some “preliminary” and “prototype” drawings (Refs. 22 and 23) have been used to calculate
geometric surface areas and masses of WP components, as inputs for EQ6. However, the results
of the EQ6 runs should change little due to changes in package design. The surface areas are
used only as part of the rate equation, such that the total rate is: (surface area)-(EQ6 rkl
parameter). The variation in rkl is far larger than the variation in component surface areas that
may results from design differences. Geometric surface areas of HLW glass, ceramic, and
stainless steel are not expected to vary by more than 50% among WP designs (as judged by the
comparison of areas used in this calculation, versus Ref. 5). In contrast, the rkl are highly
uncertain and are varied, as part of this calculation, over 1 to 3 orders of magnitude. Therefore,
any variations in the geometric surface areas are trivial and are subsumed in the parametric rate
study built into this calculation. Similar arguments can be made about the compositians and
masses of HLW glass and steel; Section 5.3.3 (Table 5-9) shows that large variations in HLW
glass composition have relatively small effects.

5.1 CALCULATION INPUTS
5.1.1 WP Materials and Performance Parameters

This section provides a brief overview of the physxcal and chemical characteristics of Pu-ceramic
WPs, and describes how the WP is represented in the EQ6 inputs. The conversion of the WP
physical description, into parameters suitable for the EQ6 input files, is performed by the
spreadsheet Pu-ceram.xls (Ref. 10). Additional details of the description may be found in
References 1, 2, 20, 21, 22, and 23, and the references cited therein.
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Material nomenclature used throughout this document includes: SB-575 N06022 (hereafter
referred to as Alloy 22), UNS N06625 and SA-240 S30403 (hereafier referred to as 304L), and
SA-516 (hereafter referred to as A516).

5.1.1.1 Physical and Chemical Form of Pu-Ceramic WPs

It is convenient to consider the Pu-ceramic WP as several structural components, as illustrated in
Figures 5-1 and 5-2 (the latter from Ref. 2); specifically:

¢)) T_he outer shell, consisting of the CAM and the inner Alloy 22 CRM.

(2) The “outer web”, a carbon steel (A516) structural basket designed to hold the HLW
glass pour canisters (GPCs) in place.

(3) The 5 GPCs, which consist of 304L canisters filled with solidified HLW glass.

(4) The 28 cans that contain the Pu-ceramic disks; the 7 magazines that hold the cans; and
the rack that holds the 7 magazines in place within the GPC. These are all constructed of
304L stainless steel. After the rack-and-magazine assembly is emplaced within the
GPC, molten HLW glass will be poured into the GPC, encasing the internal components.

(5) The Pu-ceramic disks. Each can holds 20 ceramic disks, for a total of 560 = (20
disks)-(4cans)-(7 magazines) disks per GPC, or 2800 disks in all 5 GPCs.

The details of each component are given in spreadsheet Pu-ceram.xls (Ref. 10).
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Figure 5-1. Cross-section of Pu-ceramic Waste Package
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Figure 5-2. Lengthwise Section of GPC, with Magazine and Rack Assembly
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Table 5-1 provides a summary of the compositions of the principal alloys used ih the
calculations, along with reasonable high and average degradation rates. For @& comparable
specific surface area, the carbon steel is expected to degrade much more rapidly than the
stainless steels (304L). In addition, the stainless steels contain significant amounts of Cr and
Mo, and under the assumption of complete oxidation (Assumption 3.6), should produce more
acid, per unit volume, than the carbon steel.

Table 5-1. Steel Compositions® and Degradation Rates®

AS516 Carbon Steel 304L Stainless Steel

Element (wt%) (mole) {wt%) {mole)
c 028 2.3312E-02 0.03 2.4977€-03
Mn 1.045 1.8021E-02 2.00 3.6405E-02
P 0.035 1.1289E-03 0.045 1.4528E-03
s 0.035 1.0915E-03 0.03 9.3557E-04
Si 0.29 1.0326E-02 0.75 2.6704E-02
Cr 0.000 0.000E+00 19.00 3.6541E-01
Ni 0.000 0.000E+00 10.00 - 1.7039E-01
N 0.000 0.000E+00 0.10 7.1394E-03
Fe . 98.315 1.7604E+00 68.045 1.2184E+00

Total 100.00 1.8153 100.00 1.8294

Density (gfem®) | 7850 | [~ 7840 ]
Rate (umfy) (molel(cm®8))°* (mly) (molef(cm*s))°

Average 35 8.7063E-12 0.1 2.5160E-14
High 100 2.4875E-11 1 2.5160E-13

NOTES: *Compositions from Reference 24, pages 10 and 17 (Sections 5.2 and 5.4). Details given in Pu-ceram.xls,
sheet ‘Compositions’.
I’Degra;dam:cn rates from Reference 25, pages 11-13 (304L), and Reference 26, pages 5-44 to 5-55,
Figures 5.4-3, 5.4-4, and 5.4-5 (carbon steel). Conversions performed in Pu~oeramxls. gheet *Rates”.
For 1 mole = 100 g.

Table 5-2 gives the molar composition of the HLW glass used in the calculations (Ref. 27, Att I,
p. I-7). The actual HLW glass composition used in the GPCs may vary significantly from these
values since the sources of the HLW glass and melting processes are not currently fixed. For
example, compositions proposed for Savannah River HLW glass vary by a factor of ~6 in U304
content, from 0.53 to 3.16 wt% (Ref. 28, Table 3.3.8). The silica and alkali contents (Na, Li, and
K) of the HLW glass have perhaps the most significant bearing on EQ6 calculations. The
amount of silica in the HLW glass strongly controls the amount of clay that forms in the WP, and
the silica activity controls the presence of insoluble uranium phases, such as soddyite
((UO,)28i04-2H20). The alkali content can induce pH to rise in the early stages of the EQ6 run,
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as HLW glass degrades. The Si and alkali contents in Table 5-2 are typical for proposed DOE
HLW glasses (Ref. 28, Table 3.3.8). The effects of such compositional variations are examined
in the sensitivity studies discussed in Section 5.3 of this document.

Rates for HLW glass degradation were taken from Reference 26 (Figure 6.2-5) and normalized
in spreadsheet Pu-ceram.xls, sheet “Rates” (Ref. 10). The high rate corresponds approximately
to pH 9 at 70 °C, and the low rate to pH 8 at 25 °C. In the transmuted composition of the HLW
glass, the content of an element in the HLW glass is the sum of its isotopes listed in HLW glass
composition in Table 5-2. .
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Table §-2. HLW Glass Composition and Rates

. Composition
Element' | (wt%) Not Normalized” | (mole) Normalized®
0 4.452E+01 2.80BE+00
V) 1.667E+00 7.015E-03
Np 0.471E-04 4.032E-06
Pu 1.480E-02 6.242E-05
Ba 1.120E-01 8.258E-04
Al 2.319E+00 — B.672E-02
S 1.287€-01 4.051E-03
Ca 6.582E-01 1657E-02
P 1.398E-02 4.555E-04
Cr 8.210E-02 1.593E-03
Ni ~ 7.308E-01 1.257€-02
Po 6.062E-02 2.952E-04
Si 2AT7E+01 7.820E-01
Ti 6.934E-01 1.251E-02
B 3.193E+00 2.980E-01
u 1.468E+00 “2.134E-01
F 3.167E-02 1.682E-03
Cu . 1.516E-01 2.410E-03
Fe — 7.349E+00 1.328E-01
K 2.972E+00 7.671E-02
Mg €.201E-01 3.405E-02
Mn 1.549E+00 2.845E-02
Na 8.580E+00 ‘ 3.766E-01
c 1.153E-01 3.281E-03
Total 9.809E+01 4.901E+00
Rate gl{m*.day)® molef(cm"-s)
Low ~1.00E-04 1.157E-15
“High 3.00E-02 3.472E-13

NOTES: ***Pu decayed to 2U; 2'Pu decayed to ®'Np; Ag, Cs, Zn, and Th removed because of low guantity,
chemical insignificance, and/or lack of rellable thermodynamic data.
®Basic Reference 27, Attachment I, page I-7.
“Normalized to 1 mole = 100 g. Conversions performed in spreadsheet Pu-ceram.xls, sheet
*Compositions.”
9Reference 26, page 6-5 and Figure 6.2-5; fracture factor = 30, conversions performed in Pu-ceram.xds,
gheet "Rates”.

Table 5-3 summarizes the composition of the “baseline” ceramic used for all the calculations
reported herein. The three rates chosen for the calculations are based on Slide 32 of Reference
21; these rate data were the best available at the time the study began. Very recently, LLNL has
provided updated rates that are a factor of 3 to 10 lower for the same conditions (Figure 6.1 of
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Ref. 2). The new LLNL rate data are shown in Figure 5-3. However, LLNL has also determined
that the specific surface areas of the Pu-ceramic samples were ~3 to 10 times higher than
previously thought, due in part to the sample porosity. Since the total reaction rate for the
ceramic is the product of surface area and the fundamental rate constant, the two new
observations by LLNL (of lower rates and higher specific surface area) tend to cancel out.
Hence this study retains the original range of rates, given in Table 5-3, spanning nearly three
orders of magnitude. -

Table 5-3. Composition® and Degradation Rates® of Pu-ceramic

» Composltion
Oxide (wt%) (moles metal)
Ca0 10.0 : 1.78E-01
HfO, © 10.6 5.04E-02
Uo; 237 8.78E-02
PuO; 11.9 4.35E-02
NpO: 0.0 3.91E-04
Gd:0, 79 4.36E-02
TiOz 359 4.49E-01
AlOy 0.0 ' 0.00E+00
Total 100.0 : 8.53E-01
Rate | (g/(m*day)) | (molefcm®s))° Conditions
Low 5.00E-05 5.78704E-16 25 °C, pH=6, crystalline
75°C, pH=210 4,
Average 1.00E-03 1.15741E-14 crystalline
75°C, pH=2to 4,
radiation-damaged
High 3.00E-02 3.47222E-13 (average rate times factor
30 multiplier; Ref. 1,
Section 6)

NOTES: ‘Reference 1, Table 3.1.
bReference 21, slide 32.
‘Replaced by Zr in EQG runs, then converted back to Hf for mass calculations.
%or 1 mole special reactant= 100 g.
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NOTE: Data for all tests of pyrochlore-based compaosite ceramics, and single-phase zirconolite and pyrochlore
(Ref. 2, Figure 6.1). The thin, dashed “Ideal” lines (for 25, 50, and 75 °C) give LLNL model.

Figure 5-3. Normalized Rates for Single-pass Flow Test

5.1.1.2 Chemical Composition of Incoming Water

It was assumed that the incoming water would have a composition approximating that of the J-13
well water (Assumptions 3.1 and 3.3). Table 5-4 contains the EQ3NR constraints for the
incoming water (based on EQ3NR input file j13noc30.3i), and the EQ6 elemental molal
composition used for this calculation. The basic composition is taken from Harrar et al. (Ref. 6,
Tables 4.1 and 4.2) and represents the best estimates of 2 committee assembled specifically to
review the composition of J-13 well water. For those elements listed as “trace” constituents in
Table 5-4, an arbitrary small molality (107°) was added to assure numerical stability. Section
5.3.2 of the current document contains & discussion on the effect of varying the incoming watér
compositions.




Waste Package Operations - Calculation

Title: EQ6 Calculation for Chetmcal Degradation of Pu-Cerazmc Waste PackageS' Effects of
Updated Materials Composition and Rates _

Document Identifier: CAL-EDC-MD-000003 REV 00 Page 22 of 82

Table 5-4. EQ3NR and EQS Compositions of incoming Water

[ EQ3NR input File Constraints for Incoming Water EQS Input File Elomental
Composition Composition for incoming Water
Component/ | Basls
Species Switch | Concentration Units Element {moles)
[redox 0.7 log 102 ¢] §.552E+01
Na' 4.580E+01 mgh Al 2.553E-08 |
Si02(aq") 6.0976+01 mgh B 1.230E05
Ca 1.300E+01 mg/l Ba. 1.000E-16
K 5.040E+00 mgh Ca 3.244E-04
(Vg™ 2.010E+00 mgh Tl ~2.014E-04
[Ty 4.800E-02 mgh Cr 1.000E-16
H™ 8.1 pH Cu 1.000E-16
HCOs CO:(g) — 3 Tog fCO2 F 1.1476-04
02(aq) 6.600E+00 mgh Fe 3.600E-12
F 2.180E+00 mgh Gd 1.000E-16
Cr 7.140E+00 | mgh H 1.110E+02
NOy NH; (aq 8.780E+00 mgh C 2.094E-03
SO+ 1.840E+01 mgh P 1.261E-06 |
B(OH) (aq") 7.660E-01 mg/ K 1.260E-04
AT Diaspore ) Mineral o 6.915E-06 |
Mn Pyrolusite 0 ~ Mineral Mg 8.270E-05 |
Fe Goethite 0 Mineral Mn 3.054E-16
HPO4 1.210E-01 mgh Mo 1.000E-16
Ba" Trace 1.000E-16 Molality N 1.416E-04
CrOs™ Trace | 1.000E-16 Molality Na 1.992E-03
Cu”™ Trace 1.000E-16 Molality Ni 1.000E-16
Gd Trace 1.000E-16 Molality Np 1.000E-16
MoOs Trace 1.000E-16 Motality Pb 1.000E-16
N ~ Trace 1.000E-16 Molality Pu 1.000E-16
Np Trace 1.000E-16 Molality 3 1.915E-04
Pb Trace 1.000E-16 Molality S 1.015E-03
Pu™ Trace 1.000E-16 Molality Tc 1.000E-16
TcO4 Trace 1.000E-16 Molality T 1.000E-16
TI(OH)«(aq"h Trace 1.000E-16 Molality V) 1.000E-16
o~ Trace 1.000E-16 Molality Zr 1.000E-16
Z(OH)™ | Ttrace 1.600E-16 Molality

NOTE: *Aqueous
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5.1.1.3 Drip Rate of Incoming Water

It is assumed (Assumption 3.12) that the drip rate onto a WP is the same as the rate at which
water flows through the WP. Four dnp rates were used: 0.0015, 0.015, 0.15, and 0.5 m /year per
WP. The justification for these rates is given in Section 5.1.1.3 of Reference 7.

5.1.1.4 Densities and Molecular Weights of Solids

The current SCFT version of EQ6 (Section 4.2 of this document) automatically calculates total
mineral volumes, using the molar volume values (VOPrTr) embedded in the EQ3/6
data0.nuc.R8d file (mcludcd in the electronic media, Ref. 10). Molar volumes are not available
for many solids that are in the EQ6 database; such solids are flagged in the database with
fictitious molar volumes of “500.000.” However, the data0 file contains valid molar volume
entries for the solids that comprise the vast bulk of the volume in the current study. The new
SCFT version of EQ6 automatically calculates the total volume of solids, and outputs the
volumes in the *.elem_min.txt and *.elem_tot.txt files (where the asterisk denotes the root file
name in Table 6-1); the placeholder “500.000” entries are ignored.

5.1.1.5 Atomic Weights

Atomic weights were taken from References 29 and 30, and are listed in spreadsheet
Pu-ceram.xls, sheet “AtomWits” (Ref. 10). _

5.2 DATA CONVERSION

The data presented in Section 5.1 are transformed into EQ3/6 format by converting mass
fractions into mole fractions; normalizing surface areas, volumes, and moles to 1 liter reactive
water in the system; and converting rates to mole/(cm’s). Most of these conversions are
straightforward and are performed in the spreadsheets, which are included in the electronic
media for this document (Ref. 10). Spreadsheet Pu-ceram.xls (1) calculates volumes and areas of
WP components (sheets “Magazine,Rack,Can,Disk” and “GPC & Outer Web”); (2) converts raw
percent compositions to normalized molar compositions (sheet “Composmons "); (3) converts
experimental reaction rates (in units such as pm/y) to EQ6 units (mole/(cm?-s)), and converts
drip rates in m%y to normalized mole/(cm?s) for the EQ6 system (sheet “Rates™); and (4)
calculates the system void volume, normalizes the WP component volumes and areas to the EQ6
system containing 1 liter void space, and calculates the EQ6 moles of each component from the
normalized volumes, densities, and molecular weights (sheet “Void&Norm™).

In Section 6, the “moles” in plots are for the sub-sampled (1 liter fluid) EQ6 system; all EQ6
solid special reactants (i.e., WP steels, HLW glass, and ceramic) are converted to 100 g/mole.
To obtain the actual kg mass of a reactant in the WP, multiply plotted moles by 459.3965 = (0.1
kg/mole “special reactant™)-(4593.965 liters void space in initial system). To obtain the actual
mass of & mineral in the WP, multiply plotted moles by (mineral molecular weight)-(0.001
kg/g)-(4593.965 liters void space in initial system). The mineral molecular weights are given in
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the EQ3/6 database (data0.nuc.R8d), which is included in the electronic file distribution for this
- document (Ref. 10). (Some of the older calculations used the data0.nuc.R8a (included in the Ref.
10) and dat0.nuc.R8p databases. The “R8a” version is identical to R8d, except the latter contains
a molar volume for rhabdophane; since the latter phase is a trivial fraction of the total solids
volume, this difference is insignificant. The “R8p” is identical to R8a, except is contains data for
a hypothetical Pu-phosphate, exactly as described in Reference 7 (p. 51). Since the hypothetical
Pu-phosphate solid never precipitated in these runs, there was no functional difference among the
three databases.) Note that 4593.965 liters is from the vanable VVOIDS in sheet “Void&Norm”
of spreadsheet Pu-ceram.xls (VVOIDS is given in cm’®, and must be divided by 1000 cm*1 to
obtain 4593.965).

-5.3 PREPARATORY STUDIES: UPDATED COMPOSITIONS AND
THERMOCHEMICAL DATA

Since the issue of the original study of Pu-ceramic degradation geochemistry (Ref. 5), new
information became available on three topics: (1) the thermochemistry of the: Gd carbonate
system; (2) the projected long-term chemistry of the repository waters; and (3) the chemistry of
the HLW glass produced by Savannah River Site (SRS). Before the matrix of calculations
described in Section 5.4 was designed, three sensitivity studies had been performed to determine
how the new data might change results of EQ6 calculations. These sensitivity studies used the
input files for Runs 4 and 6 from Reference 5 (Table 5.3-1); Run 4 produced the highest Gd loss
in that prior study. All input and spreadsheet files referred to in this section can be found on the
electronic media accompanying this calculation (Ref. 10).

5.3.1 Effects of Gd Carbonate Thermochemistry

The previous Pu-ceramic calculations (Ref. 5) used a custom version of the Swedish Nuclear
Fuel and Waste Management Co. (SKB) thermodynamic database (Ref. 31), prepared by LLNL.
The Pu-ceramic waste forms contain Gd, but little or no phosphate; the encasing HLW glass
contains some phosphate, but not enough to precipitate all the Gd in the ceramic. Thus, when
these waste forms degrade in water, Gd phosphate may not be the solubility-limiting phase.
When the SKB database was used in the previous study, the calculations indicated that
GdOHCO; would be the solubility-limiting phase for Gd (Ref. 5, Figures 5.3.4-2 and 5.3.4-5).
However, the thermodynamic data for this phase were originally estimated from the data for
NdOHCO;, and there was substantial uncertainty in the SKB data for the hydroxyl and carbonate
aqueous complexes of Gd.

Recently, Weger ctal. (Ref. 32) performed experiments to determine the solubility of three solid
Gd carbonates and one hydroxide, and estimated the formation constants for several dissolved
Gd carbonate and hydroxyl complexes. A version of the SKB database was customized to
include the new Weger et al. data; this new database is hereafter referred to as the Weger
database. Runs 4 and 6 reported in Reference 5 (Table 5.3-1) were repeated using this new
database. In brief, the new Weger et al. data appear to have no significant impact and produce
approximately the same calculated Gd losses, as were obtained with the original SKB database.
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5.3.1.1 Entry and Testing of the New Data

When thermodynamic data are added to the EQ3/6 databases, it is important to achieve the
highest possible consistency. Large errors can occur if the logarithms of stability constants
(log K) are derived from reaction free energies (AG ™) reported in the literature, without
correcting for the differences in standard state free energies Gf In most expenments the
measured quantities are actually closer to the log Ks. While Gy P/(RT) values are used in the
formal statement of the statistical sum (%) (e.g., Equation 8 in Ref. 32), quantities of the form:

-InK= (G; / Rnu.oa(co,),m,o - (G} / RT)N;‘ - (G; / RT)Gd" :

=2:(G}/RT)o —6+(Gy / RT )y ®a.1)

are actually determined in the minimization of f(x).

For the current calculations, the G}’/(R’l') values reported in Table 2 of Reference 32 were used

to calculate log K’s in terms of the basis species used in EQ3/6 (H', H,0, HCO;y", Na*, and
Gd* .

