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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&O) 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 arranged according 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:

* 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 plutonium 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).

* 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 -6.105 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 105 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 V/P 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. 5. Table 5.3-1). However, the water and
HLW glass compositions, and the ceramic degradation rates, used in that prior study, have been
superceded 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 rate 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:

* 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 (rkl in the EQ6 "6i" files).

* Use of "solid-centered flow-through" mode (SCFT) in EQ6; in this mode, an increment
of aqueous "feed" solution is added continuously to the WP system, and a like volume of
the existing solution is removed, simulating 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 6-105 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 a
function of time (from the output of EQ6 over times up to 6- 105 years).

* Calculation of the amount of neutron absorbers 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.

_ ~ ~~~~~~~ - rz
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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 5 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 approximating that of the J-13 well water
(as given in Ref. 6, Tables 4.1 and 4.2; this composition is given in Table 5-4 of the
current document) for -10' years. (Ihe J-13-like compositions 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 106
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 this
document. See Assumption 3.3.

3.2 It is assumed that the density of the incoming water is 1.0 glcm3. 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 EQ316 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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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.

3.4 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.

3.5 It is assumed that 25 IC thermodynamic data can be used for the calculations. The bases
of this assumption are two-fold. First, the initial breach and filling of a WP is unlikely to
occur before 104 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 20 are temperature-independent or retrograde (Ref. 9, Tables IV
and V), use of the lower-temperature database is likely to be conservative.

3.6 In most calculations, it is assumed that chromium and molybdenum will oxidize fully to
chromate (or dichromnate) and molybdate, respectively. The first basis of the assumption
is the body of available thermodynamic data (the dataO 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 GdOHCO3 (the expected solubility-
controlling phase for Gd); extreme acidification of the water will enhance solubility (Ref.
5, Section 5.3) and transport of Gd out of the WP, thereby separating it preferentially
from fissile material.

3.7 It 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 CO2 and 0 2 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
C02 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 fCO2 is given in
Section 5.3.2, and calculations with variations in oxygen fugacity are presented in
Sections 6.1 and 6.2.

3.9 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 It is 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
assumption is the analysis in Reference 12 (Att. VI).

3.12 It is assumed that the rate of entry of water into, as well as the rate of egress from, a WI'
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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3.14 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.

3.15 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 CO2 fugacity of
the EQ3/6 calculation, and to the constant influx of carbonate via the incoming water.

3.16 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.

3.17 It is assumed that the decay of 239Pu to 23-U can be conservatively approximated by a
simple exponential correction to the reported amounts of solids in the EQ6 runs, after
completion of each run. EQ6 currently 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 generally less soluble than U solids. The assumption causes an overestimate
of the amount of 235U 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 significant Gd loss, the loss generally occur
within two half lives of 239Pu, 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 software 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 speciation-solubility 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 software 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 OC only for some species to a full range of 0-300 OC for others. EQPT takes a formatted
data file (a "dataG" 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 a 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 EQ6 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=5 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 (mteaq 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 CSCI: UCRL-
MA-1 10662 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 LSCRl98, 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 EQ316 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.
* 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 11") PCs.

The EQ316 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-SI.1Q 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).

'.--Z'-�' .1 -- - - . _ - - - _.o- .
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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-ceraniic 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 molel(cm2 -s), 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 a drift and drip rate
into a 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 compositions 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 physical 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 (hereafter 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:

(1) The 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).

HAM ~~~~CA (AS16)

. G o/(Alloy22)

OPuCeraic Disks

r X - _ ~~~~~~Cans & Magazi'es

. j w ~~~~~~GPC (304L).

L * ~~~~~Outer Web

B y r HEW ~~~~Glass

Figure 5-1. Cross-section of Pu-ceramic Waste Package
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AI

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 in the
calculations, along with reasonable high and average degradation rates. For a 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 Ratesb

A516 Carbon Steel 304L Stainless Steel
Element (moe) (wtOA) (mole)

C 028 2.3312E-02 0.03 2.4977E-03
Mn 1.045 1.9021E-02 2.00 3.6405E-02
P 0.035 1.1299E-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 O.OOOE+00 19.00 3.6541E-01
NJ 0.000 O.OOOE+00 10.00 1.7039E-01
N 0.000 0.OOOE+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 (glcm) [ 7.850 1 1 7.940 1

Rate (Azmy) (molel(cms)) J imly) | (mole!(cm2.s))
Average 35 8.7063E-12 | 0.1 2.5160E-14.

High 100 2.4875E-11 I 1 2.5160E-13

NOTES: *Composltions fotm Reference 24, pages 10 and 17 (SecUons 5.2 and 5.4). Details given In Pu-ceram.xds,
sheet 'Compositions'.

bDegradation rates from Reference 25, pages 11-13 (304L), and Reference 26, pages 5-44 to 5-55.
Figures 5.4-3,6.44, and .4-5 (carbon steel). Conversions performed In Pu-ceramdxs, sheet Rates.

'For I mole a 100 g.

Table 5-2 gives the molar composition of the HLW glass used in the calculations (Ref. 27, Att I,
p. 1-7). 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 U3 0&
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
((UO2)2SiO 4-2H20). 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 IC, and the low rate to pH 8 at 25 IC. 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 5-2. HLW Glass Composition and Rates

Comp sitIon

Element (wt%) Not Normalized" (mole) Normalzed!
0 4.452E+01 2.808E+00
U 1.867E+00 7.915E-03

Np 9.471E-04 4.032E-06
Pu 1.480E-02 6.242E-05
Ea 1.120E-01 8258E-04
A1 2.319E+00 8.672E-02
S 1.287E-01 4.051E-03

Ca 6.582E-01 1.657E-02
PS 1.98E-02 4.555E-04
Cr 8.210E-02 1.593E-03
Nl 7.308E-01 1.257E-02
Pb 6.062E-02 2.952E-04
Si 2.177E+01 7.820E-01
Ti 5.934E-01 1.251E-02
B_ 3.193E+00 2.980E-01

U 1.488E+00 2.134E-01
F 3.167E-02 1.682E-03

Cu 1.518E-01 2.410E-03
Fe 7.349E+00 1.328E-01
K 2.972E+00 7.671E-02

Mg 8.201E-01 3.405E-02
Mn 1.549E+00 2.845E-02
Na 8.5OE+00 3.766E-01
Cl 1.153E-01 3.281E-03

Total 9.909E+01 4.901E+00

Rate gIm2'day) 4 molel(cm'.s)
LOaW 1.00E-04 1.157E-15
High____ 3.00E-02 3.472E-13

NOTES: .2Pu decayed to "41u; 241Pu decayed to 27 Np; Ag, Cs, Zn, and Th removed because of low quantity,
chemical Insignilficance. and/or lack of reliable thermodynamic data.

"Basic Reference 27, Attachment I, page 1-7.
'Normalized to I mole a 100 9. Conversions performed in spreadsheet Pu-ceramxis, sheet
*Composltlons.

dReference 26, page 6-5 and Figure 6.2-5; fracture factor * 30, conversions performed In Pu-ceram.xds,
sheet '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 Ratesb of Pu-ceramic

Composition
Oxide (WtV.) (moles metal)
CaO 10.0 1.78E-01

HfO2 10.6 5.04E-02
U0 2 23.7 8.7QE-02
Pu0 2 11.9 4.35E-02
NpO2 0.0 3.91E-04
Gd203 7.9 4.36E-02
1102 35.9 4A9E-01

A1203 0.0 O.00E+00
Total 100.0 6.53E-01

Rate (gI(m2.day)) (moleI(cm2s))d Conditions
Low 5.00E-05 5.76704E-16 25 C. pH=6. crystalline

Average 1 .OOE-03 1.15741E-14 75 'C, pH=2 to 4,
__________ ~~~~~~crystalline

75 OC, pH=2 to 4,
radiation-darmaged

High 3.00E-02 3.47222E-13 (average rate times factor
30 multipliter, Ref. 1,

Section 6)

NOTES: Reference 1, Table 3.1.
bReference 21, slide 32.
'Replaced by Zr In EQ6 runs, then converted back to Hf for mass calculations.
"For 1 more special reactant 1 D00 g.
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NOTE: Data for all tests of pyrochiore-based composite ceramics, and single-phase zirconolite and pyrochiore
(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 jl3noc3O.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 a 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 (10-6) was added to assure numerical stability. Section
5.3.2 of the current document contains a discussion on the effect of varying the incoming water
compositions.
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Table 54. EQ3NR and EQ6 Compositions of Incoming Water

EQ3NR Input-File Constraints for Incoming Water
Com_ osition

. . EQ6 Input File Elemental
Comrosition for Incoming Water

ComponentU Basis
Species Switch Concentration Units

redox -0.7 b09 fO2

Na'_____ 4.580E+01 mgfl
Si02 (aq') 6.097E+01 mg/i
Ca- 1.300E+01 mgA

_' 5.040E+00 mgA
Mg 2.010E+00 mg/I
H 4.800E-02 mg/I

H ~~~~~~~~8.1 pH
HCOi C02 (8) -3 10g fCO2

02 (aq) 5.6002+00 mg/
F 2.180E+00 mg/I
CI- 7.140E+00 mgA
NOi NH3 (aq) 8.780E+00 mg/
S047 1.840E+01 mg/
B(OH)3 (aq5) 7.660E-01 mg/
Al'- ~ Diaspore 0 Mineral
Mnw'7 Pyrolusie 0 Mineral
Fe Goethite 0 Mineral
HPO4- 1.210E-01 mg/I
Ba'' Trace 1.000E-16 Molalfty
CrOip Trace 1.000E-16 Molality
Cu Trace 1.OOOE-16 Molality
Gd-' Trace 1.000-16 Molality
Mo0 4 - Trace 1.0OOE-16 Molality
Ni'' Trace 1.000E-16 Moiality
Np Trace 1.000E-16 Molality
Pb-7 Trace 1 E.000-16 Molality
Pu ' Trace 1.000E-16 Molality
TcO4 Tace 1.000E-16 Motality
Tii(0H) 4(aq3F Trace 1.000E-16 Molality

Trace 1.000E-16 Mdality

Element (moles)
0 5.552E+01
Al 2.553E-08
B 1.239E-05
Ba. 1.000E-16
Ca 3.244E-04
Cl 2.014E-04
Cr 1.000E-16
Cu 1.000E-16
F 1.147E-04

Fe 3.600E-12
Gd 1.000E-16
H 1.110E+02
C 2.094E-03
P 1.261E-06
K 1.289E-04
U 6.915E-06

Mg 8.270E-05
Mn 3.054E-16
Mo 1.000E-16
N 1.416E-04
Na 1.992E-03
Nl 1.000E-16
Np 1.000E-16
Pb 1.000E-16
Pu 1.000E-16
S 1.915E-04
Si 1.015E-03
Tc 1.000E-16
Ti 1.000E-16
U 1.000E-16
Zr 1.000E-16

Zr(OH)27 Trace 1.000E-16 Molallty
A U &

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 drip rates were used: 0.0015, 0.015, 0.15, and 0.5 m3 /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 (included 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 dataO 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 "AtomWts" (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 I liter reactive
water in the system; and converting rates to mole/(cm 2 .s). Most of these conversions are
straightforward and are perforned 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 "MagazineRackCan,Disk" and "GPC & Outer Web"); (2) converts raw
percent compositions to normalized molar compositions (sheet "Compositions"); (3) converts
experimental reaction rates (in units such as dimly) to EQ6 units (molel(cm2 -s)), and converts
drip rates in m3/y to normalized mole/(cm2 -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 I 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 (I 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 a mineral in the WP, multiply plotted moles by (mineral molecular weight)-(0.001
kglg).(4593.965 liters void space in initial system). The mineral molecular weights are given in
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the EQ3/6 database (dataO.nuc.R8d), which is included in the electronic file distribution for this
document (Ref 10). (Some of the older calculations used the data0.nuc.Rga (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 Rga, 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 variable WOIDS in sheet "Void&Norm"
of spreadsheet Pu-ceram.xls (WOIDS is given in cm3 , and must be divided by 1000 cm3/l 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
GdOHCO3 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 3, and there was substantial uncertainty in the SKB data for the hydroxyl and carbonate
aqueous complexes of Gd.

Recently, Weger et al. (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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53.1.1 Entry and Testing of the New Data

When thermodynamic data are added to the EQ316 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 Gfo. In most experiments, the
measured quantities are actually closer to the log Ks. While GjP/(RT) values are used in the
formal statement of the statistical sum ft) (e.g., Equation 8 in Ref. 32), quantities of the form:

- InK = (GI /RT)NH~,0 4 aHo - (Go IRT)N.. - (GO /RT)&. (Eq 1)

- 2 - (TO /RT)co,. - 6 -(GfO IRT)H~O

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

For the current calculations, the G°//(RT) values reported in Table 2 of Reference 32 were Msed
to calculate log K's in terms of the basis species used in EQ3/6 (Er, H 20, HC03-, Na, and
Gd3+).

The spreadsheet GdCO3_Weger~ RaL2,EQ6.xls was used to perform thermochemical
conversions. As a cross-check, the log K's for formation of Gd(OH)3

0 (aq), Gd2(CO3)3, and
NaGd(CO3)2.6H 20 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_WegerRai_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.



Was~te Parr~eam flntwatn$1nn . iCalpilation

Title: EQ6 Calculation for Chemical Degradation of Pu-Ceramic Waste Packages: Effects of
Updated Materials Composition and Rates

Document Identifier: CAL-EDC-MD-000003 REV 00 Page 26 of 82

Table 5-5. Conversion of Weger et al. Data to E0316 Basis

GWI(RT) G, kcal G;, kcat
(Ref. 32, 25 'C. 25 *C,

Species Table 2) (Ref 32) EQ316 NOTES -In K IogioK Equation, EQ6 Format
H20 -95.663 .66.6792 -56.688 basis
Na -105.651 -62.597 -62.591 basis
OH- -63A35 -37.5845 -37.595 basis

CO2 - -212.944 -126.167 4126.191 (Rbsis2)

HCO37 -236.751 -140272 -140.282 EasIs'
Ge -266.65 -1 57.987 -158.6 basis

Gd(OH)2' .418.603 -39.373 17.09948 Gd(OH)' + 2H' G +

Gd(OH)3 (aq3 -491 (Ref.32) -62.63 27.20377 Gd(OH)3 (aq) + 3H - Gd

Gd(01h-1)~ 4626.5 -118.465 51.4487 Gd(OH)50 + 5H + Gd1-

Gd(CO3)* .497.015 -6.386 2.773405 HGCO37 Gd

Gd(CO3)f- -720.837 -19.315 8.388398 + 22 HC

Gd(CO3)3' -940412 -38.491 15.84784 Gd(CO3W? + 3H = Gdt
____ _ __ ___ _ _ _ _ _ _ _ _ _ _ _ _ + 3HCO i-

Gd(OH)3 (c) -519.19 -34.449 14.96101 Gd(Og (c) + 31- Gd'

NaGd(CO* :6H20 + 2W
NaGd(CO3)2:6H20 -1419.77 -0.011 0.004777 Na' + Gd- + 2HCO3- +

6H20

Na3Gd(CO)3 -1275.54 Ignore -18.316 7.954538 Na3Gd(CO* (c) + 3H'
________ ___ ____ ______ _____ 120 M e__ 3 a + Gdj' + 3HCO37

Gd2(CO3)3 -1255.81 Ignore 12.257 -5.32315 Gd2(CO3) + 3H = 2Gd" +
_ _ _ _ _ _ _ _ _ _ _ ______ _ _ _ _ _ _ _ _ _ _ _ H 20 _ _ _ _ _ __ 3H C O 37

NOTES: 'Aqueous

To test the Weger database, EQ6 runs were used to simulate the solubility experiments for
Gd2(CO3)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 wegfig3.xls). The discrete symbols
represent the experimental data (Ref. 32, Table A.3). The agreement between the EQ6
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.



Wsktfi-- Par-troap finpratinut . �, I IrL-11112'inn
W~~tfr Pnt~~~~efio'1 fln~~~~~rn~~nnt ~~~"m~~pn- -------

Title: EQ6 Calculation for Chemical Degradation of Pu-Ceramic Waste Packages: Effects of
Updated Materials Composition and Rates

Document Identifier: CAL-EDC-MD-000003 REV 00 Page 27 of 82

-1 
3.5

-1 3.5A

a.)d_~G428d N
-3 4 Gd EQ6, D133 ' .