The spreadsheet GdCO3_Weger_Rai 2 EQ6.xls was used to perform thermochemical
conversions. As a cross-check, the log K's for formation of Gd(OH);° (ag), Gdx(COs)s, and
NaGd(CO;),-6H,0 were calculated in terms of the basis species used in Reference 32, and
compared with the values in Table 4 of Reference 32. The results agree to the number of
significant  digits reported by Weger et al. Table 5-5, derived from
GdCO3_Weger_Rai_2_EQ6.xls, details the conversion of the Weger et al. data into EQ3/6
format. The value of the gas constant, 1.987216 cal/(mole-K), was taken from Reference 30 (p.
57). The Weger et al. speciation does not use all the hydroxyl and carbonate complexes included
in the SKB database; these additional SKB complexes were removed from the Weger database
for the purposes of testing.
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Table §-5. Conversion of Weger et &l. Data to EQ3/6 Basis

GrRT) | Gr, keal | Gr, keal
Ref.32,] 25°C, | 25°c,
Species Table2)| (Ref.32) | EQ3/6 | NOTES | -InK | logwK Equation, EQ6 Format
Hz0 85,663 | -56.672 | -56.688 | basis
Na~ 105651| ©2.697 | 62501 | basis
o 63435 | 37,5645 | -37.605 | basis
2 basis
cO; 212944 | -126.167 [ 126101 | 255
HCOy -236.751| -140.272 | -140.282 °§é‘;-
Gd™ -266.65 | -157.987 |- -1586 | basis
Gd(OH),®  |-418.603 ' 39373 [17. osasualc“"o”)2 +2H ' =Gd" +
> 451 GA(OHR 8y + 37 = G|
Gd(OH)s (aq") | <491 oty | 8269 27.20377'+ KO
) y = i
Gd{OH)s* 6265 -118.465 51.4487]?&2(3“)5 +5H = Gd” +
Gd(CO:)®  |4g7.015 -6.386 2.773405|ﬁg§39” +H =Gd" +
Gd(CO):  |-720.837 10.315 |8.388308 f“g‘%’gf + H = Gd”
= * T34
GU(CO™  |-840.412 -36.491 |15.84784|COC T+ = G
Gd(OH)s () |-51848| -34.449 [14.96101 [SAO (@) + SHT= Ga™
NaGd(COR 6,0+ 2H =
NaGd(COa)s:6H20 |-1419.77 0011 |0.004777|Na* + + 2HCOy +
6H.0
) ignore Na,Gd(COa)s (c) + 3H™ =
Na;Gd(CO)s  |-1275.54 gnore | 18.316 |7.954536 [N ot S ooy
Ignore Gd2(CO3)s + 34 = 2Gd™ +
GdACOs)s  |-1255.81 gnere | 12267 |-5.32315 (950

"NOTES: "Aqueous

To test the Weger database, EQ6 runs were used to simulate the solubility experiments for
Gdy(COs)3 (Ref. 32, Figure 3 and Table A.3). The EQ3NR and EQ6 input files are included in
the electronic attachment (Ref. 10), as files weger.3i, weger2s.6i, and weger3s.6i. Figure 5-4
shows the results of the comparison (calculated via weg_fig3.xls). The discrete symbols
represent the experimental data (Ref. 32, Table A.3). The agreement between the EQ$S
calculation and the experiments is good, given the spread in experimental results and the inherent
uncertainty in the EQ6 “B-Dot” ionic strength corrections. The B-Dot method is normally
considered accurate only for ionic strength < 1, and the Weger et al. experiments reached ionic
strengths > 3.
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A. The dashed fine shows the lonic strength calculated by EQS.

Figure 5-4. Comparison of EQS Calculations with Weger et a!. Experiments

5.3.1.2 Comparison of Pu-Ceramic Runs with and without New Data

and the bottom, thicker unbroken line uses the default hard-core diameter of 4.0

To test the consequences of using the Weger database, versus the SKB database, run numbers 4
and 6 from Reference 5 (Table 5.3-1) were repeated with both datasets. To ensure a uniform
basis for comparison, both calculations were performed with the new addendum to EQ3/6

(described in Section 4.2 of this calculation).

Table 5-6 summarizes the net Gd losses for the two runs, using both databases. Figures 5-5 and

5-6 plot results for runs 4 and 6, respectively (the “moles” on the right are for the normalized
EQS6 system, as discussed in Reference 5 (p. 24).
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Table 5-6. Percent Loss of Gadolinium for Entire WP .

“Database Run 4 Run€
KB 14,8625 12.6589
Weger 14.4983 12.9537
-2 L 1 el PP | ISP I | 2 L3
‘ o f
nl.‘.:: . FZ
g o
(Ta]
: T
—_ : [ 3
B ] S S— ! o
. _ 2 SEISCaTcctEsss=sSTREs _0 8
= o
(o] -
-lw Gdu{:o: B Y YT [ -l 3
- oo°* * D
g’ o** ..." g
— -12 ...." \ i .2 9'-
A Gd,(COs) 5 Weger "
-14 3 [ 3
H I
-Is - -

4
375 4 425 45 475 5 525 55 55 6
loge(Time (years))

NOTE: Runs described in Reference §, Table 5.3-1.

Figure 5-5. Run 4: Aqueous Gd and Gd Minerals Formed, SKB versus Weger et al.

For old run 4 (Figure 5-5), the CO; fugacity is buffered to ~1072° bar, and the pH stays moderate
(< 8); consequently, Gd;(CO;); is stabilized relative to GAOHCO; for the calculation with the
Weger database. For run 6 (Figure 5-6), the CO; pressure is lower (~107>* bar), the average pH
is higher; consequently, both databases yield GAOHCO; as the solubility determining solid.
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5.3.1.3 Summary of Results for Thermodynamic Data Sensitivity Study

It is apparent from Teble 5-6 and Figures 5-5 and 5-6 that the Weger et al. data do not
significantly alter the calculation results, and use of the SKB database is slightly conservative for
systems where the solid Gd phases are carbonates.

-1 0.5

- 0.25
[ @ A
i &
- . 8
3 F-0.25 =
e e —— t 0
o ] Gd Weger r-0.5
£ 1 =
g "al __'0 75 5.
Q ] GJOHCO; SKB 8
-IZj GdOHCOy Weger .'-l z,_

-14-;: : . :'-I-S

3 —

375 4 425 45 475 5 525 55 57 6
loge(Time (years))

NOTE: Runs described in Reference 5, Table 5.3-1.

Figure 5-6. Run 6: Aqueous Gd and Gd Minerals Formed, SKB versus Weger et al.

53.2 Chemistry of Incoming Water

There were several motivations for this study. First, the incoming water composition used in
previous WPO studies (Ref. 5, Assumptions 3.8 and 3.12) was derived by a somewhat involved
process, and resulted in Jogio O; and CO, fugacities of -0.6778 and -2.5390, respectively.
These specific and high-precision values made comparison against other studies somewhat
difficult (in the literature and the VA, it is more common to use “round” values like —0.7 and
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-3). Second, the previously assumed CO; fugacity is not consistent with the value Jog)o fCO; =
-3.0 assumed in the VA calculations (Ref. 11, Figure 4-27). The source of this discrepancy is
subtle: the author of Reference 33 (Assumption 3.8) attempted to obtain the highest consistency
between logio fCO, and reported analyses for J-13 well water (Ref. 6, Tables 4.1 and 4.2).
However, the J-13 well water is drawn from below the water table, under a substantial head; thus
true J-13 well water is probably in equilibrium with a higher CO; fugacity than the fracture and
pore waters at the repository level. Since the solubility of actinides and gadolinium can depend
very strongly on the effective CO, pressure, it is appropriate to use the VA value as the
recommended mean. Third, to make the reported J-13 well water analyses consistent, the
analysis used in Reference 33 (Assumption 3.8) required adjustments to the reported Na® to
maintain charge balance; these adjustments are difficult to justify since Na is generally analyzed
to high accuracy. Fourth, a slight error was discovered in the original data reduction for the J-13
well water analyses, used for Reference 33; the concentration of Fe in J-13 water was
accidentally assigned to the concentration of F. This very minor error has a small effect on pH,
but for the sake of consistency, it was desirable to recalculate the water compositions. Fifth, itis
desirable to have standard water compositions with trace elements added in sufficient quantity to
prevent numerical instabilities. It was recently discovered that some species (e.g., MoOy )
require minimal concentrations, ~107'¢ molal, compared to ~10"% molal used previously.

The sensitivity analysis for incoming water composition consisted of several steps:

(1) Six initial EQ3NR input files were created (jl3noc25.3i, jl13noc30.3i, jl13noc35.3i,
j13cal25.31, j13cal30.3i, and j13cal35.3i). The files exther held Ca concentrations at saturation
with calcite (those files have “cal”, for calcite, as the 4™, 5%, and 6™ letters), or allowed Ca™ to
be fixed at the average value reported in Table 4.2 of Reference 6 (those files have “noc” for “no
calcite” as the middle letters). The log)o fCO, values were set at -2.5, -3.0, or -3.5
(corresponding to 25, 30, and 35, as the last two digits of the file names), to encompass the VA
mean value, the approximate value suggested i m Reference 33, and the normal ambient value
(Ref. 34, p. F-210). The concentrations of Fe?*, AI*, and Mn®* were set to equilibrium with
goethite, diaspore, and pyrolusite, respectively.

(2) Six EQ6 files, analogous to Cerd2N0_51.6i in run 4 of Reference 5 (p. 23, Table 5.3-1), were
created by substituting in the water compositions from the 3p pickup files created in step (1)
above; these files were named r4noc25.6i, r4noc30.61, r4noc35.6i, rdcal25.61, rdcal30. 6: and
rdcal35.6i. These files cover “stage I” of the run, in which a high drip rate of 0.5 m*day is
assumed to enter the WP, reacting with the steels and HLW glass, but not the ceramic. The runs
terminate after ~3800 years, when the pH has stabilized and all the HLW glass (but not all the
steel) is degraded. These files were formatted to use the new EQ6 SCFT mode described in
Section 4.2. A seventh file, rdbase.6i, was created by reformatting Cerd2NO_SI.6i to be
compatible with the new SCFT mode, and was used for base-case comparisons. The new SCFT
method dynamically adjusts step size, and produces results slightly different from the
allpost/nxtinput method described in Reference 5, pp. 11-14.
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(3) Six EQ6 files, analogous to Cerd2W0_00151.6i in run 4 of Reference 5 (p. 23, Table 5.3-1),
were created by picking up the results of the runs described in step (2), adjustmg the ending time,
adding in the Pu-ceramic as a reactant, and adjusting the drip rate to 0.0015 m 3fy. These runs
constitute the second stage of the calculation, out to ~6-10° years. The file names are
r4noc25_.6i, r4noc30_.6i, r4noc35_.6i, r4cal25_.6i, r4cal30_.6i, and r4cal35_.6i, with the
obvious correspondence to the files described in step (2). A seventh file, rdbase_.6i, was made
from Cerd2W0_00151.6i, formatted for consistency with the new SCFT method, to act as a base
case (unchanged J-13 well water composition).

(4) The Gd, Pu, and U % loss were calculated from the elem_tot.txt files generated by step (3).

Table 5-7 shows the comparison of Gd, Pu, and U losses for the 7 runs. Overall, the differences
are small. It is notable that the highest Gd losses occur in the samples with the lowest overall
CO; fugacity, and that these runs have the highest average pH. However, the runs with logjo
fCO; = -3.5 have lower dissolved HoCO; and HCO5", and are less able to buffer the system pH
during the degradation of metals.

Table 5-7. Gd, Py, and U % Losses for Run 4, Using Varied Incoming Water Compositions

~ Calclte
Case Gd Pu ) logic fCOz | Saturation
.|
oo 3se) | 13933 | 0000 | o031 | 2839 No
récal25_ 13.102 0.000 0.031 -2.500 Yes
r4cal30_ 14.147 0.000 0.018 -3.000 Yes
jrécalds_ 14.712 0.000 0.012 -3.500 Yes
TAnoc25_ 13.663 0.000 0.031 -2.500 No
r4noc30_ 14.178 0.000 0.018 -3.000 No
TAnoc3s_ 14574 0.000 0.012 -3.500 No

53.3 Effects of HLW Glass Composition Variations

A sensitivity study, investigating effects of HLW glass composition variations, was undertaken
for two reasons. First, the previous study of Pu-ceramic degradation used a single composition
to represent “typical” HLW glasses produced at the SRS (Ref. 5, Table 5.1.1.1-2, p. 16). A very
similar, standardized HLW glass composition was recently developed in Reference 27 (Att. I, p.
I-7). Ultimately, these two compositions trace to a 1987 report, issued before SRS had finalized
its HLW glass production process. In addition, other reports suggested large composition ranges
for SRS HLW glass (Ref. 28, Table 3.3.8). Second, in the previous calculation, all phosphorus
was eliminated from the idealized HLW glass composition. The phosphorus was removed from
the previous calculation, to prevent EQ6 from precipitating low-solubility Gd phosphates; the
removal was conservative since there was uncertainty about the accuracy of HLW glass

phosphorus analyses, and elimination of phosphorus would lead to greater Gd losses from the
WP.
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There is a mechanism to obtain current HLW glass compositions, and these current compositions
show phosphorous is a real and predictable component of the SRS HLW glasses. The “Waste
Acceptance Product Specifications for Vitrified High-Level Waste Forms™, or WAPS, specifies

_(Ref. 35, p. 7) that the producer shall project the composition in the WQR (Waste Qualification
Report). Reference 36 (Tables 1 through 3) is such a report, and gives seven extreme
compositions expected for SRS HLW glass. The most widely varying compositions from that
‘report are given in Table 5-8 (converted into moles), along with the “base” composition used for
HLW glass in previous Pu-ceramic calculations (Ref. 5, Table 5.1.1.1-2).
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Table 5-8. Elements (in moles) in HLW Glass, Normalized to 100 g/mole

HLW Glass Types
Element Base Blend Batchi Batch3 HM Purex

Al 8.595E-02 | 7.857E-02 | ©.596E-02 | 6.439E-02 | 1.408E-01 | 5.671E-02
B 2.954E-01 | 2.313E-01 | 2.220E-01 | 2.235E-01 | 2.021E-01 | 2.933E-01
Ba 6.001E-04 | 1.167E-03 | 9.508E-04 | 1.129E-03 | 7.841E-04 | 1.247E-03
Ca 1.642E-02 | 1.849E-02 | 2.224E-02 | 1.811E-02 | 1.849E-02 | 1.978E-02
Cr 1.570E-03 | 1.593E-03 | 1.327€-03 | 1.733E-03 | 1.137E-03 | 1.649E-03
Cu 2.389E-03 | §.581E-03 | 5.072E-03 | 5.095E-03 | 3.195E-03 | 5.300E-03
Fe 1.316E-01 | 1.310E-01 | 1.575E-01 | 1.411E-01 | 8.371E-02 | 1.595E-01
K 7.601E-02 | 8.247E-02 | 7.431E-02 | 7.443E-02 | 4.598E-02 | 7.602E-02
u 2.115E-01 | 2.958E-01 | 2.870E-01 | 2.984E-01 | 3.137E-01 | 2.083E-01
Mg 3.374E-02 | 3.379E-02 | 3.403E-02 | 3.394E-02 | 3.658E-02 | 3.313E-02
Mn 2.820E-02 | 2.873E-02 | 2.815E-02 | 2.565E-02 | -2.867E-02 | 2.802E-02
Na 3.732E-01 | 2.697E-01 | 2.8B0E-01 | 2.842E-01 | 2.726E-01 } 3.896E-01
Ni 1.245E-02 | 1.189E-02 | S.993E-03 | 1.438E-02 | 5.445E-03 | 1.626E-02
Si 7.751E-01 | 8.398E-01 | 8.328E-01 | 8.399E-01 | ©.181E-01 | 7.416E-01
T 0.000E+00 | 1.124E-02 | 8.208E-03 | 8.244E-03 | 7.000E-03 | 8.043E-03
v 7.837E-03 | 7.656E-03 | 1.805E-03 | 1.133E-02 | 3.658E-03 | 1.030E-02
Pb 2.927E-04 | 4.433E-04 | 5.319E-04 | 4.643E-04 | 2.765E-04 | 5.518E-04 : !
Np 3.168E-.06 | 4.686E-06 | 2.863E-06 | 3.268E-06 | 1.167E-05 | 1.075E-06 : '
Pu £.163E-D5 | 7.445E-05 | 9.303E-06 | 2.382E-05 | 2.175E-04 | 8.148E-07
Te 1.092E-04 | 1.002E-04 | 7.089E-05 | 6.424E-05 | 2.252E-04 | 2.531E-05
Zr 2.8S6E-04 | 1.214E-03 | 7.417E-04 | 8.466E-04 | 3.024E-03 | 2.785E-04
(o] 2.755E+00 | 2.829E+00 | 2.840E+00 | 2.808E+00 | 2.939E+00 | 2.748E+00
F 1.667E-03 | 1.490E-03 | 1.706E-03 | 1.568E-03 | 1.598E-03 | 1.530E-03
Ccl 3.251E-03 | 3.280E-03 | 5.350E-03 | 3.814E-03 | 1.600E-03 | 4.466E-03
] 4.017E-03 | 2.764E-03 | 3.054E-03 | 2.B33E-03 | 2.033E-03 | 3.312E-03
P 0.000E+00 | 4.964E-04 | 4.052E-04 | 5.706E-04 | 3.604E-04 | 6.284E-04

NOTES: References for HLW glass: Spreadsheet: glass2sensitivity xls; Base from Reference 5, Table 5.1.1.1-2,

end associated spreadsheets; all others from Reference 36, Tables 1 to 3.

The recent glass analysis given by Bibler et al. (Ref. 37, Table 1) is akin to batchl in Table 5-8
above. However, the analyses in Reference 37 are for tank 51, which is the oldest tank at SRS;
this tank was filled with residue from an early process, and may not be typical of the overall SRS

production.

To test the effects of the variability in HLW glass composition, Run 4 from Reference 5 (Table
5.3-1) was redone with each of the HLW glass compositions in Table 5-8. This run had
produced the highest Gd loss in the previous study. The stagel ca!culanon involved exposure of
just the steel components and HLW glass at a high drip rate (0.5 m 3/year), and the stage2 part of

the calculation added the Pu-ceramic as a reactant and dropped the drip rate (water entry into the
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WP) to 0.0015 m*/year. The new SCFT mode (Section 4.2) was used. (Note: when the new
mode is used on a second-stage input file generated by the older mode described in Reference 5,
pages 11-13, the new mode calculates the same Gd loss [~14.8%), as found in Table 5.3-1 of
Reference 5.) However, for the results in Table 5-9 of this document, it was necessary to redo
the first-stage of the calculation as well, which yields a slightly lower overall loss for the Base
case (~13.9%). The first stage calculation involves very rapid and dramatic changes in chemical
composition, and the newer method provides a slightly more accurate solution to the differential
equations in such circumstances.

From Table 5-9, it is apparent that the new HLW glass compositions from Reference 36
(“Blend” through “Purex™) generate slightly lower Gd losses than does the Base case. The
principal reason for the lower loss appears to be the small phosphate content for the newer
compositions. The phosphate converts some of the Gd into insoluble GdPO4-H,0, which lowers
overall Gd loss in the system. Overall, the wide variations in the new HLW glass compositions
appear to have little effect on the total calculated Gd loss. Other elements (particularly Pb)
compete with Gd for the phosphate, so there is no simple correlation between phosphate content
and Gd loss.

Table 5-9. Gadolinium Losses for Run 4, Using Different HLW Glass Compositions

F Glass | %Gdloss
Base 13.93
[Blend 10.59
atch1 9.58
Batch3 10.13
HM .30
Purex 8.46

NOTE: References forglass: Spreadsheets case4_tot.xls, glass2sensitivity xls; Reference 36, Tables 1-3.
Reference for Run 4: Reference 5, Table 5. 31.

5.4 EQ6 CALCULATIONS
5.4.1 Scenarios Considered

The rationale for selection of EQ6 simulation scenarios is to provide conservative assessments of
solubility and transport of criticality control miaterials (Gd and Hf, the neutron absorbers) and
fissile materials (i.e., U and Pu compounds) in the WP. The proposed criticality control materials
are incorporated into the ceramic. Upon degradation of the ceramic, the Hf is expected to form -
insoluble Hf oxides, which will remain in the WP. Degradation of the ceramic is also expected to
yield varied amounts of (1) aqueous (dissolved) Gd; (2) a2 solid Gd carbonate (most likely
GdOHCO;); and (3) possibly GdPO4+H,O (Ref. S, Section 5.3; and Ref. 7, Section 5.3.1).
Gadolinium phosphate is sparingly soluble in neutral solutions, though the solubility does
increase at low and high pH (Ref. 7, Section 5.3.1). Formation of GdPQ4-H;0 will be limited by
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the availability of phosphate from degrading HLW glass. Dissolution of solid Gd carbonates and
phosphates, at high pH, is also enhanced by dissolved carbonate. Uranium and plutonium are
also quite soluble in the alkaline, carbonate-rich solutions produced when HLW glass degrades.
Thus the matrix of EQ6 calculations should include scenarios that may yield high pH,
particularly high pH with high dissolved carbonate.

However, solid GdOHCO; also dissolves readily under acid conditions (Ref. S, Section 5.3).
Low-pH conditions might occur if steel degrades separately from the HLW glass. To obtain
sustained, low-pH conditions, it is generally necessary to break the degradation process into two

stages. The first stage involves an early breach of the 304L stainless steel canisters holding the -

HLW glass, followed by fast degradation of the HLW glass and removal of the alkaline
components during a period of relatively high drip rate. In the second stage, the 304L cans
holding the ceramic are allowed to breach, exposing some portion of the Pu-U-Gd-Hf-ceramic to
acid conditions. To keep the pH low, the drip rate must be reduced for the second stage. One
difficulty with these two-stage runs is that they require very high HLW glass degradation rates,
to ensure the HLW glass is degraded and leached before exposure of the ceramic. The two-stage
runs are somewhat unrealistic, in that the 304L cans are thin, and unlikely to last for long periods
_ after breach of the HLW glass canisters. A few two-stage runs are included in the matrix, just to
" test the sensitivity of the system to sustamed, low-pH conditions capable of dissolving
GdOHCO;.

Thus, the reaction scenarios can be divided into two general categories. The first- category
comprises single-stage cases, in which all reactants (steels, HLW glass, and fissile materials) are
exposed simultaneously to the water in the WP. Because the reaction rates of the materials in the
WP may vary greatly, all materials do not necessarily degrade simultaneously. The second
category comprises two-stage runs. In the first stage, the A516 outer web (basket) and the GPCs
(HLW glass and 304L steel) are first exposed to water, until the HLW glass is completely
degraded and its alkalinity largely flushed out of the system. The first stage is actually run twice;

once up to approximately three times as long as is required to degrade the HLW glass, in order to -

locate the true pH minimum,; and it is run & second time, just to the commencement of the low-
pH p]ateau, to create an EQ6 pickup file for the second stage. This repetitive process ensures that
the maximum acidity will be achieved in the second stage. In the second stage, the 304L cans,
magamnes, rack, and Pu-ceramic disks are added as reactants. The aim of the two-stage runs is
to force a “conservative” condition of high acidity, by degrading the HLW glass rapidly, before
all the acid-producing steel is degraded. The early HLW glass degradation and flushing requires
very high HLW glass degradation rates; the total effective rate of the HLW glass is further
increased by considering cracks as part of the total surface area. These high HLW glass
degradation rates, if used with a slow flush rate, can produce unreasonably high ionic strengths
(> 1); such high ionic strengths are beyond the applicability of EQ3/6’s “B-Dot” corrections.

The primary cases for this study included 20 single-stage and 5 two-stage runs, with varied
combinations of steel, HLW glass, and ceramic degradation rates and different water fluxes.
These 25 cases used ambient gas fugacities of 0.2 bar for O,, and 107 bar for CO2. The CO,
pressure used is consistent with the long-term ambient assumed for the VA (Ref. 11, Figure 4-
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27). Tables 5-10 and 5-11 present a summary of EQ6 runs and corresponding degradation
configurations for the ambient gas fugacities.

Table 5-10. Summary of Single-stage EQS Cases for Pu-ceramic WP

Case - Rates of Degradation for: Water Drip Rates
Number | Steel Glass | Pu-ceramic (m*y) Case ID
1 Average Low Low 0.0015 po0_1111
2 Average Low Low 0.15 p00_1113
3 Average Low High 0.0015 p00_1131
4 Average Low High 0.15 p00_1133
5 ‘Average Low Average 0.015 p00_1122
6 Average High Low 0.0015 p00_1211
7 Average High Low 0.15 p00_1213
8 Average High High 0.0015 p00_1231
9 Average High High 0.15 p00_1233
10 Average High Average 0.015 p00_1222
1 High Low Low 0.0015 - p00_2111
12 " High Low Low 0.15 p00_2113
13 High Low High 0.0015 p00_2131
14 High Low High 0.15 p00_2133
15 High Low Average 0.015 p00_2122
16 High High Low 0.0015 p00_2211
17 High High Low 0.15 p00_2213
18 High High High 0.0015 p00_2231
19 High High High 0.15 p00_2233
20 High High Average 0.015 p00_2222
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Table 5-11. Summary of Multiple-stage EQS Cases for Pu-ceramic WP

Case Rates of Degradation for: Water Drip

Number Steel Glass Pu-ceramic Rates (m’y)| CaseID Fe Oxide
21(a) High High No Ceramic 0.5 p01h2204 Hematite
21(b) High No Glass Present Average 0.015 p02h2022 Hematite
22(a) High High No ceramic 0.5 p01g2204 Goethite
22(b) High No Glass Present Average 0.015 p02g2022 Goethite
23(a) High High No Ceramic 0.15 p01g2203 Goethite
23(b) High No Glass Present Average 0.0015 p02g2021 Goethite

. 24(a) Average High No Ceramic 0.18 p01g1203 Goethite
24(b) Average No Glass Present Average 0.0015 _p02g1021 Goethile
25(a) High High No Ceramic 0.15 0102203 Goethite
25(b) High No Glass Present _High 0.0015 p0292031 Goethite

In addition to the 25 cases reacted under the ambient gas-phase conditions, a number of cases
were done under Jow-oxygen fugacity constraints to test sensitivity of reaction-paths to fO,
(oxygen fugacity, or idealized partial pressure of oxygen). Table 5-12 summarizes the .
configurations for the sensitivity tests. Cases were selected on the basis of whether Gd loss was
larger than 1% at the end of the reaction-path. In the test, the log)o(f{O2)) is changed from —0.7 to
~10 (Cases 26 through 30) and —15 bar (Cases 31 through 35). As will be shown later, the range
of fO; used here is reasonable.
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Table 5-12. Summary of Sensttivity Tests for Selected EQE Cases for Pu-ceramic WP

Loglf(02)]
Case Glass Pu-ceramic Water Drip changed
Number | SteelRate | Rate Rate Rates (m’yr) | from 0.7 to Case ID
26 Average Low High 0.0015 -10.0 _ps0_1131
27 Average Low Average 0.015 -10.0 psD 1122
28 Average High Average 0.015 * -10.0 ~ ps0_1222
29 High Low High 0.0015 -10.0 ps0_2131
30 High Low High 0.15 -10.0 __ps0,2133
31 Average Low High 0.0015 -15.0_ _ps2_1131
_32 Average Low Average 0.015 -15.0 ps2_1122
33 Average High Average 0.015 -15.0 __ps2 1222
(2] High Low High 0.0015 -15.0 ps2_2131
35 High . Low High 0.15 -15.0 ps2_2133
. Not Changed;
36 High Low High 0.0015 High Ceramic pro_2131
j Rate Lowered

An additional test case (Case 36 in Table 5-12) was conducted to determine the effect of
reducing the highest Pu-ceramic rate by a factor of 3. This test (pr0_2131, where the “r” stands
for “rate™) is a slight modification of p00_2131, the case with the highest total Gd loss (78%).
The motivation for this case was LLNL’s discovery that their previously reported rates had been
overestimated by a factor of at least 3, due to an underestimate of the experimental surface area
(Ref. 2, Table 6.2). Substitution of this lower rate roughly halved the Gd loss.

5.4.2 EQ6 Run Conditions and Nomenclafure

Cases 1 through 20 in Table 5-10 were single-stage runs. Cases 21 through 25 of Table 5-11
were multiple-stage runs.

Tables 5-10 through 5-12, under “Case ID” column, give the root-file names used to describe the -
runs. The EQ6 input files corresponding to these runs end with the extension “.6i” (e.g.,
p00_1111.6i is the EQ6 mput file name for Case 1); these input files are included in the
electronic media accompanying this calculation (Ref. 10). Each EQ6 run has associated tab-
delimited text files, also included in the electronic media (e.g., p00_1111.clem_aqu.txt for Case
1). Most of the important run conditions could be inferred from the root-file name. For most
cases, the Case ID is evaluated from left to right, as follows:

e The first letter “p” indicates Pu-ceramic.

e The second and third characters (first and second digits after “p”) indicate sensitivity
studies and revisions of the input file, with the third digit ranging from 0 to 9 (for the
current document, the third digit never exceeded 2).

e The fourth character indicates the form of Fe oxide in the reaction products in multiple-
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stage runs (e.g., “h” for hematite and “g” for goethite, respectively). In single-stage runs,
the default third character is an underscore (*_"), and hematite is always allowed to form.
Hematite and goethite are the primary Fe(IIl) iron oxide minerals observed to form in
rust. Hematite is thermodynamically more stable, and its stability increases with
temperature.

¢ The fifth digit is 1 or 2, indicating the average or high rate of steel corrosion in Table 5-1.

¢ The sixth digit in this block is 1, 2, or 0, with 1 and 2 indicating the low and high HLW
glass corrosion rates listed in Teble 5-2, respectively, and 0 indicating that no undegraded
HLW glass is present in that stage of the EQ6 run.

¢ The seventh digit in the block is 1, 2, 3, or 0, with 1, 2, and 3 indicating the rates of Pu
ceramic dissolution of low, average, and high, respsctively, as defined in Table 5-3, and 0
indicating no Pu-ceramic is corroding in that stage of the EQ6 run. :

e The last digit in the block indicates the choice of water flush rate, with 1, 2, 3, and 4
indicating 0.0015 m*/y, 0.015 m/y, 0.15 m*/y, and 0.5 m’/y, respectively.

An example is Case 21 in Table 5-11, which lists root file names p01h2204/p02h2022 for the
two input files. The first root name, p01h2204, covers the time period before the breach of the
304L cans and exposure of the 304L magazines and rack, and represents stage number one, 01
(second and third characters) of a multiple-stage run. The fourth character, h, indicates that
hematite is allowed to form (is not suppressed) in this case. The fifth character, 2, indicates the
selection of the faster degradation rates for the AS16 and 304L steels in the WP (Table 5-1). The
sixth character, 2, indicates the faster HLW glass degradation rate in Table 5-2. The seventh
character, 0, indicates the absence of Pu-ceramic in the EQG6 system (since the run is pre-breach,
the ceramic is not yet exposed to chemical corrosion). The last character is 4, indicating the
highest water flush rate of 0.5 m*/year. The second root-file name, p02h2022, covers the time
after breach of the cans and magazines containing Pu-ceramic, and is Case 21, stage two (second
and third characters). As always, the last block of characters, 2022, gives the rates. The fifth
character again indicates the faster steel corrosion rates. The sixth character is 0 since no HLW
glass remains in the EQ6 system (though the HLW glass corrosion products are carried through
the calculation). The seventh character indicates the Pu-ceramic corrosion has the “average” rate
in Table 5-3, and the last character corresponds to a water drip rate of 0.015 m’/year. In general,
the first stage of a multistage run is comparatively short (~10° to ~10* years), and the second
stage of the run is carried out to at Jeast 10° years, and up to 6-10° years. While the first stage is
important in setting up the chemical conditions, the second stage is generally of greater interest
for neutronics calculations since the corrosion product compositions can vary widely in the first
stage, but achieve a quasi-steady state at longer times.

The case IDs in Table 5-12 are for the sensitivity test cases. The second character indicates the
type of test: “s” for fO, sensitivity, or “r” for ceramic rate sensitivity. For the fO; sensitivity
cases, the third character is 0 or 2, representing fO, = 10°'° bar or 10™** bar, respectively.
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6. RESULTS

6.1 SUMMARY OF RESULTS

Table 6-1 summarizes the total percentage Gd, Pu, and U lost at the end of the EQ6 runs. The
complete output tables (aqueous, mineral, and total moles) for all the cases are included in the
electronic media, as tab-delimited text files. A summary of the files included in the electronic
media is given in Attachment II.

Table 6-1. Summary of Gd, Pu, and U Losses for all EQS Cases

Case iD - RootName Years/0® %Gd Loss %Pu Loss %U Loss
1 p00_ 1111 6.3 0.02 0.17 47.52
2 ~ p00_1113 0.45 ___000 0.02 0.01
3 p00_1131 6.3 20.45 0.00 190.00
4 p00_1133 0.46 0.69 0.00 0.01
5 ) 1122 4.2 8.33 0.41 33.44
] p00 1211 6.3 0.01 0.61 33.19
7 p00_1213 0.46 0.01 0.08 34.48
8 p00_1231 6.3 0.02 20.94 £9.16
] p00_1233 0.45 Qs 0.07 59.68
10 p00_1222 4.4 17.06 1.80 38.41
1 ~p00_2111 6.3 0.14 0.62 47.42
12 —p00_2113 043 —0.03 0.05 0.07
13 p00_2131/pl0 2131 6.3 77.92 0.01 100.00
14 —_p00_2133 043 49.01 0.20 0.22
15 ) 2122 4.2 0.34 1.42 37.27
16 ~p00_2211 63 0.01 0.59 39.88
17 p00_2213 0.44 0.02 - 0.04 34.55
18 p00 2231 6.3 0.02 13.99 72.95
19 po0_2233 0.46 0.08 0.03 56.13
20 ) 2222 40 0.07 1.62 36.43
21 p01h2204/p02h2022 4.9 0.07 0.00 0.33
22 p01 gZZWpOZgZOZZ 53 0.07 0.26 0.49
23 p01g2203/p0292021 63 0.01 0.00 0.07

34 p01 91203! 201021 6.3 2.28 0.00 0.04
25 p01g2203/p02g2031 6.3 13.89 0.00 0.04
26 psO_1131 6.3 130 0.00 100.0
27 psO 1122 4.2 10.60 0.00 34.80
28 psO_1222 4.5 15.80 0.00 38.40
29 psD 2131 6.3 1.40 0.00 100.00
30 _ps0_2133 0.44 37.50 0.00 0.20
31 ps2 1131 6.3 0.00 0.00 100.00
32 ps2 1122 4.4 0.10 0.00 28.20
33 ps2_1222 48 0.10 0.00 38.40
KT] ps2 2131 6.3 0.00 0.00 100.00
35 ps2 2133 0.44 0.10 0.00 0.00
6 ) 2131 6.3 32.68 0.07 100.00
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In the following sections, Cases 3, 8, 13, 14, 18, 22, 25, and 26 will be discussed in more detail.
Cases 3, 8, 13, 14, and 18 were selected for detailed discussion because they represent the runs
with the highest net Gd, Pu, or U loss. Case 3 is discussed with Case 26 (its lower fO,
analogue), to illustrate the indirect effect of fO, on Gd loss. Cases 22 and 25 were sclected as
representative of the two-stage scenarios; Case 25 is closest to the cases that produced highest
Gd loss in the prior study of Pu-ceramic degradation (Ref. 5, Table 5.3-1).

Table 6-2 summarizes several aspects of the selected cases, focussing on conditions tied to Gd
loss.

Table 6-2. Gd Loss Characteristics and pH of Selected Cases

Water
Number Drip Peak Gd | Width Gd
of Corrosion Rate Conc.® Peak® %Gd
Case | Stages Rates* {m*y) | Years/10® | pH min/max | (molal) ) Loss
HLW: Low 72E-3.-| S€E3:
3 1 Steel: Average | 0.0015 6.3 58/04 14E-3 3.3E4 20.45
Ceramic: High ‘
HLW: High . .
8 1 Steel: Average | 0.0015 | 6.3 731100 | 4555 | 4LES: 0.02
Ceramic: High .
HLW: Low
13 1 Steel: High 0.0016 6.3 53/83 SE-2 54E3 771.92
Ceramic: High
HLW: Low . .
14 1: Steel:High | 015 | 043 ssse2 | 9= | MIEE | 4901
Ceramic: High ) :
, HLW: High ' 3.8E-6; 2.2E3;
18 1 Stee!: High 0.0015 6.3 7.9710.0 2 6E-7, 1.6ES5; 0.02
Ceramic: High 7.3E-8 3.3E5
“HLW: High
Steel: High 0.5/
22 2 Ceramic: 0.015 0.031/6.3 52/86 6E-8 4.7E5 0.07
Medium
HOW.High | 157
25 2 Steel: High 0 b01 3 0.035/6.3 50/8.1 4.4E-2 1.2E3 13.89
Ceramic: High | ™
HLW: Low
26° 1 Steel: Average | 0.0015 6.3 63/93 8.3E-5 5.7E4 1.30
Ceramic: High

NOTES: 'See Tables 51 through 5-3 for rates.
®Most cases have multiple *peaks.” Peaks and widths approximated from plots in
Gd_peaks_Pu-ceram_083099.dcc, included in the electronic media for this document (Ref. 10).
“Analogous to Case 3, except logo(fOz2) = ~10 (versus =0.7).
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6.2 CASES 3 AND 26 (p00_1131 and ps0_1131)

The results of Case 3 (p00_1131) and its corresponding sensitivity test, Case 26 (ps0_1131), are
- plotted in Figures 6-1 through 6-7 to demonstrate the general consequences of WP component
degradation. The consequences include: changes in pH; variations in the dissolved Gd, Pu, and
U content of the water flushed from the WP; and the formation of solubility-controlling and
space-filling minerals and solid solutions. Figures 6-1 through 6-7 also demonstrate the indirect
effects of oxygen fugacity on pH and Gd loss.
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w 2 pH=>110\ :
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S 10 e\ I
= Py ST
% 84 E [/
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Cans_304L A . [
R s w e N S O
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NOTES: Case 3: fO2 = 0.2 bar (solid pH line); Case 26: f0.=10"" bar (dashed pH Line). *Moles in the EQ6
normalized (1 liter fluld) system. See Section 5.2 for conversion of moles into mass in total WP.

Figure 6-1. Effect of fO; on pH: Cases 3 (p00_1131) and 26 (ps00_1131)

Figure 6-1 illustrates the tie between materials degradation and pH. The pH in the WP decreases
with steel degradation (especially with 304L steels) until the steels are exhausted. Since this
example uses a low HLW glass degradation rate, the alkalinity from HLW glass is insufficient to
neutralize the pH until all the steel is consumed. The Mg and Ca carbonate minerals formed from
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HLW glass dissolution do not fully neutralize the acid produced from steel degradation. The Cr
contained in the steels is oxidized when it is released into water, and lowers the pH:

Cr+H,0 + 1.50, = CrO4" + 2H" ' (Eq.2) -

After the steel is consumed and its associated acidity is flushed from the system, the pH climbs
(at ~50,000 years) due to HLW glass dissolution. Once the HLW glass is consumed, the pH
gradually drops to the ambient for the incoming water at fCO, = ,10°3 bar. However, in the
sensitivity test, the lower oxygen fugaciljy (fO; = 10"% in the WP prevents the pH from
‘increasing until ~10**' years, which is ~10¢ years later than that in the case with 0.2 bar fO5; the
rapid pH increase occurs when the Pu_ceramic and “Out Web_A516” (the carbon steel support
structure) have been exhausted and while the GPC_304L and Cans_304L continue to degrade.
The lower oxygen fugacity in the system limits chromate oxidation, and thus lowers the
production of acid via Equation 2.

The concentrations of aqueous Gd, U, and Pu as functions of time are shown in Figure 6-2 and
6-3. The solubility-limiting phase for Gd is GIOHCO3; like most carbonates, this phase is more
soluble under acid conditions, thus the times of highest aqueous Gd correspond to times of low
PH. Thus, the case with lower fO, (Case 26) also yields lower Gd loss (1.3%, versus 20.45% for
Case 3; Table 6-1). '
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Figure 6-2. Case 3 (fO2 = 0.2 bar): pH and Tota! Aqueous Cr, Gd, U, and Pu
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NOTES: Compare with Figure 6-2. The lower fO2 results in slightly lower dissolved Cr and & less extreme pH
minimum. Dissolved Pu is lower than that for Case 26 because agueous Pu{Vl) carbonate comp!exes are
insignificant at this Iower O2.

Figure 6-3. Case 26 (fO, = 10-* bar): pH and Tota! Aqueous Cr, Gd, Pu, and U

In Figures 6-4 and 6-5, selected minerals that control the solubxhty of chromium are plotted
together with pH as a function of time for fO, = 0.2 and 10! bar, respectively. At the hxgher
fO, the only Cr solids predicted to form are BaCrQO, and crocoite (PbCrO,), and there is
insufficient Ba and Pb in the system to precipitate all the chromate produced by steel oxidation.
The formation of solid, mixed-valence state CrO,, in Case 26 (fO; = 10 '°) results in a less
dramatic drop in pH; compare Figure 6-5 to Figure 6-4 (Case 3; fO; = 0.2). In summary, the
formation of Cr-bearing solids affects the pH in the system and, consequently, the losses of Gd,
Pu, and U from the WP. Reducing the uncertainty in the stability of Cr(IlI) and Cr(IV)-
containing solids in the EQ3/6 thermodynamic database in EQ3/6 would significantly reduce
uncertainty in simulating the degradation of Pu-ceramic.
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Figure 6-4. Case 3 (fO, = 0.2 bar): pH and Minerals Controlling Cr Solubility
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NOTE: Formation of mixed valence state CrO; causes & lesser drop in pH, compared to Figure 6-4.

Figure 6-5. Case 26 (fO, = 107" bar): pH and Minerals Controlling Cr Solubility

The above results demonstrate the significant effect of oxygen fugacity on calculated pH and
losses in Pu, Gd, and U from the WP. The fO, used in most Cases (0.2 bax) is probably higher
than the average fO, experienced in & corroding WP. A lower fO; of 107'° bar dramatically
reduces losses of Gd, Pu, and U. This lower fO; value is not unreasonable. The common
observation of coexisting magnetite and hematite/FeOOH in rust on cars implies local, low fO,
during corrosion of steels

The fO; of the magnetite/goethite and magnetltelhemante buffers are easily calculated from the
logioK velues for the magnetite, hematite, and Fe>* decomposition reactions, as glven in the
EQ3/6 data0.nuc.R8d thermodynamic constants file. Equations 3 through 6 below give the data0
reactions necessary to carry out the calculations.
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FeOOH + 3H' = Fe™ + 2H;0 logioK = 0.5345 at 25 °C (Eq. 3)
Fe;04 + 8H' = Fe'* + 2Fe™ + 4H,0 log)oK = 10.4724 at 25 °C (Eq.- 9
Fe05 + 6H' = 2F6™ + 30 logioK = 0.1086 at 25 °C (Eq. 5)
Fe™ + 0.5H;0 = 02503 + H' + F&™  logioK = —7.7654 at 25 °C (Eq. 6)

Combining equations algebraically [(Eq. 4) - (Eq. 6) — 3-(Eq. 3)] yields:

Fe;04 + 0.25:0; g + 1.5-H,0 = 3FeOOH log;oK = 16.6343 4 - (Eq.7)
At equilibrium:
logloK = 3-logm[Fe304] -1.5 loglo[HzO] -0.25. logm(fOz) - loglo[Fe304] (Eq 8)

Where the [] notation here indicates activity (~concentration). The activity of solid Fe;O4 in
Fe304 is 1, the activity of water relative to a standard state of pure water is ~1, and the activity of
solid FEOOH in FeOOH is 1, so Equation 8 reduces to:

log10(fO2) = —4-log1oK = -66.5372 (Eq. 9
Simiiarly, equations (Eq. 4) — (Eq. 6) — 1.5-(Eq. 4) can be combined to yield:

Fe304 + 0.25:0; ) = 1.5 Fe;0 log10(fO2) = —72.2996
(Eq. 10)

Thus the formal fO; is ~10" to 10" bar for these commonly observed rust assemblages. These
low values do not imply that only a tiny fraction of a molecule of O, can coexist with
magnetite/Fe(IlI)-oxide rusts; rather, they imply that corrosion can produce locally reduced
assemblages, even in the presence or air. Other redox-active couples in natural waters imply
more moderate fO,. For example, commonly observed nitrogen redox couples (e.g., nitrate-
nitrite in pore waters of Chihuahuan deserts) imply £, < 10°'° bar (Ref. 38, pp. 632-634).

Figures 6-6 and 6-7 show some of the principal solubility-controlling solids predicted by the
EQ6 runs for Cases 3 and 26. The hematite abundance plateaus rapidly, and results principally
from degradation of the A516 outer web support structure. Because of the low HLW glass
degradation rate, smectite clays form slowly. However, 2 “mole” of smectite clay
(((Ca,Mg)o.165,(K,Na)o 33)FezAlp.33 Siz 67H20,2) has a much larger molar volume than a “mole” of
hematite (424.293 versus 30.274 cm’, respectively; from the VOPrTr entries in data0.nuc.R8d).
GdOHCQO; is the principal solubility-controlling phase for Gd, though some GdPO,-H,;0 forms
with the phosphate present in HLW glass and steels.
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NOTE: The phosphate to form GdPQ4:H;0 ocriginates as a trace constituent of steels and waste glass; phosphate
content of incoming water (< 1 ppm) is comparatively insignificant. Compare to Figure 6-7.