0 - 3.5 = -- . Ionic Strength 2.0 C

e 4 + ' 1.56
--4

-4.5 1.0

-5
I ~~~~~~~~0.5

O ,,,~~~~~~~~~~~~~O-5.5

-6 0.0
-2.50 -2.00 1.50 -1.00 -0.50 0.00 0.50

log1 0(molal rK2C0 3 )

NOTES: EQ6 calculations are given by lines; Weger et al. (Ref. 32) 6-day, 14-day, and 28-day experiments are
given by discrete symbols. The top unbroken line Is calculated assuming a BDot hard-core diameter (D)
of 3.0 A for Gd(COa3=, and the bottom, thicker unbroken line uses the default hard-core diameter of 4.0
A. The dashed line shows the Ionic strength calculated by EQ6.

Figure 54. Comparison of EQ6 Calculatons with Weger et al. Experiments

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

To test the consequences of using the Weger database, versus the SKB database, run numbers 4

and 6 from Reference 5 (rable 53-1) 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

EQ6 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 6
SKB 14.8625 12.9599

Weger 14.4983 12.9537

-4- -2
0

cm
-6

-0 0

-.

-1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -3.5Z42 . .5 5 52 . .5 -

For orn(g 55t g tiue t1-5 ra t sy ot-2 re

(< 8; cnseuenty, d2(O~h s sabiizedreltiv toGd2HCO33 fogr tecluainwt h

4 ~~~~~~~~~~~~~~~~-3

. . . . . . . . .. . . . . ... . . . . . . . . .- 4
3.75 4 4.25 4.5 4.75 5 525 5.5 5.75 6

log18 (Timne (years))

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

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

For old run 4 (Figur 5-5), the C0 2 fugacity is buffered to -10-2S bar, and the pH stays moderate
(<89); consequently, Gd2(C0j3)3 is stabilized relative to GdOHCO3 for the calculation with the
Weger database. For run 6 (Figure 5-6), the CO2 pressure is lower (-10-3" bar), the average pH
is higher; consequently, both databases yield GdOHCO3 as the solubility determining solid.
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53.13 Summary of Results for Thermodynamic Data Sensitivity Study

It is apparent from Table 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.

-4 (-0

-6
Ed |KB i25 6

-~~~~~~~~~~~~~~~~ U~~~~~~~~~~~~~~)

0~~~~~~~~~~~~~~~~~~~-.

M 10 -0.75 _

-12 / GdOHCO3 -eger

5 4.5 4.75 5 5.
loge(Tinme (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.

5.32 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 iogio 02 and CO2 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 CO2 fugacity is-not consistent with the value logw fC 2
-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 logw fCO2 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 CO2 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 CO2 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 Nae 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, it is
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., MoO4 ')
require minimal concentrations, -10-6 molal, compared to 10-l molal used previously.

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

(1) Six initial EQ3NR input files were created (jl3noc25.3i, jl3noc3O.3i, jl3noc35.3i,
jl3cal25.3i, jl3cal30.3i, and jl3cal35.3i). The files either held Ca concentrations at saturation
with calcite (those files have "cal", for calcite, as the 4h, 5"', and 6"h 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 logo fCX 2 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 in Reference 33, and the normal ambient value
(Ref. 34, p. F-210). The concentrations of Fe2+, A13, and Mn2r 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, r4noc30.6i, r4noc35.6i, r4cal25.6i, r4cal3O.6i, and
r4cal35.6i. These files cover "stage I" of the run, in which a high drip rate of 0.5 m3/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, r4base.6i, was created by reformatting Cerd2N0_5I.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 Cerd2WO_0015I.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), adjusting the ending time,
adding in the Pu-ceramic as a reactant, and adjusting the drip rate to 0.0015 m3/y. These runs
constitute the second stage of the calculation, out to -6.-1 05 years. The file names are
r4noc25_.6i, r4noc30_.6i, r4noc35.6i, r4cal25_.6i, r4cal3O.6i, and r4cal35 6i, with the
obvious correspondence to the files described in step (2). A seventh file, r4base .6i, was made
from Cerd2WO 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
CO2 fugacity, and that these runs have the highest average pH. However, the runs with logio
fCX 2 = -3.5 have lower dissolved H2CO3 and HCO3-, and are less able to buffer the system pH
during the degradation of metals.

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

Calcite
Case Gd Pu U lo tC 2 Saturation

r4basec 13.933 0.000 0.031 -2.539 No
(base case)__ _ __ _ _ _ __ _

r4cal25_ 13.192 0.000 0.031 -2.500 Yes
r4cal30_ 14.147 0.000 0.019 -3.000 Yes
r4cal30_ 14.712 0.000 0.012 -3.500 Yes
r4noc25. 13.663 0.000 0.031 -2.500 No
r4noc30_ 14.178 0.000 0.019 -3.000 No
r4noc35 14.574 0.000 0.012 -3.500 No

5.3.3 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 g9mole

HLW GIass Types

Element Base Blend Batch1 Batch3 HM Purex
Al 8.595E-02 7.857E-02 9.596E-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 1.247E403
Ca 1.642E-02 1.849E-02 2.224E-02 1.811E-02 1.8492-02 1.978E-02
Cr 1.579E-03 1.593E-03 1.327E-03 1.733E-03 1.137E-03 1.849E-03
Cu 2.389E-03 5.581E-03 S.072E-03 5.095E-03 3.195E-03 5.300E-03
Fe 1.316E-01 1.310E-01 1.575E-01 1.411 E-01 9.371E-02 1 .59E-01
K 7.601E-02 8.247E-02 7.431E-02 7.443E-02 4.598E-02 7.609E-02
U 2.115E-01 2.958E-01 2.970E-01 2.984E-01 3.1372-01 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 2.915E-02 2.585E-02 2.967E-02 2.802E-02
Na 3.732E-01 2.897E-01 2.880E-01 2.842E-01 2.729E-01 3.996E-01
Ni 1.245E-02 1.189E-02 9.993E-03 1.438E-02 5.445E-03 1.626E-02
Si 7.751E-01 8.398E-01 8.328E-01 8.399E-01 9.181E-01 7.416E-01
T1 0.000E+00 1.124E-02 8.208E-03 8.244E-03 7.000E-03 8.043E-03
U 7.837E-03 7.656E-03 1.905E-03 1.133E-02 3.6582-03 1.030E-02

Pb 2.927E-04 4.433E-04 6.319E-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 5.163E-05 7.445E-05 9.303E-06 2.392E-05 2.175E-04 8.148E-07
Tc 1.092E-04 1.002E-04 7.089E-05 6.424E-05 2.252E-04 2.531E-05
Zr 2.896E-04 1.214E-03 7.417E-04 8A66E-04 3.024E-03 2.785E-04
0 2.755E+20 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
Cl 3.251E-03 3.280E-03 5.350E-03 3.814E-03 1.600E-03 4.466E-03
S 4.017E-03 2.764E-03 3.054E-03 2.833E-03 2.033E203 3.312E-03
PD 0.000E+00 4.964E-04 4.052E-4 5.7062-04 3.604E-04 6.294E-04

NOTES: References for HLW glass: Spreadsheet: glass2sensKtvityxis; Base from ReerenceS, Table 5.1.1.1-2.
and associated spreadsheets; all others from Reference 36, Tabtes I to 3.

The recent glass analysis given by Bibler et a]. (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 stage 1 calculation 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 3/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-H2 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

Glass %Gd loss
Base 13.93
Blend 10.59
vaitc h _ _ __

Batch3 10.13
HM 9.30
Purex 9.46

NOTE: References for glass: Spreadsheets case4jot.xls, glass2sensitivityxls: Reference 36, Tables 1-3.
Reference for Run 4: Reference 5, Table 5.3-1.

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 materials (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) a solid Gd carbonate (most likely
GdOHCO 3); and (3) possibly GdPO4 -H20 (Ref. 5, 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 GdPO4 -H2 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 GdOHCO3 also dissolves readily under acid conditions (Ref. 5, 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 sustained, low-pH conditions capable of dissolving
GdOHCO3.

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 a second time, just to the commencement of the low-
pH plateau, 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,
magazines, 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 EQ316'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 02, and l0e bar for CO2. The CO2
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 summnary of EQ6 runs and corresponding degradation
configurations for the ambient gas fugacities.

Table 5-10. Summary of Single-stage EQ6 Cases for Pu-ceramic WP

Case Rates of Degradation for. Water Drip Rates
Number Steel Glass Pu-ceramic Jm3ly) Case ID

I Average Low Low 0.0015 pOOI.1111
2 Average Low Low 0.15 pOO.1113
3 Average Low High 0.0015 pOO_1131
4 Average Low High 0.15 pOO_I 133
5 Average Low Average 0.015 pO_122
6 Average High Low 0.0015 pOo_1211
7 Average High Low 0.15 pOO_1213
8 Average High High 0.0015 pOOL1 231
9 Average High High 0.15 pOO_1233
10 Average High Average 0.015 pO0.1222
11 High Low Low 0.0015 pOOL.2 111
12 High Low Low 0.15 pOO_.21113
13 High LOW High 0.0015 pOO_.2l31
14 High Low High 0.15 p00.2133
15 High Low Average 0.015 pOOL2122
16 High High Low 0.0015 pOO_.2211
17 High High Low 0.15 p0._2213
18 High High High 0.0015 pOO_2231
19 High High High 0.15 pOO_2233

20 High High Average 0.015 pOO.2222
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Table 5-11. Summary of Multiple-stage EQ6 Cases for Pu-ceramic WP

Case _______ Rates of Degradation for Water Drip
Number Steel Glass Pu-ceramlc Rates (m0y) Case ID Fe Oxide

21(a) High High No Ceramic 0.5 pOlh2204 Hematite
21(b) High No Glass Present Average 0.015 pO2h2022 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 p1g2203 Goethite
23(b) High No Glass Present Average 0.0015 p02g2021 Goethie

24(a) Average High No Ceramic 0.15 pO1g1203 Goethite
24(b) Average No Glass Present Average 0.0015 pO2g1021 Goethite

25(a) High High No Ceramic 0.15 pO1g2203 Goethite
25(b) High No Glass Present I High 0.0015 p Q 2031 Goethite

In addition to the 25 cases reacted under the ambient gas-phase conditions, a number of cases
were done under low-oxygen fugacity constraints to test sensitivity of reaction-paths to Rh2
(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 10(f(02)) 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 f02 used here is reasonable.

/
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Table 5-12. Summary of Sensitivity Tests for Selected EQ6 Cases for Pu-ceramic WP

Loglf(Oh)J
Case Glass Pu-ceramic Water Drip changed

Number Steel Rate Rate Rate Rates (m/yr) from .0.7 to Case ID
26 Average Low High 0.0015 -10.0 psO 1131
27 Average LOW Average 0.015 -10.0 psO 1122
28 Average High Average 0.015 -10.0 psO 1222
29 Hih LOW High 0.0015 -10.0 psOL2131
30 Hih LOW High 0.15 -10.0 ps0_2133

31 Averae LOW High 0.0015 -15.0 ps2 1131
32 Average Low Avege 0.015 -15.0 ps2 1122
33 Average gAverage 0.015 -15.0 ps2 1222
34 High 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 pr0_2131

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 (prO 2131, where the "r" stands
for "rate") is a slight modification of pO02131, 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.

5.42 EQ6 Run Conditions and Nomenclature

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.,
pO0111 1.6i is the EQ6 input 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., pO0_ 111 .elernaqu.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:

* The first letter "p" indicates Pu-ceramic.

* 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).

* 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 (I"), and hematite is always allowed to form.
Hematite and goethite are the primary Fe(lIl) 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 I and 2 indicating the low and high HLW
glass corrosion rates listed in Table 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.

* The last digit in the block indicates the choice of water flush rate, with 1, 2, 3, and 4
indicating 0.0015 m3/y, 0.015 m3/y, 0.15 m3/y, and 0.5 m3/y, respectively.

An example is Case 21 in Table 5-11, which lists root file names pOh2204/pO2h2022 for the
two input files. The first root name, pOlh2204, 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 A516 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 EQ6 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 m3/year. The second root-file name, pO2h2022, 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 m3/year. In general,
the first stage of a multistage run is comparatively short (-103 to _104 years), and the second
stage of the run is carried out to at least 105 years, and up to 6.105 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 fO2 sensitivity, or "r" for ceramic rate sensitivity. For the fO2 sensitivity
cases, the third character is 0 or 2, representing tKz = 10 ' bar or 10'15 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 EQ6 Cases

Case ID Root Name Yeanl/1 %Gd Loss %Pu Loss %U Loss
1 pOO_1II1 6.3 0.02 0.17 47.52
2 pOO_1113 0.45 0.00 0.02 0.01
3 pOO 1 131 6.3 20.45 0.00 100.00
4 pOO 1133 0.46 0.69 0.00 0.01
5 pOO_1122 42 8.33 0.41 33.44
6 pOO.1211 6.3 0.01 0.91 33.19
7 poo 1213 0.46 0.01 0.08 34.48
8 pOO_1231 6.3 0.02 29.94 89.16
9 pOO 1233 0.45 0.36 0.07 59.68
10 OO 1222 4.4 17.06 1.80 38.41
11 pOO_2111 6.3 0.14 0.62 47.42
12 pOO_.2113 0.43 0.03 0.05 0.07
13 pOO_2131 plO_2131 6.3 77.92 0.01 100.00
14 pOO 2133 0.43 49.01 0.20 0.22
15 pOO-_2122 4.2 0.34 1.42 3727
16 - 2211 6.3 0.01 0.59 39.88
17 pOO_2213 0.44 0.02 0.04 34.55
1i 1 6.3 0.02 13.99 72.95
19 pOO_2233 0.46 0.09 0.03 56.13
20 pOO_222 4.0 0.07 1.62 36.43
21 p01h2204/p02h2022 4.9 0.07 0.00 0.33
22 p01g2204/p02g2022 5.3 0.07 026 0.49
23 p01g22031p02g2021 6.3 0.01 0.00 0.07
24 p01g1203Jp02g1021 6.3 228 0.00 0.04
25 p01g22031p02g2031 6.3 13.89 0.00 0.04
26 ps0_1131 6.3 1.30 0.00 100.0
27 psO 1122 4.2 10.60 0.00 34.90
28 psO 1222 4.5 15.80 0.00 38.40
29 psO 2131 6.3 1.40 0.00 100.00
30 psO 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 4.8 0.10 0.00 38.40
34 ps2_2131 6.3 0.00 0.00 100.00
35 ps2_2133 0.44 0.10 0.00 0.00
36 prO_.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 fO2
analogue), to illustrate the indirect effect of fO2 on Gd loss. Cases 22 and 25 were selected 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

Number DrWp Peak Gd Width Gd
of Corrosion Rate Conc.b Peak b %Gd

Case Stages Rates'm a mly) Yearst10 pH mm Inmax (molal) (Y) Loss
HLW: Low 72E-3;* 3.623;

3 1 Steel: Average 0.0015 6.3 5.8/9A4 1.4E-3 3.3E4 20.45
_______ Ceramic: High__ _ ___ __ _ _ _ __ _ _ _

HUM. High 4.9124; 4.623;
8 1 Steel: Average 0.0015 6.3 7.3110.1 5E-7 1E4 0.02

______ Cerarrdc: High__ _ __ _ __ _ _ _ _

HLW: Low
13 1 Steel: High 0.0015 6.3 5.319.3 52-2 5.4E3 77.92

_____ ______ Ceramic: High I
HLW: Low 97-; II3

14 1 Steel: High 0.15 0.43 5.8/8.2 3.9E-4: IE3 49.01
_______ Ceramic: High__ ____ 394 143

HLW. High 3E-6; 2.2E3;
18 1 Steel: High 0.0015 6.3 7.9/10.0 2.6E-7; 1.625; 0.02

Ceramic: High 7.3E-8 3.3E5
HLW: High

22 2 Steel: High 0.51/ 0.03115.3 5.218.6 6E-8 4.7E5 0.07Ceramic: 0.015
Medium

HLW: High 0.151
25 2 Steel: High 0.0015 0.035/6.3 5.0 /8.1 4.4E-2 1.223 13.89

______ Ceramic: High 001
HLW: Low

26e 1 Steel: Average 0.0015 6.3 6.3/9.3 8.32-5 5.7E4 1.30
Ceramic: High

NOTES: "See Tables 5-1 through 5-3 for rates.
bMost cases have multiple Opeaks." Peaks and widths approximated from plots In
Gdpeaks Pu-ceram.083099.doc, included in the electronic media for this document (Ref. 10).
eAnadlogous to Case 3. except loglo(ff c -10 (versus -0.7).
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6.2 CASES 3 AND 26 (pO031131 and psO1131)

The results of Case 3 (p001_ 131) and its corresponding sensitivity test, Case 26 (psO!_ 131), 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.