Figure 6-6. Case 3 (f0,=0.2 bar): pH and Some Solubility-Controlling Minerals
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Figure 6-7. Case 26 (fO,=10"*°bar): pH and Some Solubility-Controliing Minerals

Tables 6-3 and 6-4 give the elemental composition for the water in the WP (aqueous phase) and
for the degradation products (in mole%) for Case 3 (p00_1131) at selected reaction times.
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Table 6-3. Solution Composition in Molality in Selected Years for Case 3 (p00_1131)

Years 9189 13169 30794 124270 633860
H
— P 7.05 5.78 593 8.86 8.41
o 6.64E+01 | 5.64E+01 | G.60E+01 | 5.58E+01 | 5.55E+01
Al 388E-00 | 962607 | 662607 | B895E-08 | 5.30E-08
B 4.39E-02 | 4.54E-02 | 4.50E-02 | 4.59E-02 124E-05
Ba 205E-08 | 1.22E-07 | 8.71E-08 | 4.52E-10 1.39E-08
Ca 154E-01 | 4.23E-02 | 2.52E-03 | 2.88E-05 | 6.88E-05
Cl 6.85E-04 | 7.01E-04 | T7.07E-04 | 7.07E-04 | 201E-04
Cr 225601 | 2.33E-01 1.13E-01 2.45E-04 1.00E-16
Cu . 2.23E-06 |. 5.11E-04 | 202E-04 | O.09E-07 | 3.38E-07
F G.48E-05 | 6.02E-04 | 281E-04 | 3.74E-04 1.156-04
Fe 145E-12 | 7.28E-12 | 5.13E-12 | 1.40E-12 1.22E-12
Gd 1.93E-06 | 7.35E-03 | 147E-03 | 2.78E-07 | 8.97E-08
H 1.11E+02 | 1.19E+02 | 1.11E+02 | 1.ME+02 | 1.11E+02
C 4.00E-04 | 524E-05 | 550E-05 | 579602 | 4.38E-03
P 0.25E-11 | 2.75E-12 | 2.33E-12 | 487E-08 | 2.63E-09
K 1.04E-02 | O66E-03 | 8.72E-03 | 4.16E-03 | 2.58E-03
G 314E-02 | 3.25E-02 | 3.29E02 | 337E-02 | 6.82E-06
Mg 571E03 | 443E03 | 360E03 | 4.08E-05 1.03E-04
Mn 8.30E-14 | 2.60E-11 1.03E-11 4.26E-16 | 2.08E-16
Mo 1.00E-16 | 1.00E-16 | 1.00E-16 1.00E-16 1.00E-16
N 453E-03 | 4.66E-03 | 234E-03 | 142E-04 | 1.42E-04
Na 569E-02 | 5.80E-02 | 5.80E-02 | 5.49E-02 .| 2.33E-03
Ni 8.68E-05 | 232E-02 | O12E03 | 1.57E-08 | 5.27E-08
Np 1.00E-05 | 1.86E-04 | 1.28E-04 | 6.21E-07 1.00E-16
Pb 373E-11 | 217E-10 | 161E10 | 2.80E-10 | B48E-10
Pu 8.10E-13 | 1.53E-11 9.71E-12 | 280E-00 | 2.18E-12
S 1.78E-03 | 1.51E-03 | 1.10E-03 | B8.16E-04 1.92E-04
Si 384E05 | 5.13E05 | B5.15E-05 | 4.07E-05 | 3.62E05
Tc 1.00E-16 | 1.00E-16 1.00E-16 1.00E-16 1.00E-16
Ti 223E-10 | 223E-10 | 224E-10 | 225E-10 | 2.26E-10
] 316E-08 | 224E-08 1.76E-08 1.39E-02 1.00E-16
Hf 2" 667E-10 | 6.70E-10 | 6.72E-10 | 6.74E-10 | 6.78E-10

NOTES: "Hf was converted to Zr for EQ6 Calculations (Assumption 3.16).
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Table 6-4. Composition of Corrosion Products (mole%) and Density in Selected Years for Case 3

(p00_1131)

o2 | o189 | 13169 | 30794 | 124270 | 633860
o) 6.05E+01 | 6.04E+01 | 6.03E+01 | 6.01E+01 | 5.98E+01
Al 7.58E-02 | 1.02E-01 | 2.03E-01 | 6.09E-01 | 1.09E+00
B 3.13E-14 | 0.00E+00 | 2.10E-13 | 0.00E+00 | 1.01E-14
Ba | 7.22E-04 | ©.66E-04 | 1.94E-03 | 5.80E-03 | 1.04E-02
Ca 1.16E-02 | 1.24E-02 | 1.24E-02 | ©.28E-02 | 2.31E-01 |
cl 2.81E-16 | 0.00E+00 | 0.00E+00 | 1.86E-14 | 0.00E+00
Cr 9.80E-04 | 1.31E-03 | 2.63E-03 | 3.73E-15 | 0.00E+00
Cu 2.09E-03 | 1.54E-03 | 2.76E-03 | 1.36E-02 | 2.77E-02
F 1.72E-03 | 9.83E-04 | 1.65E-03 | 5.59E-15 | 0.00E+00
Fe 3.21E+01 | 3.19E+01 | 3.07E+01 | 2.60E+01 | 1.80E+01
Gd 2.30E-01 | 1.98E-01 | 1.58E-01 | 1.08E-01 | 7.51E-02
H 1.45E+00 | 1.48E+00 | 1.82E+00 | 2.63E+00 | 5.61E+00
c 2.07E-01 | 1.74E-01 | 1.32E-01 | 2.23E-01 | 3.01E-01
P 2.34E-02 | 2.42E-02 | 2.52E-02 | 2.41E-02 | 2.03E-02
K 5.26E-03 | 1.056-02 | 3.861E-02 | 2.78E-01 | 4.14E-01 |
Li 1.861E-15 | 0.00E+00 | 0.00E+00 | 8.11E-02 | 0.00E+00
Mg 3.06E-03 | 5.60E-03 | 2.07E-02 | 1.72E-01 | 3.68E-01
Mn 455E-01 | 4.90E-01 | 5.55E-01 | 6.37E-01 | 6.50€-01
Mo 6.99E-32 | 0.00E+00 | 2.056-31 | 3.05E-31 | 0.00E+00
N 2.83E-14 | 0.00E+00 | 0.00E+00 | 3.28E-17 | 0.00E+00
Na 2.91E-03 | 6.30E-03 | 247E-02 | 2.01E-01 | 3.51E-02
Ni 6.33E-01 | 7.91E-01 | 1.07E+00 | 1.16E+00 | 8.64E-01
Np 2.00E-03 | 1.33E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00
Pb 2.58E-04 | 3.46E-04 | 6.03E-04 | 2.07E-03 | 3.71E-03
Pu 2.30E-01 | 2.15E-01 | 1.84E-01 | 1.37E-01 | 5.50E-02
3 8.34E-14 | 0.00E+00 | 0.00E+00 | 1.18E-12 | 0.00E+00
Si §.50E-01 | 1.21E+00 | 2.16E+00 | 5.83E+00 | 1.02E+01
Te 3.73E-31 | 3.49E-31 | 0.00E+00 | 0.00E+00 | 1.43E-31
Ti 2.30E+00 | 2.24E+00 | 1.03E+00 | 1.50E+00 | 1.43E+00
V) 4.71E07 | 4.43E-01 | 3.00E-01 | 0.00E+00 | 3.26E-24 |

Hf@)* | 266E-01 | 249E-01 | 2.13E-01 | 1.58E-01 | 1.08E-01
Total (%) 100 .| 100 100 100 100
Total” {g) 1.70E+03 | 1.81E+03 | 2.07E+03 | 2.56E+03 | 3.33E+03

Density (gfcm’) | - 6.30 526 5.14 462 4.08

NOTES: 'Hf was converted to Zr for EQS, then converted back to Hf for mass and density calculations.
®For EQ6 system (1 liter aqueous fluid). To cbtain total grams in WP, multiply by total system volume of
4593.865 liters.
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6.3 CASE 8 (p00_1231)

In Case 8, the high HLW glass and high ceramic degradation rates raise the system pH over lO in
less than 5-10° years (Figure 6-8), in the process elevating the solubilities of U and Pu (Fxgure 6-
9). In the higher pH periods, the dissolved U and Pu are almost entirely as UO,(COs);*" and
PuO,(COs)s*". Consequently, there are significant losses of U (89.2%) and Pu (29.9%). Because
there is no protracted period of low pH, only 0.02% of Gd is lost (Table 6-2). The combination
of fast ceramic degradation, high pH, and fixed fCO, leads to formation of calcite (with Ca
principally from ceramic and HLW glass) and GdOHCO;, the latter as the solubility-controlling
phase for Gd (Figure 6-10). These solid carbonates also serve as buffers against repid drops in
pH.
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NOTE: Rapid ceramic and HLW glass degradation drives up the pH until both materials are consumed.

Figure 6-8. Case 8 (p00_1231): pH and Consumption of Package Materials
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NOTE: The peaks in aqueous (dissolved) U and Pu are due to UO2(CO2):* and Pu0O;(CO:)s* complexes.

Figure €-9. Case 8: pH and Total Aqueous Gd, Pu, and U
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NOTE: GdOHCO; controls Gd solubility after ~400 years.

Figure 6-10. Case 8: pH and Carbonate Minerals

Tables 6-5 and 6-6 give the aqueous phase composition and the composition of the solid
corrosion products in the WP for Case 8.
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Table 6-5. Solution éomposition In Molality in Selected Years for Case 8 (p00_1231)

Years 4360 8767 30506 126670 633860
H
Element P 9.77 8.39 8.36 8.24 £.20
0 567E+01 | 5.60E+01 | 5.73E+01 | 5.55E+01 | 5.65E+01
Al 177E-08 | 145E08 | 3.65E-08 | 357E-08 | 3.26E-08
B 1.69E-01 1.88E-01 2.08E-01 1.24E-05 | 1.24E-05
Ba 2.76E-11 | 5.00E08 | 565608 | 2.80E-00 | 347609 | .
Ca 4.84E-06 | 343E04 | 430E-08 | 148E-04 | 1.84E-04
a 1.53E02 | 267E-03 | 203E-04 | 201E04 | 201E-04
Cr 1.87E01 | 2.25E-01 1.13E-01 1.84E-04 | 1.00E-16
Cu 140E-04 | 4.36E-07 | 4.01E-07 | 3.25E07 | 3.24E-07
F 788E-03 | 1.38E-03 | 1.16E-04 | 1.156-04 | 1.15E-04
Fe 282E-12 | 1.21E-12 124E-12 | 120612 | 1.20E-12
Gd 248E-06 | 1.17E-07 | 1.08E-07 | 6.71E-08 | 6.34E-08
H 1.03E+02 | 141E+02 | 1.13+02 | 1.11E+02 | 1.11E+02
c 1.21E+400 | 1.37E-02 | 7.53E-03 | 2.94E-03 | 268E-03
P 206E-056 | 1.256-08 | B.75E-09 | 1.27E-08 | 1.07E-09
K 1.62E-01 3.026-02 | 1.336-02 | 1.77E-03 | 7.70E-04
] 9.51E-01 | 2.15E-01 56SE-04 | G6.92E06 | 6.92E-06
Mg 389E-06 | 485E-04 | 317E-04 | 202E-04 | 1.89E-04
Mn 4.14E-15 | 370E-16 | 3.53E-16 | 2.32E-16 | 244E-16
Mo 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.00E-16
N 365E03 | 4.56E-03 | 234E-03 | 142604 | 142E-04
Na 1.25E+00 | 2.76E-01 2.50E-01 1.69E-03 | 1.85E-03
Ni 260E-10 | 182607 | 1.87E-07 | 1.43E-07 | 1.30E-07
Np 510E-04 | B8.33E-05 | 6.19E-08 | 1.00E-16 | 1.00E-16
Pb €.32E-12 | 3.00E-11 3.69E-11 1.83E-00 | 2.13E-09
Pu 341E-03 | 4.76E-10 | 1.08E-10 | B41E43 | 7.056-13
S 216E-02 | 4.10E-03 | 4.82E-04 | 182E-04 | 1.02E-04
Si O11E-04 | 420605 | 387E05 | 3.69E-05 | 3.76E-05
Te 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.00E-16
Ti 1.79E-10 | 2.17E-10 | 2.25E-10 | 2.26E-10 | 226E-10
) 218E-01 | 227603 | 5.226-04 140E06 | 1.03E-06
RfEZ" 538E-10 | 652E-10 | 6.74E-10 | 6.78E-10 | 6.78E-10

NOTES: “Hf was converled to Zr for EQ6 Calculations (Assumption 3.16).

s
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Table 6-6. Composition of Corrosion Products (mole%) and Density in Selected Years for Case 8
(p00_1231)

Years

Element 4380 8767 30506 126670 633860

[¢) 5.39E+01 5.44E+01 5.81E+01 5.98E+01 5.99E+01
Al 8.81E-01 8.76E-01 1.02E+00 1.08E+00 |- 1.08E+00
B 2.74E+00 | 2.53E+00 1.94E+00 6.43E-16 2.70E-16 |
Ba 8.30E-03 8.34E-03 068E03 | 1.03E-02 1.03E-02 _
Ca

(]

4.81E-01 4.78E-01 5.55E-01 4.57E-01 4.78E-01
0.00E+00 2.16E-18 0.00E+00 0.00E+00 0.00E+00

Cr 0.00E+00 | 2.98E-03 3.46E-03 1.386-03 0.00E+00
Cu 241E-02 239E02 | 2.78E-02 2.95E-02 2.94E-02

F 0.00E+00 5.40E-1¢ 0.00E+00 0.00E+00 0.00E+00
Fe 1.12E+01 1.20E+01 1.60E+01 1.88E+01 1.87E+01
Gd 7.63E-02 7.66E-02 8.80E-02 ©.35E-02 6.33E-02

H 1.76E+01 1.66E+01 8.69E+00 5.55E+00 5.60E+00
c 8.25E-01 €.03E01 3.20E-01 6.03E-01 6.47E-01
P 1.12E-02 1.22E-02 1.68E-02 1.89E-02 2.00E02
K
X}

4.44E-01 4.39E-01 4 49E-01 2.59E-01 1.32E-01
1.62E-01 1.16E-01 0.00E+00 0.00E+00 0.00E+00

Mg 3.45E-01 3.44E-01 3.67E-01 3.44E-01 3.30E-01

Mn 4.06E-01 4.32E-01 5.66E-01 6.52E-01 6.52E-01

Mo 0.00E+00 | 0.00E+00 2.14E-31 0.00E+00 0.00E+00

N 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00

Na 1.61E+00 1.54E+00 4 .57E-01 2.33E-02 3.20E-02

Ni 2.25E-01 | 3.45E-01 7.02E-01 0.87E-01 9.66E-01

Np 0.00E+00 | O0.00E+00 | 8.676-17 | O.00E+00 | 0.00E+00

Pb 3.00E-03 2.08E03 | 3.46E-03 3.67E-03 3.67E-03

Pu 5.21E-02 5.34E-02 6.20E-02 6.59E-02 6.58E-02

S 0.00E+00 | 2.43E-16 | O.00E+00 | O.00E+00 | O0.QOE+00 |

Si 6.01E+00 | 7.88E+00 ©.32E+00 9.06E+00 1.01E+01

Tc 0.00E+00 1.23E-31 0.00E+00 1.51E-31 1.42E-31

Ti 8.14E-01 9.08E-01 1.05E+00 | 1.12E+00 1.12E+00

V] 0.00E+00 2.81E-02 2.91E-02 3.12E-02 3.10E-02

Hf@Zn)" 8.82E-02 8.76E-02 1.02E-01 1.08E-01 1.08E-01
Tota! (%) 100 100 100 100 100

Yotal® (g) 3.16E+03 | 3.31E+03 3.31E+03 3.35E+03 3.35E+03
Density (g/cm’) 3.28 3.37 3.64 4.09 4.10

NOTES: °Hfwas converted to Zr for EQS, then converted back to Hf for mass and density calculations.
"Ffor EQS system (1 liter aqueous fluid). To obtain total grams in WP, muttiply by tota! system volume
of 4593.965 liters.
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6.4 CASE 13 (p00_2131)

Case 13 combines fast steel and ceramic degradation with slow HLW glass degradatioh and a
very low drip rate. These conditions allow early degradation of the ceramic, and exposure of the
Gd solids to sustained, low pH. Consequently, this case experienced the highest Gd loss, ~79%.
Figure 6-11 shows the relationship of WP materials degradation to pH, and Figure 6-12 shows
the total dissolved Gd (Gd [aq]), and the total Gd in solids, per liter of void space. It is apparent
that for a substantial period, the dissolved Gd is more significant than the Gd present in solids.
The dissolved Gd is largely lost from the system by the flushing action. Because of the low flush
rate, the pH eventually reaches high values (due to HLW glass dissolution); consequently, this
system loses much of the U to aqueous carbonate complexes. '
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Figure 6-11. Case 13 (p00_2131): pH and Package Materials Remaining
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NOTES: Moles solids calculated per liter of void space.
This case had the highest Gd loss. Gd (aq) is the total dissolved (aqueous) Gd concentration.

Figure 6-12. Case 13: pH, Moles Aqueous Gd, and Moles Gd Solids

Tables 6-7 and 6-8, respectively, give the concentrations of dissolved elements in the aqueous
phase, and the composition and density of the corrosion products for Case 13.
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Table 6-7. Solution Composition in Molality in Selected Years for Case 13 (p00_2131 and pl0_2131)

NOTES:

Years 1351 13175 | 33377 | 112990
PH 519 | 751 8.85 9.30
|Element

0 5.64E+01 | 6.58E+01 | 5.58E+01 | 5.57E+01
A 6.47E-12 | 8.82E-00 | S.66E-08 | 8.07E-08
B 165E-02 | 4.54E-02 | 4.69E.02 | 4.59E-02
Ba 3.80E07 | 2.41E-08 | 4.50E-10 | 6.74E-11
Ca 756E-01 | 1.356-02 | 2.97E:05 | 6.10E-06
C 3.83E-04 | 7.01E:04 | 7.07E-04 | 7.076-04
Cr B29E01 | 6.49E02 | 3.07€:04 | 245604
Co 1.33E-04 | 541607 | S.06E-07 | 4.19E06
F 216604 | 2.16E04 | 3.74E:04 | 3.74E04
Fe 263E-11 | 1.24E-12 | 140E12 | 1.64E-12
Gd 2.67E02 | 1.40E07 | 2.76E-07 | 7.34E-07
H 1A1E+02 | 1.11E+02 | 1.11E+02 | 1.11E+02
C 2.056-05 | 7.60E.04 | 5.79E-02 | 5.18602
3 T40E-11 | 2.14E-10 | 4.80E-08 | 3.14E-07
K 4.00E-03 | 6.08E-03 | 380603 | 4.03E-03
] 148E-02 | 3.256-02 | 3.19E02 | 3.31€-02
Mo 1.676-03 | 3.64E03 | 4.07E.05 | 8.96E-06
Mn 4.68E-10 | 740E-15 | 4.25E-16 | 1.026-15
Mo 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.00E-16
N 1.63E-02 | 141E-03 | 143604 | 142E-04
Na 2.26E.02 | 5.756E.02 | 5.61E-02 | 549602
Ni 2.10E01 | 7.81E:06 | 1.57E-08 | 1.76E-00
Np 3.44E04 | 3.82E06 | 7.12E07 | 6.21E-07
Fb 7256-10 | 4.18E-11 | 2.76E-10 | 2.08E-11
Pu 8.22E-11 | 4.80E-13 | 2.84E-00 | 7.70E-08
s 843603 | 1,09E03 | 8.16E-04 | 6.16E-04
Si 187E-04 | 369E-05 | 4.06E05 | 6.51E-05
Te 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.00E-16
T 2.49E-10 | 2.24E-10 | 2.25E-10 | 2.25E-10
U 541E08 | 1.27E07 | 1.36E-02 | 1.226-03
Har 6.50E-10 | 6.72E-10 | 6.74E-10 | 6.73E-10

*Hf was converted to Zr for EQ6 Calcutations (Assumption 3.16).
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Table 6-8. Composition of Corrosion Products (mole%) and Density at Selected Times for Case 13
(p00_2131 and pl0_2131)

Years | 4354 13175 | 33377 | 112990

6.03E+01 | 6.04E+01 | 6.04E+01 | 6.02E+01
1.19E-02 | 8.46E-02 | 2.03E-01 | 5.71E-01
3.52E-15 | 1.02E-17 | 0.00E+00 | 0.00E+00
1.12E-04 | 8.04E-04 | 1.84E-03 | 5.44E-03
4.54E-03 | 7.40E-03 | 4.84E-02 | 1.26E-01
1.76E-15 | 0.00E+00 | 3.14E-14 | 1.65E-14
1.63E-04 | 1.09E-03 | 7.78E-15 | 1.28E-15
1.82E-16 | 6.70E-04 | 4.34E-03 | 1.47E-02
1.33E-13 | 4.20E-04 | ©.50E-15 | 4.58E-15
3.64E+01 | 3.30E+01 | 3.16E+01 | 2.67E+01
2.71E-02 | 3.97€-02 | 3.77E-02 | 3.12E-02
5.13E-01 | 1.10E+00 | 1.29E+00 | 2.53E+00
0.00E+00 | 1.20E-02 | 8.46E-02 | 2.05E-01
2.71E-02 | 2.77E-02 | 2.70E-02 | 2.45E-02
8.74E-04 | 1.01E-02 | 9.17E-02 ) 3.13E-01
1.48E-14 | 0.00E+00 | 3.91E-02 | 2.45E-02
7.21E-04 | 5.33E-03 | 5.76E-02 | 2.07E-01
5.29E-01 | 6.00E-01 | 6.10E-01 | 6.38E-01
0.00E+00 | 0.00E+00 | 5.00E-31 | 1.57E-31
9.28E-13 | 3.19E-18¢ | 548E-17 | 3.55E-18

. |Element

z|5|3|E[c| x| o|o|=|Q|F| | 2| 2| 2| 8| ®|wi 2|0

Na 517E-04 | 6.22E-03 | 5.88E-02 | 2.15E-01
Ni 4.90E-01 | 1.00E+00 | 9.72E-01 | 8.84E-01

Np 1.01E-12 | 7.21E-05 | 0.00E+00 | 0.00E+00

Pb 4.06E-05 | 2.88E-04 | 6.83E-04 | 1.94E-03

Pu 8.51E-02 | 1.79E-01 | 1.70E-01 | 1.41E-01

S 430E-12 | 6.38E-19 | 1.95E-12 | 1.10E-12

Si 4.34E-01 | 1.15E+00 | 2.21E+00 | 5.49E+00

Tc 0.00E+00 | 0.00E+00 | 1.38E-31 | 2.86E-32

™ 9.85E-01 | 1.86E+00 | 1.78E+00 | 1.54E+00

V) 1.93E-01 [ 3.69E-01 | 2.60E-01 | 0.00E+00

HI Zn° 1.10E-01 | 2.07E-01 | 1.97€-01 | 1.63E-01

Total (%) 100 100 100 100

Total® (g) 1.58E+03 | 2.17E+03 | 2.24E+03 | 2.48E+03

Density (g/cm”) 5.25 5.21 5.06 4.62

NOTES: ‘l-lf was converted to 2r for EQ6, then converted back to Hf for mass and density calculations.

®For EQ6 system (1 liter aqueous fluid). To obtain tota! grams in WP, multiply by total system volume
of 4593.965 liters.
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6.5 CASE 14 (p00_2133)

In Case p00_2133, the combination of rapid steel degradation and low HLW degradation causes
low pH (< 6) for ~6-10° years (Figure 6-13). The HLW glass remains largely intact after most of
the steel has corroded (Figure 6-13). Once the steel is exhausted, HLW glass dissolution raises
the pH in the system. However, because the drip rate is comparatively high, the pH swings are
less extreme than those in Case 13 (Figures 6-11 and 6-12). The concentration of soluble Gd
(primarily Gd** or Gd(COs),") is high (~10" mole/) for several thousand years (Figure 6-14).
Because of the high drip rate, the peak Gd concentration is less extreme than that in Case 13, but
the net Gd fluence (concentration x drip rate) is sufficient to remove a significant portion of Gd
from the WP. This Case has the second highest Gd loss (49%). However, the lack of very high
pH lessens formation of U and Pu carbonate complexes; consequently, U and Pu losses, 0.22 and
0.2%, respectively, are low (Table 6-1). In the sensitivity tests, Cases 30 and 35, Gd loss is
decreased to 37.5, and 0.10%, respectively, by changing fO, from 0.2 to 10", and from 0.2 to
10" bar, respectively (Table 6-1).
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NOTES: This case shows the effects of combining high stee! dissolution rates with a low HLW glass rate. Corrosion
of steels decreases pH until the steels are exhausted; glass dissolution then increases pH.

Figure 6-13. Case 14 (p00_2133): pH and Package Materials Remaining
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NOTES: The degradation of steel, and subsequent oxidation
exhausted. In the low pH period, Gd occurs mainly as

of Cr(0) to Cr(Vl), lowers pH until the steel is

Gd™. After exhaustion of stee! (Figure 6-13), Gd

solubility decreases and Gd{COa):™ becomes the primary dissolved Gd species.

Figure 6-14. Case 14: pH, Gd Species, and Tota! Aqueous Gd and Cr

Tables 6-9 and 6-10, respectively, give the concentrations of dissolved elements in the aqueous
phase, and the composition and density of the corrosion products for Case 13.
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Table 6-9. Solution Composition in Molality in Selected Years for Case 14 (p00_2133)

Years 19 10017 30200 42518

pPH 574 8.22 8.22 821

5.56E+01 5.55E+01 5.55E+01 5.55E+01 *
8.37E-14 6.76E-13 6.76E-13 6.46E-16
2.22E-04 4.71E-04 4.71E-04 4.71E-04
2.63E-07 3.14E-09 3.14E-08 3.25E-08
1.73E-03 1.85E-04 1.95E-04 2.21E-04
2.04E-04 2.06E-04 2.06E-04 2,06E-04 -
1.07E-02 2.A5E-06 2.45E-06 245E-06
1.70E-06 3.25E-07 3.25e-07 3.25€-07
§.56E-12 1.47E-04 1.17€-04 1.17E-04
7.77E-12 1.20E-12 1.20E-12 1.20E-12
4.26E-12 €.54E-08 6.54E-08 6.47E-08
1.11E+02 1.11E+02 1.11E+02 1.11E+02
4.30E-05 2.83E-03 2.83E-03 2.77E-03
5.35E-04 1.14E-09 1.14E-08 1.08E-09
1.81E-04 2.39E-04 2.39E-04 2.38E-04
1.57E-04 3.36E-04 3.36E-04 3.36E-04
1.00E-04 1.06E-04 1.06E-04 5.39E-05
1.77E-11 2.35E-16 2.35E-16 2.38E-16
1.00E-16 1.00E-16 1.00E-16 1.00E-16
3.52E-04 1.42E-04 1.42E-04 1.42E-04

Element

z| 5| 3|8 el x| ol o] x| @] F] 2| Q) 0| 8| T =| 2|0

Na 2.26E-03 2.56E-03 2.56E-03 2.56E-03
Ni 5.08E-03 7.14E-08 7.14E-08 5.38E-08
Np 4.38€E-06 6.21E-09 €.21E-02 6.21E-09
Pb 3.53E-10 1.83E-09 1.93E-09 1.89E-09
Pu 6.85E-05 7.72E-13 7.72E-13 747E-13
S 1.51E-03 1.98E-04 1.98E-04 1.88E-04
Si 1.87E-04 1.01E-04 1.01E-04 1.81E-04
Tc 1.00E-16 1.00E-16 1.00E-16 1.00E-16
Tl 2.26E-10 2.26E-10 2.26E-10 2.26E-10
v 8.95E-07 7.56E-07 7.56E-07 1.01E-07

Hf @2n)° 6.78E-10 | 6.78E-10 6.78E-10 6.78E-10

NOTES: *Hf was converted to Zr for EQS Calcutations (Assumption 3.16).
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Table 6-10. Composition of Corrosion Products (mole%) and Density in Selected Years for Case 14
(p00_2133)

10017 30200 42518

€.02E+01 6.04E+01 6.01E+01 6.01E+01
1.13E-03 6.38E-02 1.75E-01 2.34E-01
3.01E-18 0.00E+00 1.44E-19 0.00E+00
§.40E-06 5.73E-04 1.63E-03 2.20E-03
1.25E-02 4.48E-02 1.77e-01 2.42E-01
0.00E+00 1.58E-18 1.08E-19 2.05E-19
5.40E-06 247E-21 0.00E+00 1.05E-19
0.00E+00 8.24E-04 3.72E-03 $.25E-03
2.43E-03 0.00E+00 0.00E+00 5.13E-19
3.89E+01 3.27E+01 2.99E+01 2.85E+01
9.01E-03 9.08E-02 8.26E-02 7.84E-02
6.14E-02 1.41E+00 2.66E+00 3.19E+00
1.17E-12 ©.74E-02 6.32E-02 7.35E-02
1.64E-02 2.52E-02 246E-02 2.44E-02
2.93E-05 3.87E-03 1.06E-02 1.56E-02

Years
[Element 18

z|§|5\&| | x| v|o| x| Q|| (2] 2| 2|8) | =[2|0

0.00E+00 0.00E+00 0.00E+00 8.58E-19
1.27E-04 1.38E-02 3.83E-02 6.21E-02 ~
4.33E-01 5.88E-01 5.74E-01 5.68E-01
4.87E-30 0.00E+00 1.97E-31 0.00E+00
0.00E+00 0.00E+00 0.00E+00 3.76E-19
Na 3.47E-05 3.50E-03 1.07E-02 1.58€-02
Ni 0.00E+00 6.85E-01 6.40E-01 6.18E-01
Np 0.00E+00 1.51E-21 0.00E+00 4.78E-20
Pb 3.83E-06 217E-04 5.94E-04 7.94E-04
. Pu 7.80E-03 1.77E-01 1.61E-01 1.53E-01
S 0.00E+00 1.07E-18 3.60E-20 3.21E-17
Si 2.68E-01 1.38E+00 3.11E+00 4.01E+00
Tc 0.00E+00 0.00E+00 2.20E-31 0.00E+00
Ti 9.31E-02 1.84E+00 1.69E+00 1.62E+00
) 1.82E-02 3.64E-01 3.41E-01 3.30E-01
Hf Zn)" 1.04E-02 2.05E-01 1.87E-01 1.78E-01
Total (%) 100 100 100 100 .
Total® (g) 2.29E+02 2.18E+03 2.30E+03 2.37E+03
Density (g/cm”) 525 5.18 4.93 481
NOTES: 'Hf was converted to Zr for EQS, then converted back to Hf for mass and density calculations.
Ffo;sEggs ggsyslt:;n ré1 liter aqueous fluid). To obtain total grams in WP, multiply by total system volume
o
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6.6 CASE 18 (p00_2231)

Case 18 (p00_2231) and Case 8 (p00_1231) are similar in that the relatively high HLW glass
dissolution rate, and low groundwater drip rate, keep pH above 7 (Figure 6-15). The loss of Gd
in Case 18 is low (< 0.02%) and losses of Pu and U are significant, 13.99 and 72.95%,
respectively (Table 6-1). The minimum pH for Case 18 (Figure 6-15) is higher than that for
Case 8 because, in Case 18, the steel is consumed early when there is ample alkalinity from the
ceramic and HLW glass to consume H* produced via Equation 2.
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NOTE: Rapid ceramic and HLW glass degradation drives up the pH, until both materials are consumed.

Figure 6-15. Case 18 (p00_2231): pH and Package Materials Remaining

Tables 6-11 and 6-12 give the aqueous phase composition and the composition of the solid
corrosion products in the WP for Case 18.
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Table 6-11. Solution Composition in Molality in Selected Years for Case 18 {p00_2231)

Years 3316 13591 29400 102680 634200
Elomsat~rH 8.45 8.69 8.78 2.81 8.26
) 5.52E+01 | 5.66E+01 | 5.65E+01 | 556E+01 | S5.55E+01
A 1.08E-00 | 396E08 | ©23608 | 142807 | 37808
B 9.02600 | 223601 | 240E01 | 126605 | 124E05
Ba 3.96E-00 | 1.476:00 | 5.77E-10 | 2.60E-10 | 2.62E:09
Ca 1.35E-04 | 1.04E:04 | 681E05 | 1.74E05 | 13204
Ci 247602 | B70E04 | 204E04 | Z201E0Z | 201E04
Cr 0.74E01 | B52E02 | 527604 | 1862E-16 | 1.00E-16
Cu 6.06E-07 | 6.74E07 | 7.06E07 | 563E07 | 3.26E07
F 240E-03 | 380603 | 131608 | 115604 | 115604
Fe 067613 | 132612 | 1.35E-12 | 135612 | 120E-12
Gd 1.23E-07 | 206E07 | 235607 | 22iE07 | 695608
A D.93E+01 | 1.12E+02 | 1.42E+02 | 1.11E+02 | 1.11E+02
c 372601 | 385602 | 29202 | 140E02 | 3.12E.03
P 51806 | 3.30E08 | 357608 | 203E08 | 140E.09
K 223E-01 | 1.06E-02 | 435603 | 1.80803 | 136603
G 1276400 | B.16E02 | 1.02E02 | GS2E-06 | 692E.06
Mg 1.64E-04 | 162E04 | 1.11E04 | 226605 | 171E.04
Mn 2.8BE-16 | 352E-16 | 371E16 | 343E-16 | 2.23E-16
Mo 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.005-16 | 3.00E-16
N 1.00E02 | 120603 | 146E04 | 142608 | 142E-04
Na 1.08E+00 | 143601 | 102801 | 141602 | 1.89E.03
N 8.89E08 | 40IE08 | 207608 | 105608 | ©.E1E03
Np 6.62E-04 | 334E05 | 145607 | 100E16 | 1.00E-16
Pb 1A1E11 | 682E-11 | 367610 | 167E10 | 160E.00
Pu 2.37E08 | 189E00 | 1.05E-00 | 134610 | ©.26E.13
3 323E-00 | 125603 | 186E04 | 102E04 | 1.92E04
Si 8.286-05 | 4.30E05 | 442605 | 372605 | 371E0S
Te 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.00E-16
T 1.66E10 | 2.23E-10 | 225610 | 2.26E-10 | 2.26E-10
v 1.19E-01 | 0.08E-03 | B.12E03 | 6.24E04 | 176E.06
Ha) 497E-10 | B6BE10 | 673610 | 676E-10 | 6.76E-10

NOTES: °“Hfwas converted to Zr for EQ6 Calculations (Assumption 3.16).
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Table 6-12. Composition of Corrosion Products (mole%) and Density in Selected Years for Case 18

(p00_2231)

Elomors Years 3315 13591 28400 102680 634200
0 643E+01 | S551E+01 | 5.63E+01 | S.87E+01 | 5.08E+01
Al 7.90E-01 8.03E-01 8.71E-01 1.06E+00 | 1.06E+00
B 2556400 | 2.21E400 | 1.62E+00 | 0.00E+00 | 1.10E-15
Ba 752E-03 | 765E-03 | B.29603 | 1.01E-02 | 1.01E-02
Ca 417E-01 | 4.38E-01 | 4.76E-01 583E-01 | 6.16E-01
] 165618 | 149613 | O.00E+00 | 425E-15 | 0.00E+00
cr 260E-03 | 2.74E-03 | O.0E+00 | 1.21E-25 | O.00E+00
Cu 218E-02 | 222E-02 | 240E-02 | 282E-02 | 2.62E-02
F 5.03E-03 | 3.74E-13 | O.0OE+00 | 1.95E-15 | 0.00E+00
Fe 1.27E+01 | 1.40E+01 | 1.51E+01 | 1.84E+01 | 1.84E+01
Gd 640E-02 | 686E-02 | 7.54E-02 | 9.15E-02 | S.16E-02
H 1.61E+01 | 148E+01 | 1.22E+01 | G.4DE+00 | 5.58E+00
C 1.01E+00 | 7.32E-01 | 7.81E-01 | 8.55E-01 | 8.19E-01
P 1.33E-02 | 1.48E02 | 161E02 | 1.856-02 | 1.97E-02
K 3.84E-01 395E-01 | 4.14E-01 44TE-01 | 2.29E-01
U 200E-01 | 842E-02 | OOOE+00 | ©.38E-17 | O.00E+00
Mg 310E-01 | 3.15E-01 341E-01 | 4.14E01 | 4.12E-01
Mn 445E-01 | 4.86E-01 | 5.26E-01 6.39E-01 | G.40E-01
Mo 485E-32 | 0.00E+00 | 5.34E-32 | OOO0E+00 | 1.21E-31
N 1.85E-18 | 1.77615 | O.D0E+00 | 1.00E-16 | O0.00E+00
Na 1.87E+00 | 1.30E+00 | 1.99E+00 | 283E-01 | 3.06E-02
Ni 5.71E-01 7.35E-01 | 7.86E-01 0.66E-01 | 9.68E-01
Np 0.00E+00 | O.00E+00 | 6.57E-15 | O.00E+00 | O.00E+00
Pb 260E-03 | 2.74E-03 | 2.86E-03 | 3.60E-03 | 3.60E-03
Pu 558E-02 | 602E-02 | 653602 | 7.826-02 | 7.83E-02
S 300E-18 | 0.83E-12 | O.0OE+00 | 265E-13 | 0.00E+00
Si 724E+00 | 7.30E+00 | G.02E+00 | ©.75E+00 | ©.69E+00
Tc 0.00E+00 | 7.74E-32 | 3.05E-32 | O0.00E+00 | 1.48E-31
T 7.84E-01 8.33E-01 903E01 | 1.108400 | 1.10E+00
U 1.02E-01 1.44E-01 1.25E-01 820E-02 | 7.60E-02

HE @ 750E-02 | B.O4EQ02 | B.71E02 | 1.06E-01 | 1.06E-01

Total (%) 100 100 100 100 100

Total® (g) 3.74E+03 | 3.85E+03 | 3.72E+03 | 3.43E+03 | 3.42E+03
Density(g/cm’) 352 359 3.72 4.05 4.08

NOTES: °*Hfwas converted to Zr for EQS, then converted back to Hf for mass and density calculations.
®For EQS system (1 liter aqueous fluid). To obtain total grams in WP, multiply by total system volume
of 4593.965 liters.
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6.7 TWO-STAGE CASES 22 AND 25 (p01g2204/p02g2022 and p01g2203/p02g2031)

For the five two-stage tests, U contained in the HLW glass is totally lost in the first stage. At the
second stage, loss of U is less than 1% in all of the cases, and losses of Pu are also not
significant (Table 6-1). The high steel and HLW glass dissolution rates and high groundwater
flushing rate remove most of the alkalinity from the HLW glass in the first stage. Since the Pu-
ceramic is exposed only in the second stage, the potential for Gd loss occurs only in the second
stage. The second stage begins with a period of low pH (Figures 6-16 and 6-17), due to corrosion
and oxidation of Cr in the remaining GPC stainless steel, and in the 304L cans, magazines, and
racks. Uranium solubility is not dramatic under such pH conditions (Tables 6-1 and 6-13), and U
retention in the second stage is higher than in the first. Because of the lower flush rate for Case
25, the low pH persists for longer time. Of the two-stage runs, only Case 25 achieves significant
Gd loss because the Gd is degraded completely in the period of low pH. However, the ceramic
itself is alkaline, and its degradation counteracts acidity produced by steel degradation. Case 25
is most analogous to the cases that produced high (~15%) Gd loss in the prior study of ceramic
WP degradation (Ref. 5, Table 5.3-1).

The “stair step” pH pattern, shown in Figures 6-17 and 6-18 is related to the appearance and
disappearance of minerals (corrosion products). Figure 6-19 illustrates one cause of the “stair
step”. After all the steel has corroded, the only solid Cr phase is BaCrO4. As the system is
flushed with Cr-poor water, the BaCrO, transforms into BaCO;, dominantly by the reaction:

BaCrO, + HCO;~ = BaCO; + CrO;" + H'. (Eq. 11)
Thus, until the BaCrO4 disappears completely, the pH drops. Once the BaCrO, is exhausted, pH

returns nearly to the ambient of incoming water at 107 bars fCO;. There is one last small stair
step, related to the disappearance of crocoite (PbCrO,).




ste Package rations

Calculation

~ Title: EQ6 Calculation for Chernical Degradation of Pu-Ceramic Wastc Packages: Effects of

Updated Materials Composition and Rates

Document Identifier: CAL-EDC-MD-000003 REV 00 Page 70 of 82
3 - | P 1 PP ISP IT YIS U | T EE B | EFEE S NS AT A I B I | 8.5
1 X
= F 8
o s
s E
\\ _- 7-5
o R :
(o] H N [
E P h% -7
\ 9
_lﬂ ‘\ L ©
o \ -r6.5 T
© \ X
o \ [
-+ \ -6
o \e~Puceranic [
¢ 1
o \ -
= \ - 5.5
—6 ‘\ t
1 Y 9
& \ 5
Cans 304 \ LF.
R o mand R r 4.5
6

loge(Time

| LA SRS AL S AL DL
4 4.25 45 4.5 5

(years))

Figure 6-16. Case 22 (p02g2022, 2" Stage): pH and Package Materials Remaining
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NOTES: Gd (aqg) is the total dissolved (equeous) Gd concentration. High Gd (aq) exists only as a brief, sharp peak
before pH climbs and GdOHCO; precipitates.