9.5
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S ~~~8.5
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@ 4. er ic \ lame.pH-. -6.5
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2 Cans -3A x 0 1 4 5
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3 4
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NOTES: Case 3: 102 a 02 bar (solid pH line); Case 26: fO2=1O'° bar (dashed pH Une). *Moles In the EQ6
normalized (I liter fluid) system. See Section 5.2 for converrion of moles Into mass In total WP.

Figure 6-1. Effect of fO2 on pH: Cases 3 (p001 131) and 26 (psOO.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 + H20 + 1.502 =CrO + 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 fCO2 - 10-3 bar. However, in the
sensitivity test, the lower oxygen fugaciV (f0 2 = 1010) in the WP prevents the pH from
increasing until -104" years, which is -10 years later than that in the case with 0.2 bar f02; the
rapid pH increase occurs when the Pu ceramic and "Out Web AS16" (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 GdOHCO 3; 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 fO2 (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 (f02 = 0.2 bar): pH and Total Aqueous Cr, Gd, U, and Pu
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NOTES: Compare with Figure 6-2. The lower f02 results In slightly lower dissolved Cr and a less extreme pH
minimum. Dissolved Pu Is lower than that for Case 26 because aqueous Pu(V) carbonate complexes are
insignificant at this lower f02.

Figure 6-3. Case 26 (tO2 = 1IO°o bar): pH and Total Aqueous Cr, Gd, Pu, and U

In Figures 6-4 and 6-5, selected minerals that control the solubility of chromium are plotted
together with pH as a function of time for f0 2 - 0.2 and 1010 bar, respectively. At the higher
fO2, the only Cr solids predicted to form are BaCrO4 and crocoite (PbCrO4), and there is
insufficient Ba and Pb in the system to precipitate all the chromate produced by steel oxidation.
The fornation of solid, mixed-valence state CrO2, in Case 26 (fO2 = l0-l)) results in a less
dramatic drop in p-; compare Figure 6-5 to Figure 6-4 (Case 3; fO2 = 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(IlD and CrIV)-
containing solids in the EQ316 thermodynamic database in EQ3/6 would significantly reduce
uncertainty in simulating the degradation of Pu-ceramic.



waqtjp POPIrsvp nnp"t4nnt .- Pnlnnlt;nn

Tide: EQ6 Calculation for Chemical Degradation of Pu-Ceramic Waste Packages: Effects of
Updated Materials Composition and Rates

Document Identifier: CAL-EDC-MD-000003 REV 00 Page 46 of 82

I - I ~~~~~~~~~~~9.5

i 1 I 9'5

> -6 /|2 | .5

0 7~~~~~~~~~~~~~~~~~~.5

C'-5 75 -

2 Croco~~~~~~~Ite

-6 6.5
-I

logle(Time (years))

Figure 6-4. Case 3 (fO2 = 0.2 bar): pH and Minerals Controfling Cr Solubility
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NOTE: Formation of mixed valence state CrO2 causes a lesser drop in pH, compared to Figure 6-4.

Figure 6-5. Case 26 (f0 2 = 10-10 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 fO2 used in most Cases (0.2 bar) is probably higher
than the average fO2 experienced in a corroding WP. A lower fO2 of 1010 bar dramatically
reduces losses of Gd, Pu, and U. This lower f02 value is not unreasonable. The common
observation of coexisting magnetite and hematitefFeOOH in rust on cars implies local, low fO2
during corrosion of steels.

The fO2 of the magnetite/goethite and magnetite/hematite buffers are easily calculated from the
logloK values for the magnetite, hematite, and Fe3+ decomposition reactions, as given in the
EQ3/6 dataO.nuc.R8d thermodynamic constants file. Equations 3 through 6 below give the dataO
reactions necessary to carry out the calculations.



Waste Package Operations Calculation
Title: EQ6 Calculation for Chemical Degradation of Pu-Ceramic Waste Packages: Effects of

Updated Materials Composition and Rates
Document Identifier: CAL-EDC-MD-000003 REV 00 Page 48 of 82

FeOOH + 3H+ = FeW+ + 2H2 0 logjoK = 0.5345 at 25 OC (Eq. 3)

Fe3O4 + 8H+ = Fe++ + 2Fei++ + 4H20 logjoK = 10.4724 at 25 'C (Eq. 4)

Fe203 + 6H+ = 2Fe-+ + 3H2 0 logjoK = 0.1086 at 25 'C (Eq. 5)

Fe+++ + 0.5-H20 = 0.2 5-0 2sg) + H+ + FeW logjoK = -7.7654 at 25 'C (Eq. 6)

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

Fe3O4 + 0.25-02 (g) + 1.5-H20 = 3FeOOH logioK = 16.6343 (Eq. 7)

At equilibrium:

logloK = 3-logzo[Fe3O4] - 1.5. loglo[H20] - 0.25- loglo(fo2) - logio[Fe 3O4] (Eq. 8)

Where the [ notation here indicates activity (-concentration). The activity of solid Fe3O4 in
Fe3O4 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:

logio(fO2) = -4*logioK = -66.5372 (Eq. 9)

Similarly, equations (Eq. 4) - (Eq. 6) - 1.5-(Eq. 4) can be combined to yield:

Fe304 + 0.25-02 (g) = 1.5. Fe2O3 loglo(fO2) = -72.2996
(Eq. 10)

Thus the formal fO2 is -1047 to 102 bar for these commonly observed rust assemblages. These
low values do not imply that only a tiny fraction of a molecule of 02 can coexist with
magnetite/Fe(lII)-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 fO2. For example, commonly observed nitrogen redox couples (e.g., nitrate-
nitrite in pore waters of Chihuahuan deserts) imply fO2 < 10.10 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, a "mole" of smectite clay
(((CaMg)o.16,(KNa)omn)Fe 2 Alo33 Si3.67H2012) has a much larger molar volume than a "mole" of
hematite (424.293 versus 30.274 cm3, respectively; from the VOPrTr entries in dataO.nuc.R8d).
GdOHCO3 is the principal solubility-controlling phase for Gd, though some GdPO4-H2 0 forms
with the phosphate present in HLW glass and steels.
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NOTE: The phosphate to form GdPO4:H 20 originates as a trace constituent of steels and waste glass; phosphate
content of Incoming water (s I ppm) is comparatively insignificant Compare to Figure 6-7.

Figure 6-6. Case 3 (fO2=0.2 bar): pH and Some Solubility-Controlling Minerals
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Figure 6-7. Case 26 (fo2=1 0-° bar): pH and Some Solubility-Controlling 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 (p001 131) at selected reaction times.
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Table 6-3. Solution Composition in Molality In Selected Years for Case 3 (pOO1 131)

Years 9189 13169 30794 124270 633860

E lem entp 7.05 5.78 5.93 8.86 8.41

o 5.64E+01 5.64E+01 5.60E+01 5.58E+01 5.55E+01
Al 3.98E-09 9.62E-07 6.62E-07 8.95E-08 5.30E-08
B 4.39E.02 4.54E-02 4.59E-02 4.59E-02 1.24E-05
Ba 2.05E-08 1.22E-07 8.71 E-08 4.52E-10 1.39E-09
Ca 1.54E-01 4.23E-02 2.52E-03 2.98E-05 6.88E-05
Cl 6.85E-04 7.01E-04 7.07E-04 7.07E-04 2.01E-04
Cr 2.25E-01 2.33E-01 1.13E-01 2.45E-04 1.OOE-16
Cu . 2.23E-06 5.111E-04 2.02E-04 9.09E-07 3.38E-07
F 9.48E-05 6.02E-04 2.81 E-04 3.74E-04 1.15E-04
Fe 1.45E-12 7.28E-12 5.13E-12 1.40E-12 122E-12
Gd 1.93E-06 7.35E-03 1.47E-03 2.78E-07 8.97E-08
H 1.11E+02 1.1IE+02 1.11E+02 1.11E+02 1.11E+02
C 4.OOE-04 5.24E-05 5.50E-05 5.79E-02 4.38E-03
P 9.25E-11 2.75E-12 2.33E-12 4.87E-08 2.63E-09
K 1.04E-02 9.66E-03 8.72E-03 4.16E-03 2.58E-03
U 3.14E-02 3.25E-02 3.29E-02 3.37E-02 6.92E-06

Mg 5.71E-03 4.43E-03 3.60E-03 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 4.53E-03 4.68E-03 2.34E-03 1.42E-04 1.42E-04
Na 5.69E-02 5.80E-02 5.80E-02 5.49E-02 2.33E-03
Ni 8.58E-05 2.32E-02 9.12E-03 1.57E-08 5.27E-08
Np 1.09E-05 1.96E-04 1.29E-04 6.21E-07 1.00E-16
Pb 3.73E-11 2.17E-10 1.61 E-10 2.80E-10 8A8E-10
Pu 9.10E-13 1.53E-11 9.71E-12 2.90E-09 2.18E-12
S 1.78E-03 1.51E-03 1.10E-03 8.16E-04 1.92E-04
Si 3.84E-05 5.13E-05 5.15E-05 4.07E-05 3.62E-05
Tc 1.OOE-16 1.OOE-16 1.OOE-16 1.OOE-16 1.OOE-16
Tn 2.23E-10 2.23E-10 2.24E-10 2.25E-10 2.26E-10
U 3.16E-08 2.24E408 1.78E-08 1.39E-02 1.OOE-16

Hf Zr)' 6.67E-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
(pO.lI 131)

9189 13169 30794 124270 633860

0 6.05E+01 6.04E+01 6.03E+01 6.01E+01 5.98E+01
Al 7.58E42 1.02E-01 2.03E-01 6.09E-01 I.09E+00
8 3.135-14 O.OOE+00 2.10E-13 O.OOE+00 1.01E-14
Ba 722E-04 9.68E-04 1.94E-03 5.80E-03 1.04E-02
Ca 1.16E-02 1.24E-02 1.24E-02 9.28E-02 2.31E-01
Cl 2.81E-16 0.OOE+00 O.OOE+00 1.86E-14 O.OOE+00
Cr 9.80E404 1.31E-03 2.63E-03 3.73E-15 O.OOE+00
Cu 2.09E-03 1.54E-3 2.76E-03 1.36E-02 2.77E-02
F 1.72E-03 9.83E-4 1.65E-03 5.59E-15 O.OOE+00

Fe 3.21E+01 3.19E+01 3.07E+01 2.60E+01 1.90E+01
Gd 2.30E-01 1.98E-01 1.58E-01 1.09E-01 7.51E-02
H 1.45E+00 1A8E+00 1.82E+00 2.63=+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 1.05E-02 3.81E-02 2.78E-01 4.14E-01
U 1.81E-15 O.OOE+00 O.OOE00 8.11E-02 O.OOE+00

Mg 3.06E-03 5.80E-03 2.07E-02 1.72E-01 3.88E-01
Mn 4.55E-01 4.90E-01 5.55E-01 6.37E-01 6.59E-01
Mo 6.9E9-32 0.00+O0 2.05E-31 3.05E-31 O.OOE+00
N 2.83E-14 O.OOE+00 O.OOE+00 3.28E-17 O.OOE+00
Na 2.91E-03 6.30E-03 2.47E-02 2.01E-01 3.51E-02
Ni 6.33E-01 7.91E-01 1.07E+00 1.16E+00 8.94E-01
Np 2.OOE-03 1.33E-03 O.OOE+00 0.00E+00 O.OOE+00
Pb 2.58E-04 3.46E-04 6.93E-04 2.07E-03 3.71E-03
Pu 2.30E-01 2.15E-01 1.84E-01 1.37E-01 9.50E-02
S 8.34E-14 O.OOE+00 O.OOE+00 1.18E-12 O.OOE+00
Si 9.50E-01 1.21E+00 2.16E+00 5.83E+00 1.02E+01
Tc 3.73E-31 3.495-31 O.OOE+00 0.WE0+00 1.43E-31
Ti _f2.39E+00 2.24E+00 1.93E+00 1.50E+00 1.13E+00
U 4.71E-01 4.43E-01 3.90E-01 O.OOE+00 3.28E-24

Hf (Zr) 2.66E-01 2.49E-01 2.13E-01 1.58E-01 1.09E-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) 5.30 5.26 5.14 4.62 4.08

NOTES: *Hf was converted to Zr for EQ6. then converted back to Hf for mass and density calculations.
bForE06 system (1 liter aqueous fluid). To obtain total grams In WP, mnltiply by total system volume of
4593.985 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 10 in
less than 5-103 years (Figure 6-8), in the process elevating the solubilities of U and Pu (Figure 6-
9). In the higher pH periods, the dissolved U and Pu are almost entirely as UO2 (CO3 )3 and
PuO2(C0 3)3 4 . 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 fCO2 leads to formation of calcite (with Ca
principally from ceramic and HLW glass) and GdOHCO3 , the latter as the solubility-controlling
phase for Gd (Figure 6-10). These solid carbonates also serve as buffers against rapid drops in
pH.

. . . . . . . . . . . . . . . . . . . , . . . . - 1
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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 (pOQ._1231): pH and Consumption of Package Materials
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NOTE: The peaks In aqueous (dissolved) U and Pu are due to UO2 (CO3h' and PuO%(C3Q) complexes.

Figure 6-9. Case 8: pH and Total Aqueous Gd, Pu, and U
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NOTE: GdOHCO3 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.



wavie. Pef."at. nne-wm+jq%,%v Pnlowslat;^"W. *-. Pa -L-4rac At ,I4inte (a1.n
1
44a.

Title: EQ6 Calculation for Chemical Dcgradation of Pu-Ceramic Waste Packages: Effects of
Updated Materials Composition and Rates

Document Identifier: CAL-EDC-MD-000003 REV 00 Page 56 of 82

Table 6-5. Solution Composition In Molality in Selected Years for Case 8 (pOC.1231)

Years 4360 9767 30506 126670 633860

H 9.77 8.39 8.36 8.24 8.20

0 5.67E+01 5.66E+01 5.73E+01 5.55E+01 5.55E+01
Al 1 .77E-09 1 A5E-08 3.65E-08 3.57E-08 3.26E-08
B 1.69E-01 1.98E-01 2.08E-01 1.24E-05 1.24E-05
Ba 2.75E-1 I 5.90E-09 5.65E-09 2.99E-49 3.47E-09
Ca 4.84E-06 3.43E-04 4.30E-04 1.48E-04 1.84E-04
Cl 1.53E-02 2.67E-03 2.03E-04 2.01 E-04 2.01 E-04
Cr 1.87E01 225E-01 1.13E-01 1.94E-04 1.00E-16
Cu 1.40E-04 4.36E-07 4.01 E-07 325E-07 3.24E-07
F 7.88E-03 1.38E-03 1.16E-04 1.15E-04 1.15E-04

Fe 2.92E-12 1.21E-12 1.24E-12 1.20E-12 1.20E-12
Gd 2.48E-06 1.17E-07 1.08E-07 6.71E-08 6.34E-08
H 1.03E+02 1.1 IE+02 1.13E+02 1.11E+02 1.11E+02
C 1.21 E+OO 1.37E-02 7.53E-3 2.94E-03 2.68E-03
P 2.06E-05 1.25E-08 8.75E-09 1 .27E-09 1 .07E-09
K 1.62E-01 3.02E-02 1.33E-02 1.77E-03 7.70E-04
Li 9.51E-01 2.15E-01 5.69E-04 6.92E-06 6.92E-06
Mg 3.892-06 4.85E-04 3.17E-04 2.02E-04 1.99E-04
Mn 4.14E-15 3.70E-16 3.53E-16 2.32E-16 2.44E-16
Mo 1.00E-16 1.OOE-16 1.OOE-16 1.OOE-16 1.00E-16
N 3.65E-03 4.56E-03 2.34E-03 1.42E-04. 1.42E-04

Na 1 .25E+00 2.762-01 2.59E-01 1 .69E-03 1.98E-03
Ni 2.60E-10 1 .92E-07 1 .97E-07 1.13E-07 1.30E-07
Np 5.10E-04 8.33E-05 6.19E-08 1.OOE-16 1.OOE-16
Pb 6.32E-12 3.00E-11 3.69E-11 1.83E-09 2.13E-09
Pu 3.41E-03 4.76E-10 1.08E-10 8.41E-13 7.05E-13
S 2.16E-02 4.19E-03 4.82E-04 1.92E-04 1.922-04
Si 9.11E-04 4.20E-05 3.97E-05 3.69E-05 3.76E-05
Tc 1 .00E-16 1 .OOE-16 1 .OOE-16 I .OOE-16 1 .OOE-16
TI 1.79E-10 2.17E-10 2.25E-10 2.26E-10 2.26E-10
U 2.15E-01 2.27E-03 5.22E-04 1.49E-06 1.03E-06

Hf (W 5.38E-10 6.52E-10 6.74E-10 6.78E-10 6.78E-10

.