Figure 6-18. Case 25 (2™ Stage): pH, Solid Corrosion Products, and Gd (aq)
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Figure 6-18. Case 25 (2™ Stage): Minerals Causing pH “Stair Step"

Tables 6-13 through 6-16 give the elemental composition of the equeous phase and the
precipitated solids (corrosion products) for Cases 22 and 25.
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Table 6-13. Solution Composition in Molality in Selected Years for Case 22 (p01g2204/p02g2022)

Years 4418 10158 41581 100820 | 528010
Element PH 1 5 132400 | 8.076+00 | 8.12E+00 | 8.11E+00 | 8.11E+00
[s) 5.60E+01 | 5.55E+01 | 5.55E+01 | 5.55E+01 | 5.55€+01
Al 1.61E-04 | 2.44E-08 | 2.74E-08 | 2.68E-08 | 2.63E-08
B 1.24E-05 | 1.24E-05 | 1.24E-05 | 1.24E-05 | 1.24E-05
Ba 5.26E-07 | 6.19E-09 | 4.83E-00 | 5.06E-00 | 5.24E-09
Ca 1.36E-03 | 3.48E-04 | 3.01E-04 | 3.33E-04 | 3.53E-04
cl 2,01E-04 | 4.23E-04 | 2.01E-04 | 2.01E-04 | 2.01E-04
Cr 2.33E-01 | 8.80E-05 | 1.00E-16 | 1.00E-16 | 1.00E-16
Cu 1.89E-03 | 3.26E-07 | 3.25E-07 | 3.25E-07 | 3.25E-07
F 4.30E-04 | 6.31E-06 | 1.15E-04 | 1.15E-04 | 1.15E-04
Fe 1.10E-10 | 3.60E-12 | 3.60E-12 | 3.60E-12 | 3.60E-12
Gd 5.39E-10 | 9.01E-09 | 5.81E-08 | 5.74E-08 | 5.70E-08
H 1.10E+02 | 1.11E+02 | 1.11E+02 | 1.11E+02 | 1.11E+02
c 3.32E-05 | 2.01E-03 | 2.26E-03 | 2.20E-03 | 2.16E-03
P 8.42E-04 | 4.02E-09 | 7.64E-10 | 7.20E-10 | 6.91E-10
K 7.51E-04 | 3.861E-04 | 2.49E-04 | 1.78E-04 | 1.26E-04
L 6.92E-06 | 6.92E-06 | 6.82E-06 | 6.92E-06 | 6.92E-06
Mg 1.02E-03 | 2.83E-04 | 1.45E-04 | 1.02E-04 | 8.22E-05
Mn 5.16E-10 | 3.25E-16 | 2.83E-16 | 2.90E-16 | 2.96E-16
Mo 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.00E-16 | 1.00E-16
N 469E-03 | 1.42E-04 | 1.42E-04 | 1.42E-04 | 1.42E-04
Na 1.83E-03 | 1.476-03 | 1.94E-03 | 1.98E-03 | 1.8SE-03
Ni 1.17E-0% | 4.96E-08 | 3.87E-08 | 4.05E-08 | 4.20E-08
Np 3.16E-06 | 1.67E-06 | 1.72E-06 | 1.70E-06 | 1.00E-16
Pb 9.32E-10 | 3.82E-09 | 2.96E-09 | 3.11E-09 | 3.22E-09
Pu 1.56E-04 | 4.91E-13 | 6.53E-13 | 5.37E-13 | 5.26E-13
[ ©.28E-04 | 1.92E-04 | 1.92E-04 | 1.92E-04 | 1.92E-04
Sl 3.67E-05 | 2.07E-05 | 2.09E-05 | 2.11E-05 | 2.12E-05
Ti 2.23E-10 | 2.26E-10 | 2.26E-10 | 2.26E-10 | 2.26E-10
v 1,03E-06 | 5.63E-07 | 7.862E-07 | 7.19E-07 | 6.76E-07
Hf (2n)* 6.69E-10 | 6.78E-10 | 6.78E-10 | 6.78E-10 | 6.78E-10

NOTES: *Hfwas converted to Zr for EQ6 Calculations (Assumption 3.16).
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Table 6-14. Composition of Corrosion Products (mole%) and Density in Selected Years for Case 22
(p01g2204/p02g2022)

Years| 48 10158 | 41581 | 100820 | s28010

5.55E+01 | 6.54E+01 | 5.56E+01 | 5.58E+01 | 5.62E+01
9.81E-01 | 9.62E-01 | ©.42E-01 | ©.06E-01 | 8.82E-01
©.35E-03 | 9.17E-03 | 8.97E-03 | 8.63E-03 | 8.3%E-03
1.77€-01 | 1.80E-01 | 2.87E-01 | 4.5SE-01 | 4.48E-01
1.27E-02 | 7.56E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00
1.24E-02 | 1.05E-02 | 1.02E-02 | ©.80E-03 | 9.26E-03
1.67€-03 | 3.29E-03 | 0.00E+00 { 0.00E+00 | 2.55E-20
1.67E+01 | 1.68E+01 | 1.64E+01 | 1,58E+01 | 1.54E+01
1.07E-03 | 5.62E-03 | 3.00E-02 | 7.32E-02 | 7.64E-02
1.58E+01 | 1.56E+01 | 1.57E+01 | 1.54E+01 | 1.49E+01
0.00E+00 | 1.50E-02 | 1.38E-01 | 3.48E-01 | 2.89E-01
1.67E-02 | 1.55E-02 | 1.53E-02 | 1.48E-02 | 1.55E-02
6.10E-02 | 5.56E-02 | 4.31E-02 | 3.17E-02 | 2.50E-02
2.11E-01 | 2.02E-01 | 1.90E-01 | 1.76E-01 | 1.68E-01
5.82E-01 | 6.82E-01 | 5.70E-01 | 5.48E-01 | 5.34E-01
1.51E-02 | 1.98E-02 | 3.16E-02 | 3.32E-02 | 3.71E-02

Element

F|5|&|=| 0| o|=| R[> 2] 2| 2| 8| 2|0

Ni 5.04E-01 | 4.93E-01 | 4.82E-01 | 4.64E-01 | 4.52E-01
Np 0.00E+00 | 6.56E-06 | 1.08E-04 | 2.89E-04 | 2.32E-31

Pb 3.34E-03 | 3.28E-03 | 3.21E-03 | 3.09E-03 | 3.00E-03

Pu 1.63E-03 | 6.08E-03 | 3.04E-02 | 7.35E-02 | 7.67E-02

Si 9.27E+00 | ©.11E+00 | 8.98E+00 | 6.76E+00 | ©.40E+00

Ti 1.53E-01 | 1.87E-01 | 4.45E-01 | 8.86E-01 | 9.16E-01

U 2.15E-03 | 1.13E-02 | 6.03E-02 | 1.47E-01 | 1.53E-01

Hf @21 1.24E-03 | 6.45E-03 | 3.47E-02 | B.46E-02 | 6.83E-02
Total (%) 100 100 100 100 100

Total’ (g) 3.17E+03 | 3.23E+03 | 3.33E+03 | 3.52E+03 | 3.62E+03
Density (glcm) 3.76 3.76 378 3.82 3.80

NOTES: ‘Hf was converted to Zr for EQS, then converted back to Hf for mass and density calculations.
®For EQ6 system (1 liter aqueous fluid). To obtain total grams in WP, multiply by total system volume
of 4593.665 liters,
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Table 6-15. Solution Composition in Molality in Selected Years for Case 25 (p0192203/p02g2031)

Years 4768 5803 | 21187 | 107620 | 634130
Etemanr—P1 | 5032400 | 5.61E+00 | 7.49E+00 | 8.04E+00 | 8.08E+00
) 561E+01 | 5.61E+01 | 5.55E+01 | 5.556+01 | 5.55E+01
Al 1.50E-04 | 149E-06 | 7.76E-00 | 2.20E-08 | 247E-08
B 1.21E:05 | 122E.05 | 1.24E-05 | 1.24E-05 | 1.24E-05
Ba 5.206-07 | 1.69E-07 | 1.09E-07 | 6.94E-00 | 5.85E-09
Ca 123E01 | 185601 | 1.01E.03 | 3.45E.04 | 2.20E-04
C 1.98E-04 | 199E-04 | 2.01E-04 | 201E04 | 201E-04
cr 8.33E-01 | 6.26E01 | 2.62E-03 | 7.73E.06 | 1.00E-16
Cu 181E02 | 1.28E-03 | 4.54E:07 | 3.27E-07 | 3.26E-07
F 1.19E03 | 1.68E-03 | 3.10E.04 | 1.15E-04 | 1.15E6-04
Fe 113E-10 | 3.076-11 | 3.72E-12 | 3.60E-12 | 3.606-12
Gd 1.80E-02 | 4.39E-02 | 1.02E-07 | 5.44E-:08 | 5.56E-08
H 1.06E+02 | 1.08E+02 | 1.41E+02 | 1.11E+02 | 1.19E+02
c 2.62E-05 | 5.01E-05 | 5.73E.04 | 1.886-03 | 2.03E-03
P 2.65E-11 | 345E-12 | 7.54E-11 | 6.24E-10 | 6.81E-10
K 1.34E-02 | 1.50E-02 | 146E-03 | 5.72E:04 | 3.00E-04
G 6.78E-06 | 6.82E-06 | 6.92E-06 | 6.92E-06 | 6.62E-06
Mg 4.62E-02 | 5.13E02 | 4.80E-04 | 6.76E-05 | 5.53E-05
Mn 8.21E-10 | 6.50E-11 | 3.92E-15 | 3.50E-16 | 3.15E-16
Mo 8.81E-17 | 9.66E-17 | 1.00E-16 | 1.00E-16 | 1.00E-16
N 164E-02 | 1.24E-02 | 1.976-04 | 142604 | 1.42E-04
Na 5.19E03 | 5.20E-03 | 8.61E-04 | 141E-03 | 1.97E-:03
Ni 2.06E01 | 1.46E-02 | 8.62E-07 | 5.66E-08 | 4.70E-08
Np 3.37E-04 | 2.85E-04 | 3.14E-06 | 1.65E-06 | 1.66E-06
b D.87E-10 | 2.64E-10 | 1.80E-10 | 4.26E-00 | 3.60E-00
Pu 145E-10 | 238611 | 4.07E-13 | 4.50E-13 | 4.926-13
3 1.68E-04 | 2.15E-03 | 2.04E-04 | 1.02E.04 | 1.92E-04
s 2.03E-05 | 2.65E-05 | 2.20E.05 | 2.12E-05 | 2.16E05
T 2.10E-10 | 2.15E-10 | 2.26E-10 | 2.26E-10 | 2.26E-10
U 364E-07 | 4.20E08 | 4.22E08 | 447E-07 | 5.50E-07
e 6.20E-10 | 6.44E-10 | 6.78E10 | 6.78E-10 | 6.76E-10

NOTES: *Hf was converted to Zr for EQ6 Calculations (Assumption 3.16).
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Table 6-16. Composition of Corrosion Products {mole%) and Density in Selected Years for Case 25
(p01g2203/p0292031)
Element Years 4758 5803 21187 | 107620 | 634130
0 §.56E+01 | 5.57E+01 | 5.58E+01 | 56.58E+01 | 5.59E+01
Al 8.61E-01 | ©.45E-01 | ©.20E-01 | 8.20E-01 | 9.26E-01
Ba 8.15E-03 | ©.00E-03 | 8.85E-03 | 6.84E-03 | 8.81E-03
Ca 1.74E-0% | 1.856-01 | 2.00E-01 | 1.97E-01 | 2.05E-01 |
Cr 1.24E-02 | 1.22E-02 | 1.20E-02 | 2.59E-03 | 2.69E-30
Cu 1.07E-02 | 1.84E-02 | 1.98E-02 | 1.08E-02 | 1.87E-02
F 3.62E-03 | 3.02E-03 | 3.50E-03 | 0.00E+00 | 2.50E-19
Fe 1.66E+01 | 1.84E+01 | 1.62E+01 | 1.62E+01 | 1.61E+01
Gd 1.78E-02 | 1.76E-02 | 6.93E-02 | 6.93E-02 | 6.80E-02
H 1.56E+01 | 1.53E+01 | 1.52E+01 | 1.52E+01 | 1.51E+01
C 0.00E+00 | 8.00E-05 | 5.31E-02 | 6.24E-02 | 6.47E-02
P 1.66E-02 | 1.65E-02 | 1.62E-02 | 1.62E-02 | 1.63E-02
K 1.26E-01 | 1.20E-01 | 1.05E-01 | 9.45E-02 | 6.45E-02
Mg 1.62E-01 | 1.45E-01 | 1.30E-01 | 1.28E-01 | 1.31E-01
Mn 5.77E-01 | 5.71E-01 | 5.62E-01 | 6.61E-01 | 5.60E-01
Mo 0.00E+00:] 0.00E+00 | ©.77E-32 | 6.70E-32 | 1.05E-31
Na 5.14E-03 | 4.31E-03 | 5.89E-03 | 2.18E-02 | 3.92E-02
Ni 6.84E-01 | 7.80E-01 | 7.85E-01 | 7.84E-01 | 7.82E-01
Np 0.00E+00 | 1.61E-04 | 4.49E-04 | 3.90E-04 | 2.01E-04
Pb 3.27E-03 | 3.22E-03 | 3.16E-03 | 3.16E-03 | 3.15E-03
Pu 3.20E-02 | 5.59E-02 | 8.09E-02 { 8.09E-02 | 8.06E-02
s 1.80E-03 | 4.63E-04 | 0.00E+00 | 0.00E+00 | 1.56E-17
Si 8.91E+00 | 8.77E+00 | 8.63E+00 | 8.64E+00 | 8.73E+00
Ti 4.62E-01 | 7.07E-01 | ©.64E-01 | 9.63E-01 | 9.60E-01
U 6.32E-02 | 1.12E-01 | 1.62E-01 | 1.62E-01 | 1.61E-01
Hf @Zn* 3.63E-02 | 6.40E-02 | 9.30E-02 | 9.29E-02 | 9.26E-02
Total (%) 100 - 100 100 100 100
Total® {g) 3.30E+03 | 3.40E+03 | 3.49E+03 | 3.40E+03 | 3.50E+03
" Denslty (gfcm”) 3.80 3.84 3.89 3.89 3.88

NOTES: 'Hf was converted to Zr for EQS, then converted back to Hf for mass and density calculations.
®For EQ6 system (1 liter agueous fluid). To obtain total grams in WP, multiply by tota! system volume
of 4593.965 liters.
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7. ATTACHMENTS

Attachment I. Document Input Reference Sheets (8 pages)

Attachment I1. Listing of Files on Electronic Media (7 pages)
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Attachment I. Document Input Reference Sheet

OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT
DOCUMENT INPUT REFERENCE SHEET

1. Document identifior No/Rev.: Change: The:
CAL-EDC-MD-000003 REV00 EQ6 Cajculation for Chemical Degradation of Pu-Ceramic Waste Packages: Efects of Updatsd Materials Compostition and
Rates -
{nput Document . 8. TBV Due Yo
4.npt | 8. Baction 8. Input Description 7.TBVTED From Uncontrolied Un
2. Technical Product lnput Source Tite and | 3- Bection Unqual.
identiier(s) with Varsion Stats | Vsedin Priority Source confirmed
2a | LLNL 1998. Piutonlum tion Projact, Data | Entire; TBV- 1,8 Pu-ceramic description, composition, | 3 x NA NA
1 for Yucca Mountain Total Systems Psrformance Tablo 3.1: 3438 preliminary rates; and
Assessment, Rev. 1. PP Milsstons Report. . metamictization factor of 30.
Wilestone 2.0.b. PIP $8-012. Livermore, Caltfomia: | Section 8
LLNL. ACC: MOL.18380818.034%. {metamict
INITIAL ISSUE factor).
2 | Shaw, HF, od. 1995. Piusonium Immabiization | Figure NA 15 N/A: Used as check that oider valuss | x7a NA NA NA
Project Input for Yucea Mountain Tota! Systerms e.1; &ré consistant with newer results, but
Performance Assessment. PIP-99-107. Livermore, | o nct used for nput.
Caltiomia: LLNL. TIC: 245437, 62
{metamict
factor).
3 | Civikan Radioactive Waste Management Secton | NA 1 N/A: Discussion of degradation NA NA A NA
{CRWMS) Manag: 1t & Op g C 10812, scenarios, Dut No numeric data usad.
(M&0) 1998, Tola! Systam Performance
A - Viability A (TSPA-VA)
Analyses Technical Basls Docurnent, Chapler 10,
Disruptive Events. BOO000000-01717-4301-00010
REV 00. Las Vepas, Nevada: CRWMS M20. ACC:
MOL.19980724.0399.
4 DOE 1998. Disposal Criicality Analysis Fig.C-12 | NA 13 N/A: Fiooding may last » 2-10° years; | N/A NA NA NA
Topicat Report. Revision 0. and C-13, . first breach of package Wkely 10 ocour
YMP/TR-004Q. Las Vegas, Nevada: DOE. ACC; aftar 10,000 years. Used lo obtian
MOL.19950210.0236. broad bounding times fior calculation,
but not used for numeric
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DOCUMENT INPUT REFERENCE SHEET

P'odudt oﬂM Trhlllent Rlu-Ennh Phosphates.®
oG ) and Engh g Dafa, 36, §3-
ington, D.C.: American Chemica!

oS, Soclety.
TIC: 240863,

not used for numeric input.

1. Document identifisr No./Rev.: Changs: Tiie:
CAL-EDC-MD-000003 REVOC EQS Calcutstion for Chemica! Degradation of Pu-Ceramic Waste Psckapes: Effects of Updatsd Materists Composiion and
{nput Document 6. T8V Due To
4.nput | 8. Becton &. Input Description 7. YBVITBD From Uaco Un-
2. Technical Product Input Source Thie and | 3. Section Unqual. | From Uncantroled
identifier(s) wkh Version Satis | Usadin Priorty Source confirmed

CRWMS ML0 1998. EQE Calculations for pp. 11413 | NA 135 NA: Discussion of mode used in NA NA N/A NA
Chemical Degradation of Py-Ceremic Waste spad; EQS calculations for Pu-ceramic WP
Packsges BBADOC000-01717-0210-00018 REV Section degradation; normalization process:
00. Lss Vegss, Nevada: CRWMS M80. ACC: 5.3 Table axpected run conditions with highest
MOL.18980918.0004. §.3-1; Fig. Gd loss; used as broad guidancs, but

8.3.4-2 not used for numeric input.

and §.3.4-

[]
gm:. i.z‘m J.F.; Isherwood, W.F.; and Ilblu 41 ;‘Bz\t 3,5 Composition of J-13 water. 3 X NA NA

ber, . Report of the Committes o 42
Review the Uss of J-13 Wall Water in Nevads ANOPE Must review Jverage
Nuclear Waste Storsge investigations. UCID- m:tﬁa:l\ﬁde. A
21857. Livermore, Catifornia: LLNL. ACC: mm Pty e
MOL.19980418.0660. detemined by pesr-review panel.
INITIAL ISSUE
CRWMS M20O 1988. EQ6 Calcwations for p26;Fig |NA 3.5 N/A: Chemica! variations sxpectedin | N/A NA NA NA
Chenical Degradation of Fast Fux Tes! Feciilty &2 package, solublilty conditions for Gd
(FFTF) Wasle Packages. BBAD0O000G-01717-0210- | through 8- phosphats, used as geners!
00028 REV (0. Las Vegas, Nevada: CRWMS 0 pp 54- gukiance; not used for numeric input.
M20. ACC: MOL.19981220.0081. 87, Justification for drip rates; range
used is lurge, sncompasses VA

511348 values, and constitules a parametric

831 variation.
DOE 1998. Viablity Assessment of a Repository at | Fig 3-228 | NA 3 N/A: Discussion of lemperature st NA NA NA NA
Yucca Mountain, Volume 3: Total System 324, pp which inkial breach of waste package
Performance Assessment. DOE/RW-0508. Lss M3 wilt occur, Used 1o Indicate broad
Vegas, Nevada: CRWMS M&O. ACC: . constraints on run conditions, and to
MOL.19981007.0030. Justify use of 25C data, but not used

for numeric input.

Firsching, F.H. and Brune, S.N. 1991. “Solubllity Entire NA 3 N/A: Discussion of GPO4 solubility; | N/A N/A NA NA

CAL-EDC-MD-000003 REV 00
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DOCUMENT INPUT REFERENCE SHEET

1. Document Identifler No/Rev.: Change: Tele:
CAL-EDC-MD-000003 REVOD g‘mmmwmm-munu‘ Waste Packages: Effects of Updated Materials Composiion and
. tes
Input Document & toput 8. TBV Due To
4.inpt | 8. Bection d Descrigtion 7. TBVABD
2 Technical Product Input Source Titie and 3, Section Unqual. From Uncontrolied Un-
entifier(s) with Version Stz | Usedin - Prioety Source confimed
10 | CRWMS M0 1999, Electronic Dats for EQS Entirs NA 3,4,5,8 | NA: EQE database files, geometry NA NA NA NA
Calculation for Chemical Degradation of Pu- calculations for fuel & WP
Ceramic Waste Packages: Effects {Pu-coram.xis), EQY5 N, 8iand
Materia/s Composition end Rates. CAL-EDC-MD- output flies. Exce! (xis) files cite other
000003 REV 00. Las Vegas, Nevada: CRWMS references as indicated in these
M20. ACC: MOL.19990923.0238. DiRs.
11 | CRWMS M2O 1898. Tots! System Performance Figure TBV- 3,8 N/A: Long-term CO2 pressurs 3 X N/A NA
Assossment - Vieblity Assassment (TSPA-VA) 4-27 3412 (log{tO2)= -3). Usad only for
Analyses Technical Basis Document Chapter 4, consistency check; ICO2 varied up 1
Neaar-Field Geochemica! Environment. BOGCOOCD0- order magnitude from wet-
01717-4301-00004 REV 01. Las Vegas, Nevads: established amblent (Ref. 34).
CRWMS M30. ACC: MOL.19981008.0004.
12 | CRWMIS MED 1938, Sacond Wasie Package ALV | NA s Basis for assumgtion of convective | N/A NA | NA NA
Probabilistic Analysis: Generstion snd circulation and mixing of water Inside
Evslustion of interns! Criticelity Configurations. waste package.
BRAD00J00-01717-2200-00005 REV 0C. Lss
Vegas, Nevada: CRWMS M20. ACC:
MOL.18860824.0193.
13 | Latimer, WM. 1952. The Qxidation States of the p. 272 NA 3 N/A: Similarity of Hf and 2r. This is NA NA NA N/A
Elements and their Potentials in widely used handbook. No numeric
Solutions. pp. 8-9, 30, 215, 272-274. New York, Input; used only for general indication
New York: Prentice-Hall, Inc. TIC: 238748. of chemica! simftarity.
14 Wolety. 'I'.J 1992. EO:VG. A Softwere Podmga for | Entire NA 4 N/A: General discussion of EQWE NA NA NA NA
G Systems: software. Not usad for numeric input. | -
Package Overview and lnsfallaﬂon Guide (Version
7.0). UCRL-MA-110852 PT 1. Livermore,
California: LLNL. TIC: 205087,
15 | Daveler, 5.A. snd Wolery, T7.J. 1892. EQPT, A Entire N/A 4 N/A: Genera! discussion of EQYVS NA NA NA N/A
Data File Praprocessor for the EQYS Softwere software. Not used for numeric input.
Package: User's Guids and Related
Documentation (Version T.0). UCRL-MA-110682
PT ll. Livermore, California: LLNL. TIC: 205240.
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DOCUMENT INPUT REFERENCE SHEET

1. Document Kdentifier No/Rav.: Change: Tits:
CAL-EDC-MD-000003 REVOC EQ6 Caicutation for Chemical Degradation of Pu-Ceramic Waste Packages: Effacts of Updated Materials Composition and
input Document 8. TBV Dus To
aput | 8 Section €. input Description 7. TEVTBD oL | From Uncontrofied Un-
2. Technical Product nput Source TRte and | 3 Section Ung
idenifier(s) with Version Status Usad in Priostty Source confimed

18 Wohfy Td. 1992. EQ3NR, A Computer Program | Enlire NA 4 N/A: General discussion of EQA/S NA NA NA NA

WWMMWU software. Not used for numeric input.

: Theoratical Manua!, User's Guids,

and Rolated Documentation (Vuslcn 7.0). UCRL-
MA-110662 PT Nl. Uivermors, Califomia: LLNL.