NOTES: *Hf was converted to Zr for EQ6 Calculations (AssumpUon 3.16).
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Table 6-6. Composition of Corrosion Products (mole%) and Density in Selected Years for Case 8
(pO0_1231)

4360 9767 30506 126670 633860

O 5.39E+01 5.44E+01 5.81E+01 5.98E+01 5.59E+01
Al 8.81E-41 8.76E-01 1.02E+00 1.08E+00 1.08E+00
B 2.74E+00 2.5300 1 .94E+00 6.43E-16 2.70E-16
Ba 8.39E-03 8.34E-03 9.68E-03 1.03E-02 1.03E-02
Ca 4.81E-01 4.78E-01 5.552-01 4.57E-01 4.78E-01
CI O.OOE+00 2.16E-18 O.OOE+00 O.OOE+00 O.OOE+O0
Cr O.OOE+0O 2.98E-03 3.46E-03 1.38E-03 O.OOE+00
Cu 2.41E-02 2.39E-02 2.78E-02 2.95E-02 2.94E-02
F O.OOE+00 5.40E-19 0.OOE+00 0.00E400 O.OOE+00
Fe 1.12E+01 1.20E+01 1.60E+01 1 .88E+01 1 .87E+01
Gd 7.63E E-02 -02 8.802-02 9.35E-02 9.33E-02
H 1.76E+01 1.66E+01 8.69E.00 5.55E+00 5.60E+00
C 8.25E-01 8.03E-01 3.29E-01 6.03E-01 5.47E-01
P 1.12E-02 1.22E-02 1.68E-02 1.99E-02 2.002-02
K 4.44E-01 4.39E-01 4.49E-01 2.59E-01 1.32E-01
U 1.92E-01 1 .19E-01 O.OOE+00 O.OOE+00 O.OOE+00

Mg 3.46E-01 3.44E-01 3.97E-01 3.44E-01 3.30E-01
Mn 4.09E-01 4.32E-01 5.66E-01 6.52E-01 6.52E-01
Mo O.OOE+00 0.002+00 2.14E-31 O.OOE+OO 0.OOE+00
N O.OOE+O 0.00E00 0.+ O.OOE+00 O.OOE+00
Na 1.61E+00 1.54E+o0 4.57E-01 2.33E-02 3.20E-02
Ni 2.25E-01 3.45E-01 7.02E-01 9.87E-01 9.86E-01
Np O.OOE+00 0.OOE+00 8.67E-17 O.OOE+00 O.OOE+00
Pb 3.O0E-03 2.982803 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 0.002+00 2.43E-16 O.OOE+00 .OOE+00 0O.OE+00
Si 8.01E+00 7.98E+00 9.32E+00 9.96E+00 1.01E+01
Tc O.OOE+00 1.23E-31 O.OOE+00 1.51 E-31 I .42E-31
Ti 9.14E-01 9.08E-01 1.05E+00 1.12E+00 1.12E+00
U O.OOE+00 2.81 E-02 2.91E-02 3.12E-02 3.10E-02

Hf (Zr)' 8.82E-02 8.76E-02 1.02E-01 1.08E-01 1.08E-01
Total (*A) 100 100 100 100 100
Total,, g) 3.192+03 3.31E+03 3.31E+03 3.35E+03 3.35E+03

Density (girm) 3.28 3.37 3.84 4.09 4.10

NOTES: 'Hf was converted to Zr for EQ6. then converted back to Hf for mass and density calculations.
bFor EQ6 system (1 Iter aqueous fluid). To obtain total grams In WP. multiply by total system volume
of 4593.965 liters.



xlu-.+- rB^..|^+:^-V V 434t~ £ 19" n- %.P fIJ* f 62VPiW AUiUR

Title: EQ6 Calculation for Chemical Degradation of Pu-Ceramic Waste Packages: Effects of
Updated Materials Composition and Rates

Document Identifier: CAL-EDC-MD-000003 REV 00 Page 58 of 82

6.4 CASE 13 (p00_2131)

Case 13 combines fast steel and ceramic degradation with slow HLW glass degradation 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 (pO002131): pH and Package Materials Remaining
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NOTES: Moles solidscalculated per literof void space.
This case had the highest Gd loss. Gd (sq) 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-E, 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 (pOO_2131 and plO_2131)

Years 1351 13175 33377 112990

Element pH 5.19 7.51 8.86 9.30
0 5.84E+01 5.58E+01 5.58E+01 5.57E+01
Al 6.47E-12 8.82E-09 9.68E-08 8.07E-08
B 1.65E-02 4.54E-02 4.59E-02 4.59E-02
Ba 3.89E-07 2.41 E-08 4.50E-10 6.74E-11
Ca 1.56E-01 1.35E-02 2.97E-05 8.18E-06
Cl 3.83E-04 7.01E-04 7.07E-04 7.07E-04
Cr 8.29E-01 6.49E-02 3.07E-04 2.45E-04
Cu 1.33E-04 5.41E-07 9.06E-07 4.19E-06
F 2.16E-04 2.16E-04 3.74E-04 3.74E-04
Fe 2.63E-11 1.24E-12 1.40E-12 1.84E-12
Gd 2.87E-02 1.40E-07 2.78E-07 7.34E-07
H 1.IIE+02 1.11E+02 1.1IE+02 1.IIE+02
C 2.95E-05 7.66E-04 5.71 E-02 5.18E-02
P 1.IOE-11 2.14E-10 4.8BE-08 3.14E-07
K 4.00E-03 9.08E-03 3.90E-03 4.03E-03
U 1.18E-02 3.25E-02 3.19E-02 3.31 E-02
Mg 1.67E-03 3.84E-03 4.07E-05 8.96E-06
Mn 4.68E-10 7.49E-15 4.25E-16 1.02E-15
Mo 1.00E-16 1.00E-16 1.00E-16 1.00E-16
N 1.63E-02 1.41 E-03 1.43E-04 1.42E-04

Na 2.26E-02 5.75E-02 5.61E-02 5.49E-02
Ni 2.18E-01 7.81 E-06 1.57E-08 1.76E-09
Np 3.44E-04 3.82E-06 7.12E-07 6.21E-07
Pb 7.25E-10 4.18E-11 2.78E-10 2.98E-11
Pu 8.22E-11 4.80E-13 2.84E-09 7.70E-08

. 8.43E-03 1.09E-03 8.16E-04 8.16E-04
Si 1.87E-04 3.69E-05 4.06E-05 5.51 E-05
Tc 1.00E-16 1.OOE-16 1.OOE-16 1.OOE-16
TI 2.19E-10 2.24E-10 2.25E-10 2.25E-10
U 5.41 E-08 1.27E-07 1.3BE-02 1.22E-03

Hf (Zr) 6.56E-10 6.72E-10 6.74E-10 6.73E-10

NOTES: Hf was converted to Zr for E06 Calculations (Assumption 3.16).
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Table 6-8. Composition of Corrosion Products (mole%) and Density at Selected Times for Case 13
(pOOL_2131 and plO_2131)

Years 1351 13175 33377 112990

0 6.03E+01 6.04E+01 6.04E+01 6.02E+01
Al 1.19E-02 8.46E-02 2.03E-01 5.71E-01
B 3.52E-15 1.02E-17 0.00E+O0 0.00E+00
Ba 1.12E-04 8.04E-04 1.94E-03 5.44E-3
Ca 4.54E-03 7.40E-03 4.84E-02 1.26E-01
Cl 1 .76E-15 0.OOE+00 3.14E-14 1 .65E-14
Cr 1.53E-04 1.09E-03 7.78E-15 129E-15
Cu 1.92E-16 9.70E-04 4.34E-03 1.47E-02
F 1.33E-13 4.29E-04 9.SOE-15 4.58E-15
Fe 3.64E+01 3.30E+01 3.15E+01 2.67E+01
Gd 2.71E-02 3.97E-02 3.77E-02 3.12E-02
H 5.13E-01 1.10E+00 1.29E+00 2.53E+00
C 0.00E+00 1.20E-02 8.46E-02 2.05E-01
P 2.71 E.02 2.77E-02 2.70E-2 2.45E-02
K 8.74E-04 1.01E-02 9.17E-02 3.13E-01
U 1.48E-14 O.OOE+00 3.91E-02 2.45E-02

Mg 7.21E-04 6.33E-03 5.76E-02 2.07E-01
Mn 5.29E-01 6.00E-01 6.10E-01 6.38E-01
Mo O.OOE+00 O.OOE+00 5.002-31 1.57E-31
N 9.28E-13 3.19E-19 5.48E-17 3.55E-18
Na 5.17E-04 6.22E-03 5.88E-02 2.15E-01
Ni 4.102-01 1.00E+00 9.72E-01 8.64E-01
Np 1.01E-12 7.21 E-05 0.00E+00 O.OOE+00
Pb 4.06E-06 2.88E-04 6.93E-04 1.94E-03
Pu 9.6512-02 1.79E-01 1.70E-01 1.41 E-1
S 4.30E-12 6.38E-19 1.95E-12 1.10£-12
Si 4.34E-01 1.15E+00 2.21E+00 5A9E+00
Tc O.OOE+00 O.OOE+00 1.38E-31 2.86E-32
Tn 9.852-01 1.86E+00 1.78E+00 1.54E+00
U 1.93E-01 3.69E-01 2.602-01 O.00E+00

Hf(r). 1.10E-01 2.07E-01 1.97E-01 1.63E-01
Total (%) 100 100 100 100
TotalD (g) 1.58E+03 2.17E+03 2.24E+03 2.49E+03

Density (gIcmn 5.25 5.21 5.06 4.62

NOTES: l was converted to Zr for EQ6, then converted back to Hf for mass and density calculations.
bFor EQ6 system (I liter aqueous fluid). To obtain total grarns In WP, multiply by total system volume
of 4593.965 liters.
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6.5 CASE 14 (pOO213 3)

In Case pOO2133, the combination of rapid steel degradation and low HLW degradation causes
low pH (< 6) for -6-103 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 Gd3+ or Gd(C0 3)2) is high (-10' mole/I) 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 f10 2 from 0.2 to 10.'°, and from 0.2 to
10'15 bar, respectively Crable 6-1).
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NOTES: This case shows the effects of combining high steel 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 (pD002133): pH and Package Materials Remaining
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NOTES: The degradation of steel, and subsequent oxidation of Cr(O) to Cr(VI), lowers pH until the steel is
exhausted. In the low pH period, Gd occurs mainly as Gd*. After exhaustion of steel (Figure 6-13). Gd
solubility decreases and Gd(CO3)i7 becomes the primary dissolved Gd species.

Figure 6-14. Case 14: pH, Gd Species, and Total 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 (pO0_133)

Years 19 10017 30200 42515

E l e~in~~?H 5.71 8.22 8.22 8.21

0 5.56E+01 5.55E+01 5.55E+01 5.55E+01
Al 8.37E-14 6.76E-13 6.76E-13 6.46E-16
B 2.22E-04 4.71E-04 4.71E-04 4.71E-04

Ba 2.63E-07 3.14E-09 3.14E-09 3.25E2-9
Ca 1.73E-03 1.95E-04 1.95E-04 2.21E-04
Cl 2.04E-04 2.06E-04 2.06E-04 2.06E-04
Cr 1.07E-02 2.45E-06 2.45E-06 2.45E-06
Cu 1.70E-06 3.25E-07 3.25E-07 3.25E-07
F 5.56E-12 1.17E-04 1.17E-04 1.17E-04
Fe 7.77E-12 1.20E-12 1.20E-12 1.20E-12
Gd 4.26E-12 6.54E-08 6.54E-08 6A7E-08
H 1.11E+02 1.1I E+02 1.11 E+02 1.11E+02
C 4.30E-05 2.83E-03 2.83E-03 2.77E-03
P 5.35E-04 1.14E-09 1.14E-09 1.08E-09
K 1.81 E-04 2.39E-04 2.39E-04 2.38E-04
U 1.57E-04 3.36E-04 3.36E-04 3.36E-04
Mg 1.OOE-04 1.06E-04 1.06E-04 5.39E-05
Mn 1.77E-11 2.35E-16 2.35E-16 2.38E-16
Mo 1.00E-16 1.00E-16 1.00E-16 1.00E-16
N 3.52E-04 iA2E-04 1.42E-04 1A2E-04
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 4.38E-06 6.21E-09 6.21E-09 6.21E-09
Pb 3.53E-10 1.93E-09 1.93E-09 1.99E-09
Pu 6.85E-05 7.72E-13 7.72E-13 7.47E-13
S 1.51E-03 1.98E-04 1.98E-04 1.98E-04
Si 1.87E-04 1.01 E-04 1.01E-04 1.91E-04
Tc 1.00E-16 1.00E-16 1.OOE-16 1.00E-16
Ti 2.26E-10 2.26E-10 2.26E-10 2.26E-10
U 9.95E-07 7.56E-07 7.56E-07 1.01 E-07

Hf (Zr)' 6.78E-10 6.78E-10 6.78E-10 6.78E-10

NOTES: 'Hf was converted to Zr for EQ6 Calculabtns (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)

=_t Yars 19 10017 30200 42518

0 6.02E+01 6.04E+01 6.01E+01 6.01E+01
Al 1.13E-03 6.38E-02 1.75E-01 2.34E-01
8 3.01E-18 0.00E+00 1.44E-19 O.OOE+00

Ba 5.40E-06 5.73E-04 1.63E-03 2.20E-03
Ca 1.25E-02 4.48E-02 1.77E-01 2.42E-01
Cl O.OOE+00 1.58E-19 1.08E-19 2.05E-19
Cr 5.40E-06 2.47E-21 O.OOE+00 1.05E-19
Cu 0.0E+00 8.24E-04 3.72E-03 525E-03
F 2.43E-03 0.OOE+00 0.OOE+00 5.13E-19
Fe 3.89E+01 3.27E+01 2.99E+01 2.85E+01
Gd 9.01 E-03 9.08E-02 8.26E-02 7.84E-02
H 6.14E-02 1.412E+0 2.66E+00 3.19E+O0
C 1.17E-12 6.74E-02 6.32E-02 7.35E-02
P 1.64E2-0 2.52E-02 2.46E-02 2.44E-02
K 2.93E-05 3.87E-03 1.06E-02 1.56E-02
U O.OOE+00 O.OOE40 O.OOE+O0 9.58E-19
Mg 1.27E-04 1.39E-02 3.83E-02 6.21E-02
Mn 4.33E-01 5.88E-01 5.74E-01 5.68E-01
Mo 4.97E-30 O.OOE+00 1.97E-31 O.OOE+00
N O.00E+00 O.02E+00 O.OOE+00 3.76E-19

Na 3.47E-05 3.90E-03 1.07E-02 1.58E-02
Nl 0.00E+00 6.85E-01 6.40E-01 6.18E-01
Np 0.002+00 1.51 E-21 0.00E+00 4.76E-20
Pb 3.83E-06 2.17E-04 5.94E-04 7.94E-04
Pu 7.90E-03 1.77E-01 1.61E-01 1.53E-01
S 0.00E+00 1.07E-18 3.60E-20 321E-17
Si 2.68E-01 1.38E+00 3.1 1 E+00 4.01E+00
Tc O.OOE+00 O.OOE+00 2.29E-31 O.OOE+00
TI 9.31E-02 1.84E+00 1.69E+00 1.62E+00
U 1 .82E-02 3.64E-01 3.41E-01 3.30E-01

Hf (Zr)a 1.042-02 2.05E-01 1.67E-01 1.78E-01
Total (%) 100 100 100 100
TotalD (g) 2.29E+02 2.182+03 2.30E+03 2.37E+03

Density (gtcm*) 5.25 5.18 4.93 4.81

NOTES: *Hf was converted to Zr for E06, then converted back to Hf for mass and density calculations.
bFor E06 system (1 liter aqueous fluid). To obtain total grams In WP. multiply by total system volume
of 4593.965 liters.
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6.6 CASE 18 (pOOL2231)

Case 18 (p00_2231) and Case 8 (pOO1231) 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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14-~~~~~~~~~~~~~~~~~1
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E ~~~~~~~~~~~~~~~~9.5
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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 (p0032231): 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 (pOOL-2231)