TIC: 205154.
17" | Wolery, T.J. and Daveler, S.A. 1892. EQG, A Entire NA 4 N/A: Genera! discussion of EQY/S NA NA NA NA
Omwwmmbrmacﬂm?'mmrgd software. Not used for rumeric input.
Geochermical

(chslon 2.0). UCRL-MA-110662 PT IV.
Livermore, Calffornia: LLNL. TIC: 205002

18 | CRWMS MO 1999. Software Change Roquest Entire NA 4 N/A: Signed SCR for EQS SCFT NA NA NA NA
(SCR) LSCR188; Addendum To EQS Computer Addendum. Shows qualification
Program for Theoretica! Manual, User's Guids, and completed for EQE Addondum, Not
Related Documentation. UCRL-MA-110662 PT IV. used for numeric input.

Las Vegas, Nevada: CRWMS M20. ACC:
MOL.18990305.0112.

19 | CRWMS MS0 1998. EQ3/5 Software instaliation Entire | NA 4 N/A: Documnentation of installation NA NA NA NA

and Testing Report for Pentium Based Persona! and test report for EQ3/6 software.

(PCs). CSCL: LLYMP96021N Las Not used for numeric input.

20 | Jones, R.H. 1998, "Weight of Can-in-Canister Entire NA s; QUA: Used as check onmasses for | NA NA NA
Assambly.” Interoffice Memorandum from RH. Electronic | SPreadsheet Pu-ceram.:s in sheet
Jones (WSRC) %o E.P. Maddux (WSRC), Madia ‘Magazines, Can, Rack, Disk'. Not
December 3, 1988, NMP-PLS-9801583. TIC: used for numeric input.
243808, .
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ODOCUMENT INPUT REFERENCE SHEET

1. Document ldentifier No.Rav.: Change: Thtle:
CAL-EDC-MD-000003 REVGO £0Q6 Calculation for Chernica! Degradation of Pu-C Wasts Packages: Effects of Updated Materists Compostion sand
input Document . 8. TeVDue To
2. Technicsl Product input Source Tia and. | 3. Saction | &.¥oput | 8. Becton - Input Description 7. TBVITBO ["Unqual. | From Uncontrotied Un
Mdentifier(s) with Version Priority Source confimed
21 | Shaw, H.: Strachan, D.; Chambertain, D.; and Side32 | NA s ic degradation rates (s | yya NA NA NA
Bibler, N, 1990. 4.0 Performnance Testing and Blectronic | 32, "SPFT tests: accomplishments).
Qualification for R itory: immobilizetion Medi Used l.n spreadsheet Pucersmuxis,
Review, Fcbmuyu-zs, 1999. Livermore, 2 sheet ‘Rates’, for Tabie §-3 or 3.12
California: LLNL. TIC: 243840, caiculation.
INITIAL ISSUE Used only 10 suggest broad range;
rate varied 3 orders of magnituda in
calculations.
22 | Hamitton, L.; Haynes, H.; Hovis, G.; Jones, R.; Entire TBV- Electronie r volume snd surface srea | 5 NA X NA
Ksiikku, €.; Ward, C.; snd Stokes, M. 1968 3440 Media calculations in spreadsheet Pu-
Piutonium immoblization Canister Rack & ceram.xis, sheet ‘Magazines, Can,
gaghwm Design. WSRC-TR-08- m ' Rack, Disk'.
. n, arofing: Westinghouse -
Savannah River Company. TIC: 245188. Drawings sre prefiminary by asture,
. because design of the canisters is
Includes the drawings: not fixed. The drawings sre used only
drawing Prototype Magazine (siotted pipe end 1o calculats approximate area and
foadar version) Assembly and Defalls. EES-22624- masses of metal. TBV can be Med
R1-011 REVA by obtalning fins! drawings and
showing that sreas and masses are
drawing Rack Weidment, Detalls - Scalioped Plates Rtis changed.
(U). EES-22624-R4-019 REVA
drawing Rack Wekiment. Base Plate Detalls (U).
EES-22624-R4-020 REVA.
INTTIAL ISSUE
23 | wastinghouse Savannah River Company 1908, Entire TBV- Electronic | Used for volume and surface sre | 3 NA X NA
Drawing: Rack Waldment (Cold Pour ARernats 1C) 3441 media calculations in spreadsheet Pu-
Weldment, EES-22624-R3-028 REV A. Alen, ceram.xls, shest Magazines, Can,
- AMOPE Rack, DisK'.
South € lna $ h River Acprovat
- S Ses 22 for TBV conditions.
INITIAL ISSUE
2¢ | CRWMS MEO 1650, Waste Peckeps Materiahs | Sections | TBV- | 5; Composttions and denslis of 304 | WA NA | A NA
Properties. BBAOO0000-01717-0210-00017 REV
00. Las Vegas, Nevada: CRWMS MEO. ACC: | o0 10 [ 3145 | Blechonic. | and AS18 stecls.
MOL.19590407.0172. @ 17‘) These data are sccepted but require
i concurrence from DOE AMOPE.
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DQCUMENT INPUT REFERENCE SHEET

L

1. Document identifiar No./Rev.: Change: Thie:
CAL-EDC-MD-000003 REVOC mw&mmmamdw ic Waste P : Effects of Updated Matesizls Composition and
3 .
Input Document ¢. ot Do 8. T8V Due To
4. input §. Section d scription 7. TBVITBD ual. | From Ui Un-
2. Technical Produet Input Source Thie and | 3. Section ‘ Ung rom Uncontrolied
mﬂﬂ !ﬂ’) with vlﬂ-lo_L‘ Status Usedin Priority Source confimed
25 | CRWMS MS0 1997. Criticalily Evaluetion of p. 11-13 TBv- [ Corrosion rates of 3041 and J16L. 3 X N/A N/A
Degradsd Internal Configurations for #he PV/R 42 Usad in shest ‘Rates’ of
AUCF WP Designs. BBAOCO000-01717-0200- Media Pu-cersmuxis.
00056 REV 00. Las Vegas, Nevada: CRWMS Yo It TBY, AMOPE mwst
. » approve
MEO. ACC: MOL.19571231.0251. spproximats rang of rates, or must
WNITIAL ISSUE spprove rates within order magnitude
varistion used in this study.
26 | CRWMS ML0 1985, Tola! System Pesformance p.&5, - | TBV- 8; Glass degradation rates; carbon stee! | 3 11X NA NA
Assessment - 1895: An Evaluation of the Potential | Fig.6.2-5 | 3443 Electronic | degradation rates. Used in sheet
Yuoca Ab:em;gv R:puﬂ'oz BOOCO0000-01717- (glass) Media ‘Rates’ of Pu-ceram.xis.
2200001 1. Las Vegas, Nevada: CRWMS
. p. 5440 To it TBV, AMOPE must approve
M20. ACC: MOL.18960724.0188. p. 585, spproximate rang of rates, o must
INITIAL ISSUE Fig. 5.4-3, spprove rates within the 3 order
544,54 magnitude variation used in this
5 (stee) study.
ar CRWMSM&CHM DOE SRS HLW Glass AtlLp. LT | TBV- [ Campodﬂondlnglus Used in 3 X NA NA
. ics! Compesition. BBADD0000-01717- 0210- 22 Electronic | sheet ‘Compositions’ of
ooou REV 00. Las Vegas, Nevada: CRWMS Media Pu-ceram.xis. )
M2O. ACC: MOL.18990215.0397. Wide 1 1 for study; effects
of varistion were trivia!, so TBV can
be litad ¥ approved compostkion is
within tested rangs.
28 | DOE 1992, Characteristics of Potentia! Repository | 3.3-15, N/A H N/A: Glass composition for N/A NA NA NA
Wastss. DOE/RW-0184-R1, Volums 1. Oakmdgs. Table park not usad for r
Tennesses: Osk Ridge Nationa! Laborstory. ACC: 338 input.
HQO.19920827.0001.
29 | CRWMS MO 1996. MatsriaJ Compositions and p.20-31. | TAV. 5 Isotopic weights of 241Pu and 99Tc. | N/A NA NA N/A
Densities for Neutronics Calculations. 3334 Reference cked uses values from
BBAD00000-01717-0200-00002 REV 00. Las handbooks. The weights are
Vegas, Nevada: CRWMS M20O. ACC: sstablished fact and considered
MOL.199680624.0023. sccepted, Used in Py-ceram.xis,
sheet ‘AlomWis’.
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

1. Documeant identifier NoJRev.:

Change: Tiia:
CAL-EDC-MD-000003 REVO0 EQ8E Calculstion for Chemica! Degradation of Pu-Ceramic Wasts Packages: Effects of Updated Materials Composition snd
Input Document & toout . 8. T8V Dus To
_ 4. lnput 8. Section Oescription 7. YBV/TBD ! F
2. Technical Product input Source Tiie and 3. Section Unqual. rormn Uncontrolled Un-
idontifier(s) with Version Sutus | Usadin Prioriy Source confirmed
30 | Walker, FW.; Parrington, J.R.; and Feiner, F. List of Accepted | 5; Atomic weights (primary source); gas | N/A NA NA NA
1988. Nuciides and isolopes, Fourteenth Edition, Elements, Electronic | constant (from Handbook). Used in
Chart of the Nuckides. San Jose, Califomis: p. 50; Gas Media. Pu-ceram.xis shest "AtomWis'.
Geners! Electric Co. TIC: 2018637, conatant,
p.57.
n Smhlu K. and Bruno, J. 1995. A Selected Entire TBv- L] SXE thermodynamic data supplied 3 NA NA NA
Databass for REE fo bs Usad in 428 with EQ3/6 code package; basis for
Tmmmm’mm.gmm Exuwow 3. SKB rare sarth data in data0.
® ! Report Stockholm, den:
TBV can bs Bed If AMOPE
Bwedtal Nuclear Fusl sd Weste Mansgement Co. spproves LLNL Gembochs SKB data
8s "sccepled”.
INITIAL ISSUE
2 Weger. H.T.; Ral, D.; Hess, NJ.; and McGrail, BP. | Tables2, | NA 8 N/A: Used for comparison against 3 X NA NA
saummmoum-n actionsof | 4, A-3. SKB database; not used 83 Input to
Gldollnlum in the K°-Na*-COy*-OH ;0 System. calcutations of WP degradation in
PNNL-11864. Richland, Washington: Pacific section 8,
Northwest Nationa! Laboratory. TIC: 242377,
33 | CRWMS M2O 1858, EQS Calcwiations for Assumg. N/A ] N/A: Discussion of prior procsss for NA NA NA NA
Chemics! Degradation of PWR and MOX Spent 38. converting iIncoming water
Fue! Waste Packsges. BBA000000-01717-0210- composition into EQS Input; not used
00009 REV 00. Lss Vegas, Nevada: CRWMS for numeric input.
M30.ACC: MOL.193980701.048).
34 | Weast, R.C., #d. 1877. CRC Handbook of p.F-210. | Accepled | 8 Ambient CO2 pressurs. Handbook NA NA NA NA
Chemistry anc Physics, 88" Edition. Clevelsnd, data.
Ohio: CRC Press, inc. TIC: 242376.
35 | DOE 1895. Wasts p.7 NA ] N/A: Discusses process for obtaining | NA NA NA NA
Speciications for Vitrifisd Waste Forms. projected glass compositions.
EM-WAPS Rev. 02 Washington, D.C.: DOE. TIC:
234751,
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1. Document Kientifier No/Raev.: Change: Tive:
CAL-EDC-MD-000003 REVOO €QE Caicutation for Chemical Degradation of Pu-Cersmic Wasts Packages: Effects of Updated Materisls Composition snd
input Document 8. TBV Due To
4.Input | 6. Saction €. Input Dascription 7. TBV/TED ¥ -
2. Tachnica! Product Input Source Titia snd 3. Saction Unqual. rom Uncontrolled Un-
Wentifier(s) with Version Sistos | Usedin Priority Source confirmed
3% | Fowler, J.R; Edwards, RE.; Mams, 8.L; and pp. 408, | TBV- ] N/A: Projected DOE glass NA NA NA NA
Plodinec, M.J. 1885, Chemical Composition Tables 1 3424 compositions usad for comparison.
Projections for the DWPF Product. WSRCAM-81- | to 3.
118-1, Ravision 1. Aken, South Carofina:
Waestingh 8 h River Company. TiC:
232731,
37 | Bbler, N.E; Ray, JW.; Fellinger, T.L.; Hodoh, Table 1. NA 5 N/A: Measured SRL glass NA N/A NA NA
Ol Bedt.lls snd Lien, 0.G. 1898. composiion used for comparison.
rization of Ra Giass Cumently X
Beina Produced by the Defense Wasts Processing
Facilily at Ssvenneh River Site. WSRC-MS-97-
00617. Aken, South Carolina: Westinghouse
Savannsh River Company. TIC: 240858,
Stockman, HW. 199¢. "Long-Term Modeting of . "
3 Phtonkm Solubiy &t & Desert Disposd] 51, g‘m NA 82 :Iotdmhm;:dmﬂmuzlb?afw NA NA NA NA
fncluding CO, Diffusion, Celluicss Decay, end aumeric input.
Chelation.” Jouna! of Soff Contamination, 7(5),
615847, Boca Raton, Florida: Lewis Publishers.
TIC: 240838,
39 | Roberts, W.L; Rnpp G.R. Jr.; and Weber, J. pp. 4647, | TBV- Electronic | Density of minerats usad for molar NA NA NA NA
1974. norals New York, New 800, 815- | 444 Medis volumes of several phases in
York: van uoshnd Rolnhold Company. TIC: §18, 530, data0.nuc.R83; widely used
241917, 624-625, handbook.
850. Given the sources and nature of the
dats, the densities sre established
INAL ISSUE fact should bs considered accepted,
pending DOE AMOPE spprovsl.
CAL-EDC-MD-(00003 REV 00 ' I-8
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Attachment IL Listing of Files on Electronic Media

This attachment contains the MS-DOS directory for files placed on the electronic media (Ref.
10). The files are of nine types:

1) Excel files (extension = xIs), called out in the text and tables. The file Pu-ceram.xls is the
principal source of the *.6i input files used for sections 5.4.2 and 6.

2) EQ3/6 input files (extensions = 3i or 61), as discussed in Sections 5.3 and 5.4.2. The 6i mput
files described in Section 5.4 and 6 are formatted for the SCFT mode, and have 8-character
names p???sgfw.6i, where the s is a steel rate index (1 or 2), the g is a HLW glass rate index
(0, 1 or 2; 0 used when no undegraded HLW glass is present), the f is the fissile (ceramic)
degradation rate index (0, 1, 2, or 3), and w is the incoming water drip rate index (1, 2, 3, 4).
The ?7? indicate run-specific nomenclature described in section 5.4.2.

3) EQS6 output files (text, extension = 6o).

4) Tab-delimited text files (extension = txt), with names p?7?2?7?2.elem????2.txt. as discussed in
Section 5.4.2; these contain total aqueous moles (*.elem_aqu.txt), total moles in minerals and
aqueous phase (*.elem_m_a.txt), total moles in minerals, aqueous phase, and remain special
reactants (*.elem tot.txt), and the total moles in minerals alonc (*.elem_min.txt). The
*.elem_tot.txt and *.elem_min.txt also have the volume in cm® of the minerals and total
solids (mcludmg special reactants) in the system.

5) FORTRAN source files (extension = for) for the version of EQ6 used in the calculations.

6) MS-DOS/Win95/Win98 executables (extension = exe) for the version of EQ6 and runeq6

- used in the calculations, and'the autoexec.bat file that sets up the environment.

7) EQ6 data files used for the calculations, with the text file data0.nuc.R8d, and the binary
version datal.nuc.

8) Selected binary files (bin extension) used for plots in this document; the format of these files
is specified in the EQ6 addendum source (Ref. 18). The binary files are not necessary to use
the output of the calculation, but are provided as a convenience for plotting.

9) A copy of this calculation document, Pu-ceramic_312hws*.doc, as of 09-12-1999.

Below are listed the contents of the DOS directories within the electronic attachment. The file
sizes are given in bytes.

~\Pu-ceram_CD

EXE_F7~1 <DIR> 09-12-99 4:49p Exe_f77_src_data0_datal
PU_BIN-1 <DIR> 09-12-93 5:25p Pu_bin_for_PP_plots
PU_DOC-1 <DIR> 09-12-99 5:51p Pu_doc_xls

PU_TXT~1 <DIR> 09-12-99 S:44p Pu_txt_6i_60

SENS_G~1 <DIR> 05-12-93 2:06p sens_Gd_thermo
SENS_G~2 <DIR> 08-12-9% 2:17p sens_Glass

sens_J13 <DIR> 08-12-93 2:07p sens_J13

~\Pu-ceram CD\Exe £77_src_data0_datal

AUTOEXEC BAT 624 05-12-99 1:20p AUTOEXEC.BAT
CONFIG 8YS 463 06-17-98 2:04p CONFIG.SYS
DATAON~1 RBA 2,299,784 11-25-98 4:15p data0.nuc.R8a
DATAON~1 RS8D 2,300,150 12-15-%8 S5:26p data0.nuc.Réd
DATAON~1 REW 2,301,840 01-19-99 11:33a dataO.nuc.R8w
datal nuc 791,620 04-22-95 4:22p datal.nuc
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datal R8a 791,200 08-18-99 8:20a datal.R8a
datal weg 792,836 01-19-S5 11:34a datal.weg
Eg3nr exe 2,169,333 08-18-95 5:47p Eg3nr.exe
egé exe 1,056,485 12-11-58 1:27p eg6.exe
egénew for 1,322,545 12-11-%8 10:50a eg6nevw.for
eqlibnew for £€92,613 07-01-98 6:34p eqlibnew.for
EQPT EXE 2,337,701 08-18-S5 5:47p EQPT.EXE
EXTERNAL FNT 9,800 06-29-S5 8:27p EXTERNAL.FNT
HELP_ PP 50,724 03-31-S8 6:04p HELP_PP

PP EXE 308,608 10-10-58 4:15p PP.EXE
PREFER PP 62 01-20-99% 10:25a PREFER.PP
Readme txt 505 05-12-99% 1:51p Readme.txt
Runeq3 exe 388,005 08-18-%5 5:46p Runeqg3.exe
RUNEQ6 EXE 392,181 08-18-95 5:46p RUNEQ6.EXE
RUNEQPT EXE 334,517 08-18-95 5:46p RUNEQPT.EXE

~\Pu-ceram CD\Pu_bin_for PP_plots

P10_2131 BIN 20,534,072 09-12-59 3:20p P10_2131.BIN
po0_1131 bin 25,334,888 09-12-S9 3:16p p00_1131.bin
po0_1231 bin 28,125,624 09-12-99 3:18p p00_1231.bin
PO0_2131 BIN 7,956,864 09-12-99 3:19p POO_2131.BIN
po0_2133 bin 98,284,944 05-12-99 3:26p p00_2133.bin
pO0_2231 bin 28,453,992 09-12-99 3:29p p00_2231.bin
p02g2022 bin 97,847,912 09-07-99 2:44p p02g2022.bin
P02G2031 BIN 22,732,728 09-07-59 12:10p P02G2031.BIN
ps0_1131 bin 25,391,016 09-01-99 10:48p psO_1131.bin

~\Pu-ceram CD\Pu_doc_xls

DENSIT~1 XLS 206,336 05-12-99 S5:51p density Puceramicsue.xls
FFTF_S~1 XLS 3,696,640 05-12-99 5:41p fftf short.xls

GD_PEA~1 DOC 910,848 08-30-99 11:26a Gd_peaks Pu-ceram_| 083099 doc
pu-ceram x1s 922,624 05-12-89% 4:36p pu-ceram.xls