Yeas 3315 13591 29400 102680 634200

pH~ 8.45 8.69 8.78 8.81 8.26Elleme~n
0 5.52E+01 5.66E+01 5.65E+01 5.56E+01 5.55E+01
Al 1.OE-09 3.96E-08 9.23E-08 1.42E-07 3.78E-08
B 9.02E-02 2.23E-01 2.40E-01 1.26E-05 124E-05

Ba 3.16E-0 1.17E-09 5.77E-10 2.90E-10 2.62E-09
Ca 1.35E-04 1.04E-04 6.9IE-05 1.74E-05 1.32E-04
Cl 2.17E-02 8.70E-04 2.04E-04 2.01E-04 2.01E-04
Cr 9.74E-01 6.52E-02 5.27E-04 1.82E-15 1 .OOE-16
Cu 6.06E-07 6.74E-07 7.O6E-07 5.63E-07 3.26E-07
F 2.402-03 3.90E-03 1.31E-04 1.15E-04 1.15E-04
Fe 9.67E-13 11.32E-12 1.35E-12 1.35E-12 1.20E-12
Gd 11.23E-07 2.06E-07 2.35E-07 2.21E-07 6.95E-08
H 9.93E+01 11.12E+02 1.12E+02 1.IIE+02 1.1 1E+02
C 3.72E-01 3.95E-02 2.92E-02 1.40E-02 3.12E-03
P 5.18-E08 3.30E-08 3.57E-08 2.03E-08 1.402-09
K 2.23E-01 1.06E-02 4.35E-03 1.80E-03 1.36E-03
U 1.27E+00 8.19E-02 1.02E-02 6.92E-06 6.92E-06

Mg 1.64E-04 1.62E-04 1.11E-04 2.26E-05 1.71E-04
Mn 2.882-16 3.522-16 3.71E-16 3.43E-16 2.23E-16
Mo 1.00E-16 1.00E-16 1.00E-16 1.00E-16 1.00E-16
N 1.902-02 1.20E-03 1.46E-04 1.42E-04 1.42E-04

Na 1.08E+00 1.43E201 1.02E-01 1.41E-02 1.99E-03
NI 8.89E-08 4.01E-08 2.07E-08 11.05E-08 9.812E-08
Np 6.62E-04 3.34E-05 1.45E-07 1.00E-16 1.00E-16
Pb 1.11E-11 6.82E-11 3.57E-10 1.67E-10 1.60E-09
PU 2.37E-08 1.89E-09 1.05E-09 1.34E-10 9.26E-13
S 3.23E-02 1.25E203 1.96E-04 1.92E-04 1.922-04
Si 8.28E-05 4.30E-05 4.12E-05 3.72E-05 3.71E-05
Tc 1.00E-16 1.OOE-16 1.00E-16 1.OOE-16 1.OE-16
TI 1.66E-10 2.23E-10 2.25E-10 2.26E-10 2.26E-10
U 1.19E-01 9.09E-03 5.12E-03 6.24E-04 1.76E-06

Hf (Zr) 4.97E-10 6.68E-10 6.73E-10 6.78E-10 6.78E-10

NOTES: 'Hf was 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
(pOO..2231)

years 3315 13591 29400 102680 634200
Elem ent _ _ _ __ _ __ _ _ __ _ _ _

0 6.43E+01 5.51E+01 5.63E+01 5.97E+01 5.98E+01
Al 7.902-01 B.03E-01 8.71E-01 11.06E+00 1.06E+00
B 2.55E+00 2.21E+00 1.62E+00 O.OOE+00 1.10E-15
Ba 7.52E-03 7.65E-03 .29E-03 1.01E.02 1.01E-02
Ca 4.17E-01 4.38E-01 4.76E-01 5.83E-01 6.16E-01
Cl 1.95E-18 1.49E-13 O.OOE+00 4.25E-15 O.OOE+00
Cr 2.69E-03 2.74E-03 O.OOE+00 1.21E-25 0.00E+00
Cu 2.18E-02 2.22E-02 2.40E-02 2.82E-02 2.82E-02
F 5.03E-03 3.74E-13 O.O0E+00 1.95E-15 O.E+00
Fe 1.27E+01 1 AOE+01 1.51E+01 1 .84E+01 1 .84E+01
Gd 6.49E-02 6.96E-02 7.54E-02 9.15E-02 9.16E-02
H 1.61 E+01 1 .48E+01 1.22E+01 5AOE+00 5.58E+00
C 1.01E+OO 7.32E-01 7.81E-01 8.55E-01 8.19E-01
P 1.33E-02 1.48E-02 1.61E-02 1.95E-02 1.97E-02
K 3.94E-01 3.95E-01 4.14E-01 4.47E-01 2.23E-01
U 2.09E-01 8.42E-02 0.00E+00 9.38E-17 O.OOE+00

Mg 3.10E-01 3.15E-01 3.41E-01 4.14E-01 4.12E-01
Mn 4.45E-01 4.86E-01 5.26E-01 6.39E-01 6.40E-01
Mo 4.85E-32 O.OOE+00 5.34E-32 O.OOE+00 1.21 E-31
N 1.952-18 1.77E-15 0.00E+00 1.00E-16 O.OE+00

Na 1.87E+00 1.39E+00 1.19E+00 2.93E-01 3.06E-02
Ni 5.71E-01 7.352-01 7.96E-01 9.66E-01 9.68E-01
Np O.OOE+OO O.OOE+00 6.57E-15 0.00E+00 0.00E+00
Pb 2.69E-03 2.74E-03 2.96E-03 3.60E-03 3.60E-03
Pu 5.58E-02 6.02E-02 6.53E-02 7.92E-02 7.93E-02
$ 3.90E-18 9.83E-12 O.OOE+00 2.65E-13 O.OOE+00
Si 724E+00 7.39E+00 8.02E+00 9.75E+00 9.89E+00
Tc O.OOE+00 7.74E-32 3.05E-32 0.002+00 1.48E-31
Ti 7.84E-01 8.33E-01 9.03E-01 1.10E+00 1.102E+0
U_ 1.02E-01 1.44E-01 1.29E-01 8.29E-02 7.60E-02

Hf (Zd 7.502-02 8.04E-2 8.71E-02 1.06E-01 1.06E-01
Total (%) 100 100 100 100 100
Total (g) 3.74E+03 3.85E+03 3.72E+03 3A3E+03 3.42E+03

Density(gIcmn) 3.52 3.59 3.72 4.05 4.08

NOTES: Hf was converted to Zr for E06, then converted back to Hf for mass and density calculations.
bFor E06 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 (pO1g2204IpO2g2O22 and pOlg2203IpO2g2O31)

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 BaCrO4 transforms into BaCO3, dominantly by the reaction:

BaCrO4 + HCO3- = BaCO3 + CrO4 +. H. (Eq. II)

Thus, until the BaCrO4 disappears completely, the pH drops. Once the BaCrO4 is exhausted, pH
returns nearly to the ambient of incoming water at 10-3 bars fCO2. There is one last small stair
step, related to the disappearance of crocoite (PbCrO4).
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Figure 6-16. Case 22 (pO2g2022, 2rd Stage): pH and Package Materials Remaining
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Figure 6-17. Case 25 (p02g2031, 2nd Stage): pH and Package Materials Remaining
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NOTES: Gd (aq) Is the total dissolved (aqueous) Gd concentration. High Gd (aq) exists only as a brief, sharp peak
before pH climbs and GdOHCO3 precipitates.

Figure 6-18. Case 25 (2nd Stage): pH, Solid Corrosion Products, and Gd (aq)
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Figure 6-19. Case 25 (2nd Stage): Minerals Causing pH OStair Step

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

Yean 4418 10158 41581 100820 528010

5.13E+00 8.07E+00 8.12E+00 8.11E+00 8.11E+00

0 5.60E+01 5.55E+01 5.55E+01 5.55E+01 5.55E+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-09 S.06E-O 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 2.01 E-04 2.01E-04 2.01E-04
Cr 2.33E-01 8.90E-05 1.00E-16 1.00E-16 1.00E-16
Cu 1.89E-03 3.26E-07 3.25E-07 3.25E-07 325E-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 11.10E+02 1.11E+02 1.11E+02 1.1IE+02 1.11E402
C 3.32E-05 2.01E-03 2.26E-03 2.20E-03 2.16E-03
PD 8.42E-04 4.02E-09 7.64E-10 7.20E-10 6.91E-10
K 7.51E-04 3.91E-04 2A8E-04 1.78E-04 1.26E-04
U 6.92E-06 6.92E-06 6.92E-06 6.92E-06 6.92E-06

Mg 1.02E-03 2.83E-04 1.45E-04 1.02E-04 8.22E-05
Mn 5.19E-10 3.25E-16 2.83E-16 2.90E-16 2.96E-16
Mo 1.00E-16 1.00E-16 1.OOE-16 1.00E-16 1.OOE-16
N 4.69E-03 1.42E-04 1.42E-04 1.42E-04 1.42E-04
Na 1.83E-0 1.47E-03 1.94E-03 1.98E-03 1.99E-03
Ni 1.17E-01 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 3.222-0
Pu 1.56E-04 4.91E-13 5.53E-13 5.37E-13 5.26E-13
S 8928E-04 1.92E-04 1.92E-04 1.92E-04 1.92E-04
Si 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
U 1.032-06 5.63E-07 7.82E-07 7.19E-07 6.76E-07

Hf (Zr)t 6.69E-10 6.78E-10 6.78E-10 6.78E-10 6.78E-10

NOTES: Hf was converted to Zr for EQ6 Calculations (Assumpton 3.16).
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Table 6-14. Composition of Corrosion Products (mole%) and Density in Selected Years for Case 22
(pO1g2204/pO2g2022)

4418 10158 41581 100820 528010

0 5.55E+01 5.54E+01 5.56E+01 5.58E+01 5.62E+01
Al 9.81 E-01 9.62E-41 9.42E-01 9.06E-01 8.82E-01
Ba 9.35E-03 9.17E-03 8.97E-03 8.63E-03 8.39E-03
Ca 1.77E-01 1.90E-01 2.87E-01 4.59E-01 4.48E-01
Cr 1.27E-02 7.56E-04 O.OOE+00 O.OOE+00 O.OOE+0GY
Cu 1.24E-02 1.05E-02 1.02E-02 9.80E-03 9.26E-03
F 1.97E-03 3.29E-03 O.OOE+00 O.OOE+00 2.55E-20

Fe 1.67E+01 1.68E+01 1.64E+01 1.58E+01 1.54E+01
Gd 1.07E-03 5.62E-03 3.OOE-2 7.32E-02 7.64E-02
H 1.58E+01 1.59E+01 1.57E+01 1.54E+01 1A9E+01
C O.OOE+00 1.502-02 1.39E-01 3.49E-01 2.99E-01
P 1.67E-02 1.55E-02 1.53E-02 1.48E-02 1.55E-02
K 6.19E-02 5.59E-02 4.31E-02 3.17E-02 2.502

Mg 2.11E-01 2.02E-01 1.90E-01 1.78E-41 1.68E-01
Mn 5.82E-01 5.822-01 5.70E-01 5.48E-01 5.34E-01
Na 1.51E-02 1.98E-02 3.16E-02 3.32E-02 3.71E-02
Ni 5.04E-1 4.93E-01 4.82E-01 4.64E-01 4.52E-01
Np 0.002+00 5.56E-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 927E+00 9.11 E+00 8.98E+00 8.76E+00 9.40E+00
Ti 1.532-01 1.97E-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 (zr) 124E-03 6.49E-3 3.47E-02 8.46E-02 8.83E-02
Total(%) 100 100 100 100 100
Totaib (g) 3.17E+03 323E+03 3.33E+03 3.52E+03 3.62E+03

Density (gkcm) 3.75 3.76 3.78 3.82 3.80

NOTES: 'Hf was converted to Zr fhr E06, then converted back to Hf for mass and density calculations.
'For EQ6 system (1 lIter aqueous fluid). To obtain total gramns In WP, multiply by total system volume
of 4593.965 liters.
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Table 6-15. Solution Composition in Molatlty In Selected Years for Case 25 (p01g2203/p02g2031)

Years 4768 5803 21187 107620 634130

5.E3E+O0 5.61E+00 7.49E+00 8.04E+00 8.08E+00
0 5.61E+01 5.61E+01 5.55E+01 5.55E+01 5.55E+01
Al 1.50E-04 1.49E-06 7.76E-09 229E-08 2.47E-08
B 1.21E-05 1.22E-05 1.24E-05 1.24E-05 1.24E-05
Ba 5.29E-07 1.59E-07 1.09E-07 6.94E-09 5.85E-09
Ca 1.23E-01 1.95E-01 1.91E-03 3.45E-04 229E-04
Cl 1.98E-04 1.99E-04 2.01E-04 2.01E-04 2.01E-04
Cr 8.33E-01 626E-01 2.82E-03 7.73E-05 1.00E-16
Cu 1.81E-02 1.28E-03 4.54E-07 3.27E-07 326E-07
F 1.19E-03 1.58E-03 3.10E-04 1.152-04 1.15E-04

Fe 1.13E-10 3.07E-11 3.72E-12 3.60E-12 3.60E-12
Gd 1.802-02 4.39E-02 1.02E-07 5.44E-08 5.66E-08
H 1.06E+02 1.08E+02 1.11E+02 1.11E+02 1.11E+02
C 2.62E-05 5.01E-05 5.73E-04 1.88E-03 2.03E-03
P 2.55E-11 3.45E-12 7.54E-11 5.24E-10 5.81E-10
K 1.34E-02 1.50E-02 1.46E-03 5.72E-04 3.06E-04
U 6.78E-06 6.82E-06 6.92E-06 6.92E-06 6.92E-06

Mg 4.62E-02 5.13E-02 4.80E-04 8.76E-05 5.53E-05
Mn 9.21E-10 6.50E-1 I 3.92E-15 3.50E-16 3.15E-16
Mo 9.81E-17 9.86E-17 1.OOE-16 1.00E-16 1.OOE-16
N 1.64E-02 1.24E-02 1.97E-04 1.42E-04 1.42E-04
Na 5.19E-03 5.20E-03 8.61E-04 IAIE-03 1.97E-03
Ni 2.06E-01 1.46E-02 8.62E-07 5.56E-08 4.70E-08
Np 3.37E-04 2.85E-04 3.14E-06 1.65E-06 1.66E-06
Pb 9.87E-10 2.94E-10 1.80E-10 4.26E-09 3.60E-09
Pu 1.45E-10 2.38E-11 4.07E-13 4.59E-13 4.92E-13
S 1.68E-04 2.15E-03 2.04E-04 1.92E-04 1.92E-04
Si 2.98E-05 2.65E-05 2.20E-05 2.12E-05 2.16E-05
Tn 2.10E-10 2.15E-10 226E-10 2.26E-10 2.26E-10
U 3.64E-07 4.29E-08 4.22E-08 4.47E-07 5.50E-07

Hf (ZI) 6.29E-10 6.44E-10 6.78E-10 6.78E-10 6.78E-10

NOTES: HfwasconvertedtoZrforEQ6Calculations (Assumption3.16).
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Table 6-16. Composition of Corrosion Products (rnole%) and Density In Selected Years for Case 25
(p01g2203/p02g2031)

Eears 4758 5803 21187 107620 634130

0 5.56E+01 5.57E+01 5.58E+01 5.58E+01 5.59E+01
Al 9.61E-01 9.45E-01 9.29E-01 9.29E-01 9.26E-01
Ba 9.15E-03 9.OOE-03 8.85E-03 8.84E-03 8.81E-03
Ca 1.71E-01 1.85E-01 2.OOE-01 1.97E-01 2.05E-01
Cr 1.24E-02 1.22E-02 1.20E-02 2.59E-03 2.99E-30
Cu 1 .07E-02 1 .94E-02 1.98E-02 1.98E-02 1 .97E-02
F 3.62E-03 3.02E-03 3.50E-03 O.OOE+00 2.50E-19

Fe 1.66E+01 1 .64E+01 1.62E+01 1.62E+01 1.61 E+01
Gd 1.78E-2 1.76E-02 6.93E-02 6.93E-02 6.90E2-
H 1 .56E+01 1 .53E+01 1.52E+01 1.52E+01 1.51 E+01
C O.OOE+00 8.OOE-05 5.31E-02 624E-02 6.47E-02
P 1.66E2- 1.65E-02 1.62E-02 1.62E-02 1.63E-02
K 1.26E-01 1.202-01 1.05E-01 9.45E-02 6.46E-02

Mg 1.62E-01 1A5E-01 1.30E-01 1 29E-01 1.31 E-01
Mn 5.77E-01 5.71E-01 5.62E-01 5.6112-01 5.60E-01
Mo O.OOE+OO. 0.OOE+00 9.77E-32 5.70E-32 1.05E-31
Na 5.1 4E-03 4.31E-03 5.89E-03 2.19E-02 3.92E-02
Ni 6.84E-01 7.90E-01 7.85E-01 7.84E-01 7.82E-01
Np O.OOE+00 1.61E-04 4.49E-04 3.902-04 2.01E-04
Pb 327E-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 O.OOE+OO 0.002+00 1.56E-17
Si 8.91 E+00 8.77E+00 8.63E+OO 8.64E+00 8.73E+00
Ti 4.62E-1 7.07E-01 9.64E-01 9.63E-01 9.60E-01
U 6.32E-02 1.12E-01 1.62E-01 1.62E-01 1.61 E-01

Hf (Zr) 3.63E-02 6.40E-02 9.30E-02 929E-02 9.26E2-
Total (%) 100 100 100 100 100
Totalb (g) 3.30E+03 3.40E+03 3.49E+03 3.49E+03 3.50E+03

Density (g1cm') 3.80 3.84 3.89 3.89 3.88

NOTES: "Hf was converted to Zr for EQ6. then converted back to Hf for mass and density calculations.
bFor E26 system (1 liter aqueous fluid). To obtain total grams in WP, multiply by total system volume
of 4593.965 liters.
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Z Idedr" P ruct VersSon Status Used h Priority Sorce coried

2a UL.198. PhSAunh n Pntst, at Entire, TSV- 1.5 Pu-cwnklcdescr~.n- c lomo x WA WA
1fr yo. Mouwt ro s! ps Tber3 Pe c Tpe .1iminary ;S and- '
I sessnr 1Rev. tPIPIAIon PRport . metaemndatio lIsor Sf30.
Mileston l2b b. PIP S8-OIL LU ,moe. Calloami Secton a
LLNL ACC M01L1129IW18.O340. amict
NIMT ISSUE .