PU-CER~1 DOC 3,642,880 09-12-99 6:22p PU-ceramic_312hws_0911_4PM.DOC
~\Pu-ceram_ CD\Pu_txt_¢€i_6o

plo_2131 6i 37,292 09-12-99 2:33p pl0_2131.6i

pl0_2131 6o 2,337,650 09-12-99 2:35p p!0_2131.60

P10_21~3 TXT 21,511 09-12-99 2:45p pl0_213l.elem_aqu.txt
P10_21~1 TXT 20,366 09-12-99 2:46p pi0_2131.elem min.txt
P10_21~2 TXT 20,379 09-12-99 2:46p p!0_2131.elem_tot.txt
PO0_1111 €I 41,414 09-12-99 2:34p P00O_1111.61

p00_1111 60 4,352,245 09-12-99 2:35p p00_1ll1l.60

P04DSD~1 TXT 42,771 09-12-99 2:46p p00_llll.elem_aqu.txt
P03S95D~1 TXT 40,474 05-12-99 2:46p p00_llll.elem min.txt
PO3FBl~1 TXT © 40,487 09-12-9% 2:46p p00_llll.elem_tot.txt
POO_1113 61 41,414 09-12-99 2:34p P00_1113.61

po0_1113 6o 7,658,672 09-12-99 2:36p p00_1113.60

P04D5D~1 TXT 69,411 05-12-99 2:46p p00_l113.elem_aqu.txt
P0395D~1 TXT 65,674 09-12-99 2:46p p00_l1ll13.elem min.txt
PO3F71~1 TXT €5,687 05-12-99 2:46p p00_l1113.elem tot.txt
P00_1122 €I 41,414 09-12-99 2:34p P00_1122.61

po0_1122 6o 8,529,473 059-12-9% 2:36p p00_1122.60

PO6D3D~1 TXT 74,739 09-12-83 2:46p p00_1122.elem _&qu.txt
P0593D~1 TXT 70,714 09-12-99 2:46p p00_ll1l22.elem_min.txt
POSF51~1 TXT 70,727 09-12-99 2:46p p00_l1122.elem_tot.txt
P00_1131 &I 41,414 09-12-99 2:34p P00_1131.6I
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po0_1131 6o 3,589,489
PO8D9D~1 TXT 34,778
P0799D~1 TXT 32,914
P0O0_11~3 TXT 32,927
PO0_1133 61 41,414
p00_1133 60 7,539,485
POO_11~4 TXT 66,747
POO_11~2 TXT 63,154
P0OO_11~1 TXT 63,167
P0O_1211 6I 41,414
p00_1211 60 3,941,015
P04D8D~1 TXT 37,443
P0398D~1 TXT 35,434
PO3FAl~1 TXT 35,447
P00_1213 6I 41,414
p00_1213 60 8,043,246
P04D4D~1 TXT " 69,411
P0394D~1 TXT 65,674
PO3F61~1 TXT 65,687
P00_1222 6I 41,414
po0_1222 60 8,644,631
PO6D2D~1 TXT 75,627
P0592D~1 TXT 71,554
PO5F41~1 TXT 71,567
P00_1231 €I 41,414
p00_1231 60 3,846,989
‘POSDBD~1 TXT 36,999
P0O0_12~4 TXT 35,014
PO7FAl~1 TXT 35,027
P00_1233 61 41,414
po0_1233 60 8,171,722
POO_12~2 TXT 70,743
P00_12~3 TXT 66,934
P0O0_12~1 TXT 66,947
po0_2111 61 41,414
poo0_2111 6o 4,622,145
POSDSD~1 TXT 46,767
P0499D~1 TXT 44,254
PO4FBl~1 TXT 44,267
P00_2113 6I 41,414
po0_2113 60 8,086,978
POSD5D~1 TXT 73,851
P0495D~1 TXT 69,874
PO4F71~1 TXT 69,887
P00_2122 61 41,414
po0_2122 60 8,683,481
PO7D3D~1 TXT 76,959
PO0_21~4 TXT 72,814
PO6F51~1 TXT 72,827
po0_2131 641 41,479
po0_2131 60 1,820,752
POSDID~1 TXT 19,731
PO899SD~1 TXT 18,662
POSFB1~1 TXT 18,655
P00_2133 61 41,414
po0_2133 60 7,892,956
P00_21~1 TXT 70,299
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p00_1131.60
p00_1131.elem_aqu.txt
po0_1l1131.elem min.txt
Pp00_1131.elem tot.txt
P0O0_1133.6I
po0_1133.60
po00_1133.elem aqu.txt
po00_1133.elem_min.txt
p00_1133.elem tot.txt
P00_1211.61
po00_l1211.60
p00_1211.elem aqu.txt
po00_1211.elem min.txt
p00_1211.elem_tot.txt
P00_1213.61
po0_1213.60
p00_1213.elem_aqu.txt
p00_1213.elem min.txt
p00_1213.elem _tot.txt
P00_1222.6I
p00_1222.60
p00_1222.elem aqu.txt
p00_1222.elem min.txt
p00_1222.elem tot.txt
P00 _1231.6I
p00_1231.60
p00_1231.elem_aqu.txt
p00_1231.elem _min.txt
p00_1231.elem_tot.txt
P0O0_1233.6I
p00_1233.60
po00_1233.elem_aqu.txt
p00_1233.elem_min.txt
pP00_1233.elem_tot.txt
po0_2111.64
po0_2111.60
po00_2111.elem_aqu.txt
p00_21ll.elem min.txt
p00_211l1.elem tot.txt
P00_2113.61
p00_2113.60
p00_2113.elem_aqu.txt
p00_2113.elem min.txt
p00_2113.elem_tot.txt
PO0_2122.61
po0_2122.60
p00_2122.elem_aqu.txt
p00_2122.elem _min.txt
P00_2122.elem_tot.txt
poo_2131.6i
p00_2131.60
P00_2131.elem aqu.txt
p00_2131.elem min.txt
P00_2131.elem_tot.txt
P00_2133.6I
p00_2133.60
p00_2133.elem_aqu.txt
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POO_21~2 TXT 66,514
PO0_21~3 TXT . 66,527
P0OO_2211 6I 41,414
po0_2211 6o 4,267,590
POSD8D~1 TXT 40,551
P0498D~1 TXT 38,374
PO4FAl~1 TXT 3s,387
P00_2213 6I 41,414
po0_2213 6o 8,635,980
PO5D4D~1 TXT 75,627
P0494D~1 TXT 71,554
PO4F61~1 TXT 71,567
P00_2222 6I 41,414
p00_2222 6o 1,305,088
PO7D2D~1 TXT 75,183
P0692D~1 TXT 71,134
P0O0_22~1 TXT 71,147
P0O0_2231 6I 41,414
p00_2231 6o 3,971,811
PO9DED~1 TXT 37,887
P0898D~1 TXT 35,854
P0O0_22~4 TXT 35,867
P0O0_2233 6I 41,414
p00_2233 6o 8,372,643
P0O0_22~2 TXT 72,963
PO0_22~3 TXT €9,034
POSF61~1 TXT 69,047
p01g1203 €i 38,573
p01g1203 6o 5,199,386
P01G12-~1 TXT 46,767
PO1G12~2 TXT 44,254
P01G12~3 TXT 44,267
p01g2203 6i 38,648
p01g2203 6o 2,060,364
P01G22~1 TXT 21,066
P01G22~2 TXT 19,945
P01G22~3 TXT 19,958
p01g2204 61 38,942
p01g2204 6o 3,019,216
P01G22~4 TXT 28,186
PO29AC~1 TXT 26,681
PO2FCO~1 TXT 26,694
p01h2204 €1 38,573
p01h2204 6o 4,853,424
PO1H22~1 TXT 44,103
PO1H22~2 TXT 41,734
PO1H22~3 TXT 41,747
p02g1021 €1 37,868
p02g1021 60 1,906,955
P02G10~1 TXT 18,396
P02G10~2 TXT 17,419
P02G10~3 TXT 17,432
p02g2021 6i 38,020
p02g2021 6o 2,418,369
POBD2D~1 TXT 21,956
P0792D~1 TXT 20,787
PO7F41~1 TXT 20,800
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05-07-99
09-07-99
08-07-99
08-07-99
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09-12-89
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2:46p
2:46p
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2:43p
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2:44p
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2:47p
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3:56p
3:55p
3:55p
3:55p
10:38a
2:57p
2:57p
2:57p
2:57p
12:27p
1:25p
1:25p
1:25p
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3:30p
3:57p
3:55p
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1:50p
1:50p
1:50p
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p00_2133.elem min.txt
p00_2133.elem _tot.txt
P00_2211.61
po00_2211.60
p00_2211.elem_aqu.txt
p00_221l.elem min.txt
P00_2211.elem tot.txt
P00_2213.61
p00_2213.60
P00_2213.elem_aqu.txt
po00_2213.elem min.txt
po00_2213.elem tot.txt
P00_2222.61
po0_2222.60
po0_2222.elem_aqu.txt
poO0_2222.elem min.txt
p00_2222.elem_tot.txt
P00_2231.61
po0_2231.60
p00_2231.elem aqu.txt
p00_2231.elem _min.txt
p00_2231.elem tot.txt
P0O0_2233.61
p00_2233.60
p00_2233.elem_aqu.txt
p00_2233.elem min.txt
p00_2233.elem_tot.txt
p01g1203.61
p01gl1203.60
p01gl203.elem aqu.txt
p01gl203.elem_min.txt
p01gl203.elem tot.txt
p01g2203.64i
p01g2203.60
p01g2203.elem aqu.txt
p01g2203.elem min.txt
p01g2203.elem_tot.txt
p01g2204.6i
p01g2204 .60
p01g2204 .Elem_aqu.txt
p01g2204 .Elem_min.txt
p01g2204.Elem_tot.txt
p01h2204 .64
po1h2204.60
p01h2204.elem_aqu.txt
p01h2204.elem_min.txt
p01h2204.elem tot.txt
p02g1021.6i
p02g1021.60
p02g1021.elem_aqu.txt
p02g1021.elem min.txt
p02g1021.elem_tot.txt
p02g2021.61
p02g2021.60
Pp02g2021.elem_aqu.txt
p02g2021.elem_min.txt
p02g2021.elem_tot.txt




p02g2022 6i 36,421
p02g2022 6o 7,702,258
P02G20~1 TXT €6,901
P02G20~2 TXT 63,308
P02G20~3 TXT 63,321
p02g2031 6i 38,168
p02g2031 6o 2,190,551
P02G20~4 TXT 19,731
P08925~1 TXT 18,682
PO9F49~1 TXT 18,695
po02h2022 6€i 36,425
po2h2022 6o 7,684,344
PO2E20~1 TXT 66,456
PO2H20~2 TXT 62,887
P02H20~3 TXT 62,900
pblg2203 6€i . 34,951
pb1g2203 6o 1,049,566
pro_2131 €i 41,923
pro_2131 6o 4,202,810
PRO_21~1 TXT 41,981
PRO_21~2 TXT 39,732
PRO_21~3 TXT 39,745
ps0_1122 6i 41,784
ps0_1122 6o 8,226,243
PSO_11~1 TXT 70,906
PSO_11~2 TXT 67,097
PSO_11~3 TXT 67,110
ps0_1131 6i 41,710
ps0_1131 6o 3,670,161
PSO_11~4 TXT 35,751 .
PS799D~1 TXT 33,838
PS7FB1~1 TXT 33,851
ps0_1222 6i 41,710
ps0_1222 60 8,547,371
PSO_12~1 TXT 74,466
PSO_12~2 TXT 70,465
PSO_12~3 TXT 70,478
ps0_2131 6i 41,775
ps0_2131 6o 3,921,236
PSO_21~1 TXT 38,421
PSO_21~2 TXT 36,364
PSO_21~3 TXT 36,377
ps0_2133 6i 41,710
ps0_2133 6o 7,873,703
PSO_21~4 TXT 70,461
PS895D~1 TXT 66,676
PS8F71~1 TXT 66,689
PB82_1122 6i 41,784
ps2_1122 6o 8,376,770
PS2_11~1 TXT 72,242
PS2_11~2 TXT 68,360
PS2_11~3 TXT 68,373
ps2_1131 6i 41,209
ps2_1131 6o 2,387,705
PS2_11~4 TXT 21,956
PSB99D~1 TXT 20,787
PSBFB1~1 TXT 20,800
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p02g2022.64
p02g2022.60
p02g2022.Elem_aqu.txt
p02g2022.Elem_min.txt
p02g2022.Elem_tot.txt
p02g2031.61
p02g2031.60
P02g2031.Elem_aqu.txt
p02g2031.Elem_min.txt
p02g2031.Elem_tot.txt
p02h2022.6i1
p02h2022.60
pO2h2022.elem_aqu.txt
p02h2022.elem min.txt
pPO2h2022.elem_tot.txt
pb1g2203.61
Pblg2203.60
pro_2131.6i
pro_2131.60
pr0_2131.Elem aqu.txt
pr0_2131.Elem min.txt
pro_2131.Elem_tot.txt
ps0_1122.641
ps0_1122.60
ps0_l1122.elem aqu.txt
Ps0_1122.elem_min.txt
Ps0_1122.elem_tot.txt
ps0_1131.61
ps0_1131.60
ps0_1131.elem_aqu.txt
ps0_l131l.elem min.txt
psO_ll3l.elem_ tot.txt
ps0_1222.6i1
ps0_1222.60
psl_1222.elem_aqu.txt
ps0_1222.elem min.txt
ps0_1222.elem tot.txt
ps0_2131.6i
ps0_2131.60
ps0_213l1.elem aqu.txt
ps0_2131.elem min.txt
ps0_2131l.elem_tot.txt
ps0_2133.61
ps0_2133.60
ps0_2133.elem aqu.txt
ps0_2133.elem min.txt
ps0_2133.elem_tot.txt
ps2_1122.61
ps2_1122.60
ps2_1122.elem_aqu.txt
ps2_1l1l22.elem min.txt
ps2_1122.elem_tot.txt
ps2_1131.6i
pPs2_1131.60
ps2_l13l1l.elem_aqu.txt
ps2_1l113l1l.elem min.txt
ps2_113l.elem_tot.txt




09-01-98

ps2_1222 61 41,710 9:26p ps2_1222.6%

ps2_1222 6o 8,584,162 09-02-99 3:34a ps2_1222.60

PS2_12~1 TXT 74,911 095-02-98 3:34a ps2_l1222.elem_aqu.txt
PS2_12~2 TXT 70,886 09-02-98 3:34a ps2_1222.elem min.txt
PS2_12~3 TXT 70,899 09-02-99 3:34a ps2_1222.elem_tot.txt
ps2_2131 6i 41,923 09-01-99 9:25p ps2_2131.61

pPs2_2131 6o 3,886,192 09-02-99 3:58a ps2_2131.60

PS2_21~2 TXT 38,421 09-02-89 3:58a ps2_2131.elem_aqu.txt
PS2_21~3 TXT 36,364 09-02-%9 3:58a ps2_213l1.elem min.txt
PS2_21~4 TXT 36,377 09-02-%5 3:58a ps2_213l.elem tot.txt
ps2_2133 61 41,858 09-01-99 9:24p ps2_2133.61

ps2_2133 6o 8,115,419 09-02-%9 4:56a ps2_2133.60

PSAD5D~1 TXT 72,686 09-02-99 4:56a ps2 2133.elem aqu.txt
PS995D~1 TXT 68,781 09-02-8S9 4:56a ps2_2133.elem min.txt
PS2_21~1 TXT 68,794 09-02-99 4:56a ps2_2133.elem_tot.txt
s00_2131 6i 41,479 09-12-99 2:33p s00_2131.61

~\Pu-ceram CD\sens_Gd_thermo

CERD2W~1 61 46,723 12-02-98 2:21p cerd2w0_0015I_eg6new.6i
CERD3W~1 61 43,826 12-10-58 5:16p Cerd3W0_0015I_CO2_LO new.6i
DATAON-~1 R8W 2,301,840 01-18-59 7:51p data0.nuc.R8w

GDCO3_~1 XLS 19,968 01-21-99 S5:41p GACO3_Weger_ Rai_2_EQ6.xls
veger 31 1,551 01-19-9% 1:55p weger.3I

wegerl 61i 4,126 01-18-99 2:17p wegerl.éi

weger2 61 4,130 01-15-99 4:08p weger2.6i

weger2s 641 4,900 01-20-99 B8:55a weger2s.6i

weger3 6i 4,428 01-19-99 4:28p weger3d.6i

weger3s 61 4,701 01-20-99 8:57a8 weger3s.é6i

weger3sx 61 4,756 01-20-99 10:1l1la weger3sx.6i

weger_ d 34 8,439 01-159-59 2:06p weger_d.3i

WEGER_~1 DOC 471,040 01-27-99 11:02a Weger_Rai_vwvs_SKB.doc
Weg_fig3 xls 27,648 01-21-99 5:41p Weg_fig3d.xls

~\Pu-ceram CD\sens_Glass

CE40CS~1 6X 43,010 01-31-%9 4:53p Cerd2W0_0015I_base.6i

CERD2W~2 TXT 23,536 01-31-99 6:16a Cerd2w0_0015I_base.elem_aqu.txt
CERD2W~3 TXT 22,247 01-31-99 6:16a Cerd2w0_0015I_base.elem min.txt
CERD2W-4 TXT 22,260 01-31-99 6:16a Cerd2w0_0015I_base.elem_tot.txt
CERD2W~1 6I 43,222 01-31-99 4:53p Cerd2W0_001SI_batchl.6i

CERD2W~2 6I 43,222 01-31-%9 5:59p Cerd2W0_001SI_batchia.éi

CEFB4F~1 TXT 16,171 01-31-99 6:25a Cerd2w0_0015I_batchla.elem_aqu.txt
CEFB2B-~1 TXT 15,314 01-31-99 6:25a Cexd2w0_0015I_batchla.elem_min.txt
CE144D~1 TXT 15,327 01-31-99 6:25a Cerd2w0_0015I_batchla.elem_tot.txt
CERD2W~3 61I 40,522 01-31-%9 6:16p cerd2w0_0015I_batchib.6i

CE3C4F~1 TXT 8,606 01-31-99 6:31a Cerd2w0_0015I_batchlb.elem_aqu.txt
CE3C2B~1 TXT 8,157 01-31-99 6:31a Cerd2w(0_0015I_batchlb.elem min.txt
CES44D~1 TXT 8,170 01-31-99 6:31a Cerd2w0_0015I_ batchlb.elem_ tot.txt
CERD2W~-4 61 43,632 01-31-99 4:53p Cerd2W0_0015I_batch3.6i

CE96C8~1 TXT 24,181 01-31-99 7:0la Cerd2w0_0015I_batch3.elem aqu.txt
CE82C8~1 TXT 22,892 01-31-99 7:01a Cerd2w0_0015I_batch3.elem_min.txt
CE98EC~1 TXT 22,905 01-31-99 7:01a Cerd2wO_0015I_batch3.elem_tot.txt
CEDEC2~1 61 43,632 01-31-99 4:55p Cerd2w0_0015I_blend.6i

CEDCFO~1 TXT 26,851 01-31-99 6:46a Cerd2w0_0015I_blend.elem_aqu.txt
CEDCD8-1 TXT 25,418 01-31-99 6:46a Cerd2w0_0015I_blend.elem_min.txt
CEF4F6~1 TXT 25,431 01-31-99 6:46a Cerd2w0_0015I_blend.elem_tot.txt
CEFFF5~1 61 46,723 12-02-98 2:21p cerd2W0 _0015I_egé6new.64

CEFBF7~1 61 43,550 01-31-99 4:54p Cerd2W0_0015I_hm.6i

CESA47~1 TXT 22,846 01-31-99 8:40p Cerd2w0_0015I_hm.elem_aqu.txt
CE4647~1 TXT 21,629 01-31-99 8:40p Cerd2w0_0015I_hm.elem_min.txt
CAL-EDC-MD-000003 REV 00
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21,642

CESC6B~1 TXT 01-31-99 8:40p Cerd2w0_001SI_hm.elem_tot.txt
CECEF6~1 61 43,222 01-31-99 4:54p Cerd2w0_001SI_purex.6i

CE5481~1 TXT 21,511 01-31-39 7:16a Cerd2w0d _0015I_purex.elem aqu.txt
CE546D~1 TXT 20,366 01-31-99 7:16a Cerd2w0_0015I_purex.elem min.txt
CERD2W-~1 TXT 20,379 01-31-99 7:16a Cerd2w0_0015I_purex.elem_tot.txt
GLASS2~1 DOC 50,688 02-08-99 2:24p glass2sensitivity.doc

GLASS2~1 XLS 113,664 02-01-99 10:29a glass2sensitivity.xls

README~1 TXT 380 09-12-99 2:20p Readme_dates.txt

~\Pu-ceram CD\sens_dJ13

4:43p jl3ical2s.3i
6:05p jl3cal25.3p
4:41p ji3cal30.3i
6:05p jl13cal30.3p
4:40p j13cal35.3i
6:05p ji3cal3s.3p
4:43p jl3noc25.3i
6:05p j13noc25.3p
4:42p j13noc30.3i
7:53a j13noc30.30
7:53a 313noc30.3p
4:50p ji3noc35.31i
6:05p ji3noc35.3p

j13cal2s 3i 12,547 02-12-9%9
j13cal2s 3p 10,3%6 02-12-99
j13cal3o 3i 12,993 02-12-9%
j13cal30 3p 10,840 02-12-99
J13calis 34 12,991 02-12-99
j13cal3s 3p 10,840 02-12-92
ji3noc25 3i "12,846 02-12-9%
j13noc25 3p 10,682 02-12-99
Ji3noc30 3i 12,920 02-12-995
j13noc30 30 127,230 04-21-89
ji3noc30 3p 10,766 04-21-99
Ji3noc3s 3i 12,820 02-12-9%
ji3noc3s 3p 10,766 02-12-99
J13SEN~1 DOC 39,936 02-15-959%
r4ibase 6i 40,547 01-31-99
R4BASE~1 TXT 22,260 02-14-99
R4BASE~1 XLS 47,616 02-14-99
r4cal2s 641 40,855 02-14-99
r4cal2s5_ 61 42,996 02-14-99
R4CAL2~1 TXT 20,800 02-14-99
R4CAL2~1 XLS 44,032 02-14-99
r4callio 6i 41,299 02-14-99
r4cal30_ 61 43,406 02-14-99
R4CAL3~1 TXT 24,589 02-14-995
R4CAL3~1 XLS 41,472 02-14-99
rdcal3is 61 41,299 02-14-399
r4acal3s_ 6i 43,570 02-14-99
R4CAL3~2 TXT 27,115 02-14-99
R4CAL3~2 XLS 53,248 02-14-99%
ranoc25 6i 40,872 02-13-99
r4noc25_ 6i 42,996 02-14-99
R4NOC2~1 TXT 23,326 02-14-9%
R4NOC2~1 XLS 47,616 02-14-5S
r4inoc30 6i 41,225 03-05-59
r4noc30_ 6i 43,406 02-14-59
R4NOC3~1 TXT 25,431 02-14-S59%
R4NOC3-~1 XLS 51,200 02-14-9%99
r4noci5 61 41,225 02-14-%9%
rinoc3sS_ 6i 43,570 02-14-89
R4NOC3~2 TXT 25,852 02-14-59
R4NOC3~2 XLS 51,712 02-14-99

CAL-EDC-MD-000003 REV 00

1:46p
12:58p
7:44p
7:47p
3:3%a
10:13a
11:43a
7:13p
3:38a
10:14a
11:54a
7:10p
3:39a
10:15a
12:06p
7:15p
7:52p
10:16a
11:05a
7:18p
10:35a
10:16a
11:17a
7:21p
10:07a
10:25a
11:2%a
7:24p
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jl3sensitivity.doc
r4base.6i
ribase_.elem tot.txt
ribase_.elem tot.xls
r4cal2s.6i
r4cal2s_.61
rical25_.elem_tot.txt
r4cal25_.elem_tot.xls
rical30.6i
r4cal3o_.é6i
r4cal30_.elem_tot.txt
r4cal30_.elem_tot.xls
r4cal3s.6i
r4cal35_.641
r4cal35_.elem_tot.txt
r4cal3d5_.elem_tot.xls
rd4noc25.6i
r4noc2s_.61
r4inoc25_.elem_tot.txt
r4noc25_.elem_tot.xls
r4noc30.6i
r4noc3o0_.6i
r4noc30_.elem tot.txt
r4noc30_.elem_tot.xls
r4noc35.61
r4noc35_.61
r4noc35_.elem_tot.txt
r4inoc35_.elem tot.