2 Shaw, KF., er 1999. PAnlrdn hbrwbtuon Figr WA Is WA Uewd as check VWt dder WIvs WA WA WA WA
Pttffir tPd *for Yucc Mostskp TOW Spwm 6.1;erw onsistent WM nwr results. but
Pertanwnc. Assessnt PIP-W107. Uvene ., not used tar ft
Calilornrs: LLNL TIC: 245437. 6e2

6.2

3 aClvan Radoadve Wate Management System Sectio WA I WA., Discussion of degradation WA WA WA WA
(CRWMS) Managent & Operng Cwraco 10.5.12 ecerarlos. VA no rermt dais used
(1&o4) I9. TOr System Perfarmane
A awnesmr -VsI" ty Ansum" 'en(rPA- VA)
Analyse Twhr"ce Bask. 0=10wnrt Chapter 10.
DIsnA 4Events. BOOOOoOD-0171743014-O01O
REV 00. La Veas, Nevada: CRWlS M4O. ACC.
M0L19980724399.

4 DOE 1S98. osit C ftlsAnal"A;s Fig. C-12 W/A 1,3 A.-Fkoodlngmaylsstsa2o1y0ws; WA WA WA WUA
AeiWodorq/op Tcpksd Report Re n Q. end C-IS. fist breach ol padcage s to occur
YMPTRR404Q. Las Vegas, NevedL DOE. ACC after 10,000 ears. Ued lo eobLan
MOL.199010.0236. broad bourding times bforcaluion

bid not used for riueric bkpuL
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OmFCE 6 CMUJAN RADIOACTIVE WASTE MANAGEMENT
DOCUMENT INPUT REFERENCE SHEET

1. Document Identifie NoJlte.: Chare T:

CAL_ _D_ _40_ _ REVW E06 C__ _ __on fbr Cernical Degradation of PocemmicW aste Peltges E1ec1t of Updatd Materials Composition and

Input Docurent _ _L T Due To

I Technical Product Input Source Te end b 4. Iput 5. Section S. hiput Description 7. TBWTBO tk . Fwram Inoolled Un-
kdentllerts) with Verison Status Used In Priority SouIrcO confirmied

5 CRWMS M&O 198. EQ6Clculationsr pp. 11-13 WA 1.3.5 WJ Discussion mode. ed h IA WA WA NtA
Chenical Degrdatio offo, -Cermic Kt. & p24: EG calclatllona for Pu-werncWP
Pe sage&9 BBA00004171742104-001 REV Section degradation; nonnraation pocss
00. Los Vegas, Nevada: CRWMS M&O. ACC 5.3:Teble aepected run cond bone with highest
MOL-199W915.0004. 51-I; Fig. Od loe: used as broad guidance, but

n1.3.4-2 not used lor rneric input
end 5.3.4

6 Hear. J.E.. Cauly. .L.; Isherwood. WF4 end TObl 4.1 TBV- 3.5 ConpoeionoaJ-13water. 3 X WA NiA
Rabenr, 190. Report ofie Comnmttee to &4.2 3425
Review lt Use of J-13 Wo WtWer I, leved AMOPE most roniow - r Ti e
AftiAwt Wis Storage AnvestlAegaon UCID- icoritwon idfJy13 This
21867. Lhrmonre, Califonia: LNL ACC: -eostton.idely used
MOL129t0418.0660. through pnt nd was

determined by pearmvew panel
INITIAL ISSUE

7 CRWNMS M50 19. EQ Calcul0tions ior p 26; Fig WA 3.5 NIk Chemical variations expected hi WA WA WA WA
Chemical Degrdation oFast F AeF Test Fackry 5-2 paduage, solublity condition for Gd
FFT) Waste Packages BADO000017174210i Orrough 5- phosphate, used as general

00028 REV 00. Las Vegas Nevada: CRfIUS O. pp 54- guldance: not used for numulc input.
M Z ACC: MOL1991229.0MI. 57: Justification for drip rates; range

Sections used Is lage, encompasses VA
5.1.1.3& values, and constitutes a parptrc
5.1 varIation.

5 DOE199S.V labftAssessomnt ofaRepos/toryot Fig3.22& WA 3 NIA. Discussionofmperature t WA WA WA WA
Yucca ouahta, Joclme 3 Totae System 3-24, pp whih nitial breach of waste padrage
Pedrinenom Assessment. DOERW4050t. Las 3-34 to 3- will occur. Used to indicate broad
Vegas. Nevada: CRWMS MO. ACC: ST. Constraints on run condions, ard bo
MOLIONSOD7.0030. justify useao 25C date ut not med

lor numeric hpdu

9 Firseching, FP. and Brune. S.L 1991. Sotbby Eny Seie WA 3 Nk Discussion of OdPO4 soliity NA WA WA WA
Products of the Triver.nt Ram-Earth Phosphates! not used Icr numeric Irt
Jo~ of Chemkfeiend Engineet VDaote 36, 93-
ff. Washington. D.C.: American Chemical Society.
TIC: 240683.
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OFFICE 6 CMUAN RADIOACTIVE WASTE MANAGEMENT
DOCUMENT INPUT REFERENCE SHEET

1. Oomment Idenbter Uojpev.: Change: Tle:
CAL-EDC41D40000S REVOO EO6 Calculation for Chnmia Degradation of Pu.cramic Waste Packages: Effeat of Updated Materials Composithon and

.~~~~~~~~~~~ Ratbs

Input Document 6. TOV DU To

2. Teical Produd Input Source Title and 3. Secaon 4 bput . Section UudA Desciption 7. T D Unqul From Uncntoled Uri
Identifierfa) wltl Version 111AS Used in Priority sicooairsner

10 CRYAS M &O 1999. Ellooroic talE0 Entie NIA 3,4,5.6 N/MA E06 database Neo. geometry NA NA NA WA
Cadordat 0brChomcafeDgradatiorn ofufc for fuel a WP
Ceramic Mte Packages: Me of LWOad (P numAr ), E0315 31, INand
Maeils Corpositon axRatas. CALEDCMD. output Ses. Excel Odr) files iea ether
000003 REV 00. Las Vegas. Nevada: CRWMS references as Indicated In hese

JI0. ACC: MOLO99923.0238. DIRs.

11 CRWWMS M&O 19M. rh*W System Pailbmance Figure TIV- 3,5 N&k Longlemn C02 pressure 3 X N/A N/A
Assessment -VebE Assassment (TSPA-WAp 4-27 3412 og02)- .3). Used only or
Anafyses recurdce Basts Docment Chapter 4 consistency ceedc tC02 veied up 1

fbear-Pld GeochinlcAV E , ommen. 5000000 order magnitw ef hrm wet-
01717-430100004 REV 01. Las Vegas, Nevada: estabhlhed anbent (Re. 34)
CRWMS M&O. AC: M0L1-B1008.0004.

12 CAWMS M50 low. S Sed W ast Psdv All. VI NA 3 Bass foraauptlono owewedfie NIA NWA N/A NWA
Probabilistic udtaUy Au"& Genation SW Circulatlon and mixhig of water Inside
Evahuation of /nWeWa ChMcJ/l Confaufauios. waste package.
BSA 0000-01717-220040005REVO. Las
Vegas. Nevada: CRWMS 11&0. ACC:
MOL1996024.0103.

13 Latimer, W.M. 1952. 7he OKAtcn Statas ofge p. 272 NWA 3 NWA Skrlaut of H and Zr. ThisIr NWA A N/A NWA
Elements and fterPolentlat hi Aqueous widely used handbook. Nonue
Sohgbom pp. 59. 30,215,272-274. New Yoak. hput; used only for general Indication
New Yoric Prflc&.Ha. Inc. TIC: 235748. of cemical knlmartly.

14 Wolery. T.J. 12. EQw A Solheere Pearage for Entire NA 4 N/. General dIscuss on of @ Q3/6 NWA N/A NWA W/A
GeochoemkWAoduet otAqueaous Systems aoftre. Not used for numeric hIpu
Package Ovarewandh sand utsf n Guide IVerarn
7.0J. UCRL4AA-110662 PT1. Livermore.
Caliornia: ULNL TIC: 205087.

15 DOveler.SAendWolery. TJ.1992. EQPT.A Entire NA 4 NA GeneraldicussinolfQE0315 NWA N/A NtA NWA
Data File P sprocessor 1br On EC"3 Satwere ecotware. Not noed for numeric Input.
Package. Usaea Guide and Related
DocanuntNaon f1Winon 7.0). UCRL4IA-110662
PT II. Livermore, California: LLNL TIC: 205240.
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- OFFICE OF CMUAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET
1. oommwt denfe NoJpAv.: *Cha(a T"a:
CAL-EDC41D.C000005 REOEX J ~CiabcAson icr 0wnlc Degradallof c Pu.Ceunic Waste Packages: Efleous of Updated Mateftas C-O-solo i

Inpt D mwnl L 1BV Due To

2 TIc s Ptdo kVA Sotxe Te ad e lelemn 4. " L Seclon bp A DoaW 7. TBV/FE UxmL Foin LdP.bRd _n.
Ida1Ifers) wtth Version sus L~dIn u^ Saume owdrimwd

16 WdleyTiJ. 1i9 EQ A Cm aPmgram Er&. WA 4 N/. aeniaI discussion of EQS WA WA WA WA
lbr Geooiimcaf Aquem 6p.& on.8ty wftwam. Not used tr nuneft bpA

andRe/a/ed Doaana n ~iZiOn7.0). UCRL-
MA-110662PTNI. Uvarmo.Cailfoia:LLNL
TIC: 205154.

17? Wolbry, TJ. and Dewier. 8A. 1992. ERf A Enire WA 4 Nk Genra discussion ci d E S WA WA N/A N/A
Chc eA a fo R emacma Path wdeft ooftwa. N ued fo ndumef kqpA
Aqu Gwd Sc Thws7
Manue. iwe Guild, awd RtFAd Dxanoiutl
(Vers/on 7.0). UCRL4tAA110662 PIT IV.
_ lvemworo. Ca onra i Li TIC: 205002.

18 CRW/MS MbO 1999. S8fmam OAne ReqAs &ib N/A 4 N/k gned SCR 1Dr EQS tCFT WA N/A WA N/A
OCR) LCRft A rJndm To E06 COpuer Addendua. Shos qualfciion

Pm hw 7heww mua lkeUi < and coansted br EQ6 Addindm. Not
Retated Docuntgmon UCiRL-MA-110662 PT IV. used for nwrk hup
Uas Vegas. Nevada: CRWMS M&W ACa
MOL1999035.0112.

19 CRMS M&O 199t. go"1 SdbSui busaton Enire N/A 4 NA/ Docsnendon of butagalhon NWA NWA N/A N/A
wad Testm Ria r 1wethuPu, Bwed Pwoons) Nd best rot 1w EQSrS eatws.
Capt mPA CSCI: LLYMP9NO2IOO. Las Not used ibr nmwuc kiput

Vegas, Nevada: CRWUS M&O. ACC:
MOL9980613.0191.

20 Jo Rit 1998. Weiit of Cien*Canltor Enidre NWA 6; NWA Used as chrd en masss bwr N/A N/A WA NIA
Aumbly. Interca Memorandum, ken, R Eacbuc Speadthia Puiermafs In 4. et
Jans (WSC) b E.P. Maddw (WSRC). Me"b WagaZm. Can, RacK Dl. Not
Decan.r J1 98, NMP-PLS-80153 TIC: usad br numetc kiput
243805.
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OFFICE OF CMLIAN RADIOACTIVE WASTE MANAGEMENT
DOCUMENT INPUT REFERENCE SHEET

1. Docuient Identlwar NoAev.: I 74e:
CAL-EDC-M0*00W3 REMJWO tWC6 liuatn for Cheil Degradation of PuCeraimc Waste packages: Efats of Updated Matarelsl Composition and

Input Docuenit _. TiV Due TO

- 2. T dnied ihd hcut Sou Tib & Section 4. ul 6. itecion B. "Lot D-cripti . 7. To3w= Unitu rrorn Uncontrat Un.2. Technical Product Input Sue The end UdduIs i . i Somuie confirn-
liie t er(s) With Veralon I_ _ _ _ _ _ _ _ _ _ _ _ _ _S uc nl w

21 Show, K.: Btrchan. D.: Cianberaln. 0.; aund Sid 32 WA 5: fi icZ dS5d5tiobn r(a WA MA WA WA
S11blor. N. It"g. t.o pedbmrrance, Teding &ri Elecuonle 32, 'SF O conowrt,
Qualilicallbn Ibir Reposilair. knirnobifts" 11111ruilect Used in spreadsheet Puteramzne,
Review. FebrAay 2445. 1999. Uv ore. et'Rate',brTab e r312
Caifoia: LLNL TC 243840. cuatn

iW AL ISSUE Used only lo suggest brood range:
raet varied orders lof magnitude hI
c alulataon_

22 HarnIton, L: Haynes, H.; Hvis. G.: Jones, RFL Entire TBV- Elecronic U Aed ibr nlane a surface srea WA X WA
Kdikku. E.; Ward. C.; anr Stokes. ,t 1998. 3440 Media celcuiation. hi spreadsheet Pu-
PbArCakni Raon srRok cerarnul, shestUagazines, Can,
Magazk Preftlnary Dezgri WSRC-TR43. AMOPE Rack, Di
00333. Aien South Carotnse Westinghouse Ap rl
Savannah River Company. TIC: 245188 Drma we orf hensiy ny itreun,

beuse design Otibc coniton; k
Includes Oh drawings: nAt fixed. The drawings ame wed! only
drawing Polop Magazilne (skW - and to calculate approlrmnaa ae and
badrk vors/on Assorri at and ts. EES-22624- m ss of metaL TtV can be Ki
RI-1OI REVA by obtaining findrawinps mnd

drawing Rack Ha~~chWV Details. 8cat~~c~ed showving that areas aNd masses aredrawing Reck bldin Dti s Scallped PA"w chaiw
(t#. EES-22624-R4-019 REVA
drawing Rack Wlmenri Iase Plate Details (1..
EES-22624R4-20 REVA.
NITIAL ISSUE_ _ _ _

23 Westinghouse Savannah River Company 1998. Entire TBYV Electranic Used for vorunn nd eurface area 3 IA X WA
Draw0v: Rack Wanend (C PournwAllamts 10Q 3441 medii caculations I spreadsheet Pu-
Wedrnent. EES-226244U4-021 REV YA Aen. cerarinxa, chest agazlnes, Can.
South Carolina: Westinghouse Savannah River AivioE Rada Dkk'
Compny. TiC: 245355. Aipprvai
IorNltlAL TISCi'JE 2455Sea 22 for TOV condlilons.
IM liAL /SSUE_ _ _ _ _ _

CRWMS M&O19o. wa4V;e Packne MatarA/a Sctons ISV- 5: Coneposllions and densities of 304. WA WNA WA WA
Poopcirie& B&ADOOOO-0171 7-0210-0O017 REV si gp, 10) 3149 Electrorkc aNW AIS ateel.
00. Las Vegas. Nevada: CR@MS M&a. ACC and .4 Media These data ea accepted but require
MOL.10990407.0172. (P. i sconrurre. s from DOE AMOPE.
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OFFICE OF CMLIAN RADIOACTIVE WASTE MANAGEMENT
b6CUMENT INPUT REFERENCE SHE&T

1. Docrent Idntlfer moffey.: Chag: TIll:

CAL4MC4AD.00003 REWO EQC CakaulItlen for CherIcal Degradation otPu*Cana c Waste Pakages: Effeca ofL Updated Materials Conmpostion and

input Docurnent _ _SV Dus To

2. Tehnical Product Input Source Tilbs and S5d ta 4 h ut s. 8eclion iorit 7. S UnquaL From Uncerln-
_dentllsrf) with Version U Prity

25 CRVAIS 1tO 1997. Chfa~yEvahmation of p. 11-13 TIV- 5; Corrosion rates of304L and 316L 3 X MA WA
Dgraded kemdl Con"lons b'Mfi PAR 3442 Eledronic Used hI shest Ratee of
AUCF WP Designs. B3A0OW00D-017174200. Media Pu-eeranmIs.
00056 REV 00. as Vegas. Nevada: CRWMS To SV, AAOPE must approve
M&O. ACC: 10L1971231 .0251. To Illt am of r ovs
IOUIL ISSUE approve rates within oCder magnitude

varation used hi this tudy.

26 CRWMS M1& 1905. Total System P&dnnac p. 6-5. . TBV- lass degradaon rates;, cson steel 3 X WA MA
Assesment . 195: An Evaluatim ofle PdIotar" Fig. 624 3443 Elecronic degradation rates. Used hi slet
YuccalmuIn Reposilory. Ot? .01717. glass) Media Rats' ft Pucorm.
2200400136 REV 01. Las Vegas. Nevada: CRIAU 4 ToE IfTSV, AIJOPE nwsrt approve
t1&0 ACC: MO-110966072V4.0|1UL8, P. 545, toVAFO m a sM&O.ACC: M0L199607)4.01S5. ~~. M3. approximuate rang of rates, or mumt
ImfnAL ISSUE Ftg 5.44. a pprove rates withn b 3 order

5.A4.5.A- magnitude variation used hI tili
G b(teel) study.

27 CRWMS M&O 1900. DOE SRSHNWGGiss Alt 1, p. 157 TIV. 5: Cornosition of Ohe glas. Used hi 3 X WA WA
-aemncal Compsfo BLA00000-01717- 0210. 3022 Eledronic shed 'Corposltions' d

00038 REVOO. Los Vegas, Nevada: CRWMS Media Pu-rswds.
M&LO. ACC: 14101-1900v15.0397. WIde rangs tasted for study: effecs

of variation were tuvlial, so TSV can
be tad I approved comompostlon b
Within tasted range.

28 DOE19292.C laaerldticsotandl Reposyo 3.3.15, WA 5 WAOlm corpolition for WA WA WIA MA
st DOEIRW01B4RI. Voluni 1. Oak Ridge, Table conpailsonr not used for nuentr

Tennessee: Oak Ridge National Laboratory. ACC: 3.3.8 Input
HOO.1992067.0001.

29 CRWMS M50 1096. Material Ow oasibns and p. 29031. TSV. S laotopwsthto241Pu and P9Tc NIA WIA WIA WA
NAnbsrDelns/i rNseunioa Cac~ultibn 3384 Reference eked uses values from
BBA0DOOoo1717-0200 2 REV 00. Las handbooks. Thel wehts are
Vegas, Nevadar CRYS M&O. ACM estabilahed fact and considered
MOL19900624.0023. 5ccpted, Used hI Pu-ceramndl,

seheet 'Ain 'a
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OFFICE OF CMUAN RADIOACTIVE WASTE MANAGEMENT
DOCUMENT INPUT REFERENCE SHEET

1 DOcanunt Identiflhr NoJRev.: Change: Te:

CAL-EDCUD-OOO3REVCtO |0 E~Ca tculato orwnibiDgrhsdation of ttnmc Waste Pepgs: tElbecetsUpdae Matebril&cmpsition and
CAL4DC~~~~tO.000003 ~~~~~ I S~ Rae

Inrput Document S. TOV Du. TO ___

2. Techicmal Product &V Surbegi T11e1 and 3. Section 4. nu -ectio B£ V Decrpton7 Y~ UrqaML From Uncontrolled Un-
___ Idlentilerf) wIth Version stalin Used in Prttft Suc conflirmd

30 Waker, F.W.; Panlogton, JR.; mnd Folirw, F. U1st of Accpted 5:. Atoumic weights (prbiiaryr souwce gas W/A NIA WA NWA
1989. Nuosdes and Wsotoess, Fourteenui Editior Elements, Electronic corstant (frm Hanidboo4) Used in
Ohawtofeffie CAWbS~ SanjMa", Caliomis: p. W. Gas Media. Pu-cerarnk sl heet 'AfmWts.
GenersdElectri Co. TIC: 201637. corstant

p. 57.

31 SPahluh. V. andl Bruno. J. 1995. A Selecte Entire TffV- 5 SOM thermodynamic data supplied 3 MIA WA W/A
Thenoew&^anmk Defta baeor REE to be Used in 3425 with E031 code package: basis Far
HILNINW~enbirance Assesament Exercivs.i SKB mar earthi dsta In datlsO.
Tecnical Report 95-35. Stocktholm. Sweden:__
Swedish Nudlesr Fuel and Waate Management Co. TBYVc bellftedIAMOP
TIC: 225493 Upproves LLNIL Geirnbchs SKS data
IM17AL MSUE

32 Weger. K.T.: Rat D.; Hess, N.J.; end Mc~rall B.P. Tables 2. WA 5 Wk Used for comparison agaInst 3 X WA W/A
119981. Sc~tft Wran Aqueous4Phas Reactlons of 4. A.3. SKB dstabrase: not used as Input to
Gadoftna hin die KAW O H.H20fl Sysatem,. csalclations CIWP degradation in
PNNL-111854. Rich/and. Washington: Pocific sectionSB.
Northwest National Laboratory. TIC: 242377.

33 CRIWJS M&O 199. E08 Calculations Ilor Assurnp. WA S WA. Discussion of prior process for W/A NfA WA WA
nhwlof epoeadation of PVWR ard MQX Spent 3.8. comnvoet Ingconriln water

Fuel Nlste Pakgest 811A00000-011717-2110- composllion Nio EQ6 Input not used
O0000) REV 00. Lea Vegas. Nevada: CRW$=J for nuimeric Irpu
M&O. ACC: M01-199607011.0483.

34 Weast. R.C., ad. 1977. CRC Hancibook of p. F.210. Accepted 5 Ambient C02 pressure. Handbook WA N/A W/A NfA
Chemistry and Physics, Or Edition. Cleveland, data.
Ohio: CRC Pres. Inc. TC 242378.

35 DOE 199S. Wa~ste Acooa~tance Amoduct p. 7. WIA S WA. Discusses process for obtaining WVA W/A WA N/A
Spelcalkefi for VAW/fid High.eWI Waste Forms. projected glass comosioetions.
E6M-WAPS Rev. C2Z Washington. D.C.: DOE. TlC:
234751.
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OFFICE OF CMLIAN RADIOACTIVE WASTE MANAGEMENT
DOCUMENT INPUT REFERENCE S14EET

1. Docnumnt lidnitler NoJftv..: Chnrqe: Tft:
CA L-EOCV4W Ide0t EWO E06A : Cng:fion hr Chemical Degadation of Pu4Cranc Waste Pndaages Effects of Updated Materlels Comipositon Ond

Rdat

Input Document S. TPV Dwe To

2. Technicl Product hIput Soure TU and | Section 4. Input S. secon e. TIDesciti T* mvrw u TD Prom Uncqoueet Un-
lidentmar(si with Version Statis Us19e11 pi Pritly suc ofr

36 fowlar, IROU Edwards. R.E.; Mar. S.L and pp. 4 to S. TIV- 5 *A: Projected DOE glass WA WA WA WA
Plodiner, M.J. 1995. Chemfel CaonfptMn Tables 1 3424 c _mpoallons used for comparlson.
PftjDecdonslrthaDOPFftcluc WSRC4M.91- toS
1161, Revtison 1. Aen, Soulh Carolna:
Wastmilhouse Savannah River Company. TIC:
232731.

37 Bblkr. NE Ray. J.W: Feillnger, T.L Hodoh, Tsbi 1. WA 5 WA:MeasUred SRL lass WA NA WA WA
o.e.; sedi R.S.; and Lien. O.G. 199& conposilon used boraco nparlsc.
Chnaraertrafon ofRadbactive Glass C Lmanfy
fBrpAucruceadbyhe Defense Aste PloceShx
Fslty at Savannah Rhoer Sie. WSRC-MW -
00617. Aken. South Carolina: Westinghouse
Savannah RWer Company. TIC 240858.

3 Stoduman, HW. 1OU. 'ong-Tsnn Modebin9 of Pp. 632- WA 6.2 NA D n of de so f for WA WA WA WA
Phatonhsni Soubiy a a, 634 broad conparion. Not used for
fIding Co8 t0ion. CS ulloe Decay, SWmenc dpub

615447. Boo Raton, Flodda. Lewis publishers.
MI 240836.

39 Roberta, W.L; Rapp. GR.. Jr.; and Wteber. .1 pp. 48-47. TBV. Electronic Densiy of minrls uved for moiar NA WA WA HA
1974. Encyledao'lnarsts. NewYorth New 600,515- 3444 Media volumes of several phases in
Yor: van Nostrand Reinhold Company. TIC: S1, 830, datb0).nuc fR8d; widely used
241917. 624-625. handbook.

GM. Gwen doe lources ard nature of bt

IA7NTL ISSUE data, ll densities am establishedfact should be consldered accepted.
________ ________ _______ _______ _______ _______ pending DOE AM OCP approval. _ _ _ _ _ _ _
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Attachment II. 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 6i), as discussed in Sections 5.3 and 5.4.2. The 6i input
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 ??? indicate run-specific nomenclature described in section 5.4.2.

3) EQ6 output files (text, extension = 6o).
4) Tab-delimited text files (extension = txt), with names p???????.elem????.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_atxt), total moles in minerals, aqueous phase, and remain special
reactants (*.elemtot txt), and the total moles in minerals alone (*.elem min.txt). The
*.elem tot.txt and *.elem min.txt also have the volume in cm3 of the minerals and total
solids (including special reactants) in the system.

5) FORTRAN source files (extension = for) for the version of EQ6 used in the calculations.
6) MS-DOS/Wim95/Win9S 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 dataO.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 NDIR> 09-12-99 4:49p Exef 77 arc dataO datal
PU_BIN-i NDIR> 09-12-99 5:25p Pubin for PP plots
PU DOC-1 NDIR> 09-12-99 5:51p Pudoc xis
PU7TXT-1 <DIR> 09-12-99 5:44p Putxt 6i 6o
SENS G-1 NADIR> 09-12-99 2 :06p sens Gd thermo
SENSG-2 <DIR> 09-12-99 2:17p sens Glass
sens Jl3 zDIR> 09-12-99 2:07p sensJi3

-\Pu-ceram CD\Exe f77 arc dataOdatal
AUTOEXEC BAT 624 09-12-99 1:20p AUTOEXEC.BAT
CONFIG SYS 463 06-17-98 2:04p CONFIG.SYS
DATAON-1 RSA 2,299,784 11-25-98 4 :1Sp datao.nuc.R8a
DATAON-1 RBD 2,300,150 12-15-98 5:26p dataO.nuc.R8d
DATAON-1 R8W 2,301,840 01-19-99 11:33a dataO.nuc.Rew
datal nuc 791,620 04-22-99 4:22p datal.nuc
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datal R8a
datal weg
Eq3nr exe
eq6 exe
eq6new for
eqlibnew for
EQPT EXE
EXTERNAL FNT
HELP PP
PP EXE
PREFER PP
Readme txt
Runeq3 exe
RUNEQ6 EXE
RUNEQPT EXE

791,200
792,936

2,169,333
1,056,485
1,322,545

492,613
2,337,701

9, 900
50,724
308,609

62
505

388, 005
392, 181
334,517

08-18-99
01-19-99
08-18-95
12-11-98
12-11-98
07-01-98
08-18-95
06-29-95
03-31-98
10-10-98
01-20-99
09-12-99
08-18-95
08-18-95
08-18-95

B:20a
11:34a
5:47p
1:27p

10: 50a
6:34p
5:47p
8:27p
6:04p
4:15p

10:25a
1: SIp
5:46p
5:46p
5:46p

-\Pu-ceram_CD\Pu_bin_forPPyplots
PlO 2131 BIN 20,534,072 09-12-99 3:20p
pOO 1131 bin 25,334,888 09-12-99 3:16p
pOO 1231 bin 28,125,624 09-12-99 3:18p
P0072131 BIN 7,956,864 09-12-99 3:19p
pOO 2133 bin 98,284,944 09-12-99 3:26p
pOO2231 bin 28,453,992 09-12-99 3:29p
pO2g2022 bin 97,847,912 09-07-99 2:44p
P02G2031 BIN 22,732,728 09-07-99 12:10p
psO1131 bin 25,391,016 09-01-99 10:48p

-\Pu-ceram CD\Pu doc xl.
DENSIT-1 XLS 206,336 09-12-99
FFTFS-1 XLS 3,696,640 09-12-99
GD_PEA-1 DOC 910,848 08-30-99
pu-ceram xls 922,624 09-12-99
PU-CER-1 DOC 3,642,880 09-12-99

datal.RSa
datal.weg
Eq3nr.exe
eq6.exe
eq6new.for
eqlibnew.for
EQPT.EXE
EXTERNAL. FNT
HELP PP
PP. EKE
PREFER.PP
Readme.txt
Runeq3.exe
RUNEQ6.EXE
RUNEQPT.EXE

PlO 2131.BIN
pOO 1131.bin
pOO1231.bin
POO2131.BIN
pOO2133.bin
pOO 2231.bin
pO2g2022.bin
P02G2031.BIN
psO_1131.bin

density Puceramicsue.xls
fftf short.xls
Gd peaks Pu-ceram 083099.doc
pu-ceram .xls
PU-ceramic 312hws 0911 4PM.DOC

plO 2131. 6i
plO_2131.60
pI 02131.elem-aqu.txt
plO2131.elemmin.txt
plO_2131.elem tot.txt
P00_1111.61
pOO1111.60
pOO_1111.elem aqu.txt
pOO_1111.elem min.txt
pOO1111.elem tot.txt
POO 1113.61
pOO1113.60
pOO1113.elem aqu.txt
pOO_1113.elem min.txt
pOO_1113.elem tot.txt
P00_1122.6I
pOO1122.60
pOO1122.elemwaqu.txt
pOO1122.elem-min.txt
pOO1122.elemtot.txt
POO1131.61

-\Pu-ceramCD\Pu_txt 6_ 6o
plO 2131 6i 37,292 09-12-99
p1O02131 60 2,337,650 09-12-99
PlO_21-3 TXT 21,511 09-12-99
PlO 21-1 TXT 20,366 09-12-99
PlO 21-2 TXT 20,379 09-12-99
POO 1111 6I 41,414 09-12-99
pOO_1111 60 4,352,245 09-12-99
P04D9D-1 TXT 42,771 09-12-99
P0399D-1 TXT 40,474 09-12-99
PO3FB1-1 TXT 40,487 09-12-99
POO 1113 61 41,414 09-12-99
pOO 1113 60 7,658,672 09-12-99
PO4D5D-1 TXT 69,411 09-12-99
P0395D-1 TXT 65,674 09-12-99
P03F71-1 TXT 65,687 09-12-99
POO 1122 6I 41,414 09-12-99
pOO1122 60 8,529,473 09-12-99
PO6D3D-1 TXT 74,739 09-12-99
P0593D-1 TXT 70,714 09-12-99
P05F51-1 TXT 70,727 09-12-99
POO1131 61 41,414 09-12-99

5: SIp
5:41p

11:26a
4:36p
6:22p

2:33p
2:35p
2:45p
2:46p
2:46p
2:34p
2:35p
2:46p
2:46p
2:46p
2:34p
2:36p
2:46p
2:46p
2:46p
2:34p
2:36p
2:46p
2:46p
2:46p
2:34p
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pOO_1131
PO8D9D-1
P0799D-1
POO 11-3
P001133
pOO 1133
POO 11-4
P00_11-2
POO 11-1
POO_1211
pO0_1211
P04D8D-1
P0398D-1
P03FAl-l
POO1213
p00_1213
PO4D4D-1
P0394D-1
P03F61-1
P00_1222
pOO_1222
PO6D2D-1
P0592D-1
P05F41-1
POO 1231
pOO1231
P08DSD-1
POO 12-4
P07FAl-l
POO 1233
pOO 1233
POO 12-2
P00 12-3
P0012-1
pOO02111
p002111
POD9D-1
P0499D-1
P04FB1-1
P00_2113
pOO_2113
Po5DSD-1
P0495D-1
P04F71-1
P00_2122
p0072122
PO7D3D-1
POO 21-4
P06F51-l
pOO_2131
p002131
PO9D9D-1
P0899D-1
POSFB1-1
P00_2133
pOO 2133
POO21-1

60
TXT
TXT
TXT
6I
60
TXT
TXT
TXT
6I
60
TXT
TXT
TXT
6!
60
TXT
TXT
TXT
6!
60
TXT
TXT
TXT
61
60
TXT
TXT
TXT
61
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
61
60
TXT
TXT
TXT
6I
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6I
60
TXT

3,589,489
34j 779
32, 914
32,927
41,414

7,539,485
66,747
63,154
63,167
41,414

3,941,015
37,443
35,434
35,447
41,414

8,043,246
69,411
65,674
65,687
41,414

8,644,631
75,627
71, 554
71,567
41,414

3,846,989
36,999
35,014
35,027
41,414

8,171,722
70,743
66,934
66,947
41,414

4,622,145
46,767
44,254
44,267
41,414

8,086,978
73,851
69,874
69,887
41,414

8,683,481
76, 959
72,814
72,827
41,479

1,820,7S2
19,731
18,682
18,695
41,414

7,892,956
70,299

09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12 -99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99

2:36p
2:46p
2:46p
2:46p
2:34p
2:37p
2:46p
2:46p
2:46p
2:34p
2:39p
2:46p
2:46p
2:46p
2:34p
2:40p
2:46p
2:46p
2:46p
2:34p
2:40p
2:46p
2:46p
2:46p
2:34p
2:41p
2:46p
2:46p
2:46p
2:34p
2:41p
2:46p
2:46p
2:46p
2:33p
2:41p
2:46p
2:46p
2:46p
2:34p
2:42p
2:46p
2:46p
2:46p
2:34p
2:42p
2:46p
2:46p
2:46p
2:33p
2:42p
2:46p
2:46p
2:46p
2:34p
2:43p
2:46p

pOO_1131.60
pOO1131.elem aqu.txt
pOO1131.elem min.txt
pOO_1131.elem_tot.txt
P00_1133.61
pOO01133.60
pOO01133.elem aqu.txt
pOO1133.elem-min.txt
pOO1133.elem tot.txt
POO 1211.61
pOO1211.60
pOO1211.elem aqu.txt
pOO121l.elem min.txt
pOO1211.elem tot.txt
P00 1213.6I
pOO01213.60
pOO01213.elem aqu.txt
pOO_1213.elem min.txt
pOO_1213.elem tot.txt
POO1222.61
p001222.60
pOO1222. elem_aqu. txt
pOO_1222.elem min.txt
pOO1222.elemtot.txt
POO1231.6I
pOO01231.6o
pOO1231.elemaqu.txt
pOO1231.elemmin.txt
pOO_1231.elem tot.txt
POO 1233.6I
pOO1233.60
pOO1233.elem-aqu.txt
pOO1233.elem_min.txt
pOO_1233.elemtot.txt
pOO2111.6i
pOO02111.60
pOO_2111.elem aqu.txt
pOO 2111.elem_min.txt
pOO_2111.elemtot.txt
POO 2113.6I
pOO2113.60
pOO2113.elem-aqu.txt
pOO2113.elem min.txt
pOO 2113.elem tot.txt
P00_2122.61
p002122.60
pOO2122.elem aqu.txt
pOO2122.elem min.txt
pOO2122.elem tot.txt
pOO 2131.6i
p002131.60
pOO2131.elem-aqu.txt
pOO2131.elem min.txt
pOO 2131.elemtot.txt
P00 2133.61
pOO 2133.60
pOO_2133.elem-aqu.txt
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P00 21-2
P00 21-3
P00_2211
pO0_2211
P05D8D-1
P0498D-1
P04FAl-1
P00 2213
poo 2213
P05D4D-1
P0494D-1
P04F61-1
POO 2222
pOO 2222
PO7D2D-1
P0692D-1
P00 22-1
P00_2231
p0072231
P09D8D-1
P0898D-1
P00_22-4
POO 2233
p00_2233
P00 22-2
P00_22-3
P08F61-1
pOlgl203
pOlgl203
POlG12-1
POlG12-2
POlG12-3
pOlg2203
pOlg2203
POlG22-1
POlG22-2
POlG22-3
pOlg2204
p0192204
P01G22-4
P029AC-1
P02FCO-1
pOlh2204
pOlh2204
POlH22-1
P01122-2
PO0H22-3
pO2glO21
pO2glO21
P02G10-i
PO2G1O-2
P02G10-3
pO2g2021
pO2g2021
PO8D2D-1
P0792D-1
P07F41-1

TXT
TXT
61
60
TXT
TXT
TXT
61
60
TXT
TXT
TXT
6I
60
TXT
TXT
TXT
6I
6o
TXT
TXT
TXT
61
6o
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6i
6o
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6±
60
TXT
TXT
TXT
6±
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT

66,514
66,527
41,414

4,267,590
40,551
38,374
38,387
41,414

8,635,980
75,627
71,554
71,567
41,414

1,305,088
75,183
71,134
71,147
41,414

3,971,911
37,887
35,854
35,867
41,414

8,372,643
72,963
69,034
69,047
38,573

5,199,386
46,767
44,254
44,267
38,648

2,060,364
21,066
19,945
19, 958
38,942

3,019,216
28,196
26,681
26,694
38,573

4,853,424
44,103
41,734
41,747
37,868

1,906,955
18,396
17,419
17,432
38, 020

2,418,369
21,956
20,787
20,800

09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
08-28-99
09-07-99
09-07-99
09-07-99
09-07-99
08-28-99
09-07-99
09-07-99
09-07-99
09-07-99
09-12-99
09-12-99
09-12-99
09-12-99
09-12-99
08-27-99
09-07-99
09-07-99
09-07-99
09-07-99
08-27-99
09-07-99
09-07-99
09-07-99
09-07-99

2:46p pOO2133telem min.txt
2:46p pOO 2133.elem tot.txt
2:34p POO2211.61
2:43p pOO2211.60
2:46p pOO02211.elemnaqu.txt
2:46p pOO2211.elemjmin.txt
2:46p pOO_2211.elem tot.txt
2:34p POO 2213.6!
2:44p pOO 2213.60
2:46p pOO2213.elem aqu.txt
2:46p pOO 2213.elemumin.txt
2:46p pOO_2213.elem tot.txt
2:34p POO 2222.61
2:44p pOO222 2.60
2:46p pOO 2222.elem aqu.txt
2:46p pOO72222.elem-min.txt
2:46p p0OO2222.elem tot.txt
2:34p P00 2231.61
2:44p pOO2231.60
2:46p pOO72231.elem aqu.txt
2:46p pOO_2231.elem min.txt
2:46p pOO 2231.elem tot.txt
2:34p POO 2233.6I
2:45p pOO2233.60
2:46p pOO2233.elem aqu.txt
2:46p pOO2233.elem min.txt
2:47p p002233.elem tot.txt
3:30p p0gl203.6i
3:56p pOlgl203.60
3:55p pOlgl203.elemaqu.txt
3:55p pOlgl203.elem min.txt
3:55p pOlgl203.elem tot.txt

10:38a pOlg2203.6i
2:57p pOlg2203.60
2:57p pOlg2203.elem aqu.txt
2:57p pO1g2203.elem min.txt
2:57 p p0lg2203.elem tot.txt

12:27p pOlg2204.6i
1:25p pOlg2204.6o
1:25p pOlg2204.Elem aqu.txt
1:25p pOlg2204.Elem min.txt
1:25p pOlg2204.Elem tot.txt
3:30p pOlh2204.6i
3:57p pOlh2204.6o
3:SSp pOlh2204.elemaqu.txt
3:55p pOlh2204.elem min.txt
3:55p pOlh2204.elem tot.txt
5:07p pO2glO21.6±
1:36p pO2glO21.60
1:36p pO2glO21.elem aqu.txt
1:36p pO2glO21.elem min.txt
1:36p p0291021.elem tot.txt
7 :16p pO2g2021.6i
1:SOp pO2g2021.60
1:SOp pO2g2021.elem aqu.txt
1:50p pO2g2021.elem min.txt
1:SOp pO2g2021.elem tot.txt
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pO2g2022
pO2g2022
P02G20-1
P02G20-2
P02G20-3
p02g2031
p02g2031
P02G20-4
P08925-1
P09F49-1
pO2h2022
pO2h2022
P02H20-1
P02H20-2
P02H20-3
pblg2203
pblg2203
prO_2131
prO_2131
PRO_21-1
PRO_21-2
PRO_21-3
p80s1122
p80 1122
PS0 11-1
PSO_11-2
PSO 11-3
psO 1131
psO 1131
PSO 11-4
PS799D-1
PS7FBl-l
p80_1222
psO 1222
PSO 12-1
PSO 12-2
PSO 12-3
p80_2131
p80_2131
PSO 21-1
PS021-2
PSO 21-3
pS0 2133
psO 2133
PS021-4
PS895D-1
PS8F71-1
ps2 1122
p82_1122
PS2 11-1
PS2 11-2
PS2 11-3
ps2 1131
p82 1131
PS2 11-4
PS8939D-1
PS8FBI-I

6i
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6i
60
6i
60
TXT
TXT
TXT
6i
6o
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6±
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT

36,421
7,702,259

66,901
63,30B
63,321
38,168

2,190,551
19,731
18,682
18,695
36,425

7,684,344
66,456
62,887
62,900
34,951

1,049,566
41,923

4,202,810
41,981
39,732
39,745
41,784

8,226,243
70, 906
67,097
67,110
41,710

3,670,161
35,751
33,838
33,851
41,710

8,547,371
74,466
70,465
70,478
41,775

3,921,236
38,421
36,364
36, 377
41, 710

7,873, 703
70,461
66,676
66,689
41, 784

8,376,770
72,241
68,360
68,373
41,209

2,387,705
21,956
20, 787
20,800

08-27-99
09-07-99
09-07-99
09-07-99
09-07-99
08-28-99
09-07-99
09-07-99
09-07-99
09-07-99
08-27-99
09-07-99
09-07-99
09-07-99
09-07-99
06-10-99
06-10-99
08-22-99
09-12-99
09-12-99
09-12-99
09-12-99
09-01-99
09-01-99
09 -01-99
09-01-99
09-01-99
09-01-99
09-01-99
09-01-99
09-01-99
09-01-99
09-01-99
09-01-99
09-01-99
09-01-99
09-01- 99
09-01-99
09-02-99
09-02 -99
09-02-99
09-02-99
09-01-99
09-02-99
09-02-99
09-02-99
09-02-99
09-01-99
09-02-99
09-02-99
09-02-99
09-02-99
09-01-99
09-02-99
09-02-99
09-02-99
09-02-99

5:08p pO2g2022.6i
2:44p p02g2022.6Q
2:44p pO2g2022.Elem-aqu.txt
2:44p pO2g2022.Elem min.txt
2:44p pO2g2022.Elem tot.txt
7:23p pO2g2031.6i
12:10p pO2g2031.6o
12:10p pO2g2031.Elem aqu.txt
12:10p pO2g2031.Elem min.txt
12:10p pO2g2031.Elem tot.txt
5:08p pO2h2022.6i
1:05p pO2h2022.6o
1:OSp pO2h2022.elemaqu.txt
1:05p pO2h2022.elem min.txt
1:05p pO2h2022.elem tot.txt
11:08a pblg2203.6i
11:16a pblg2203.60
2:19p prO 2131.6i
5:36p prO 2131.60
5:35p prO 2131.Elem aqu.txt
5:35p prO 2131.Elem min.txt
5:35p prO 2131.Elem tot.txt
9:18p psO 1122.6i
10:25p psO 1122.60
10:25p psO01122.elem aqu.txt
10:25p psO_1122.elem min.txt
10:25p psO 1122.elem tot.txt
9:19p psO 1131.6i
10:48p psO 1131.60
10:46p psO 1131.elemaqu.txt
10:48p psO 1131.elem min.txt
10:48p psO 1131.elem tot.txt
9:22p psO 1222.6i
11:49p psO_1222.60
11:49p psO 1222.elem aqu.txt
11:49p psO 1222.elem-min.txt
11:49p psO 1222.elem tot.txt
9:23p psO 2131.6i
12:15a psO 2131.60
12:15a psO_2131.elem aqu.txt
12:15a psO 2131.elem min.txt
12:15a psO72131.elem tot.txt
9:24p psO 2133.6i
1:12a ps0_2133.60
1:12a psO 2133.elem aqu.txt
1:12a psO_2133.elem min.txt
1:12a psO2133.elem tot.txt
9:26p ps2 1122.6i
2:12a ps2 1122.60
2:12a ps2 1122.elemaqu.txt
2:12a ps2 1122.elem min.txt
2:12a ps2 1122.elem tot.txt
9:26p ps2 1131.6i
2:29a ps2 1131.60
2:29a ps2 1131.elem aqu.txt
2:29a ps2 1131.elemwnin.txt
2:29a ps21131.elem-tot.txt
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ps2_1222

ps2 1222
PS2 12-1
'PS2_12-2
PS2 12-3
ps2 2131
ps2 2131
PS2 21-2

PS2_21-3
PS2 21-4

ps2_2133
ps2 2133
PSADSD-1
PS995D-1
PS2 21-1
BOO_2131

6i
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6i
60
TXT
TXT
TXT
6i

41,710

8,584,162

74,911

70,886
70,899

41,923
3,886,192

38,421
36,364

36,377

41,858

8,115,419
72,686

68, 781

68, 794
41,479

09-01-99
09-02-99
09-02-99
09-02-99
09-02-99
09-01-99
09-02-99
09-02-99
09-02-99
09-02-99
09-01-99
09-02-99
09-02-99
09-02-99
09-02-99
09-12-99

9
3
3
3
3
9
3
3
3
3
9
4
4
4
4
2

2
5
7
S
1
2
4
a
4
S

10
2

11
5

-\Pu-ceram CD\sens Gd thermo
CERD2W-1 61 46,723 12-02-98
CERD3W-1 6! 43,826 12-10-98
DATAON-1 R8W 2,301,840 01-18-99
GDC03 _-1 XLS 19,968 01-21-99
weger 31 1,551 01-19-99
wegerl 6i 4,126 01-19-99
weger2 6i 4,130 01-19-99
weger2s 6i 4,900 01-20-99
weger3 6i 4,428 01-19-99
weger3s 6i 4,701 01-20-99
weger3sx 6i 4,756 01-20-99
wegerd 3i 8,439 01-19-99
WEGER_-1 DOC 471,040 01-27-99
Wegfig3 xis 27,648 01-21-99

:26p ps2_1222.6i
:34a ps2_1222.60
:34a ps2 1222.elem aqu.txt
:34a ps2_1222.elemmin.txt
:34a ps2_1222.elem_tot.txt
:25p ps2 2131.61
:58a ps2 2131.60
:58a ps2 2131.elem_aqu.txt
:58a ps2 2131.elem min.txt
:58a ps2 2131.elem tot.txt
:24p ps2_2133.6i
:56a ps2_2133.60
:56a ps2 2133.elem_aqu.txt
:56a ps2 2133.elem min.txt
:56a ps2_2133.elemtot.txt
:33p sOO_2131.6i

:21p cerd2W0_0015I eq6new.6i
:16p Cerd3WO_0015I C02_LO new.6i
:Sp dataO.nuc.Rew
:41p GdCO3 Weger Rai_2_EQ6.xl 6
:55p weger.31
:17p wegerl.6i
:08p weger2.6i
:55a weger2s.6i
:28p weger3.6i
:57a weger3s.6i
:lla weger3sx.6i
:06p weger d.3i
:02a Weger Rai_vsSKB.doc
:41p Weg fig3.xls

Cerd2WO 0015Ibase.61
Cerd2wO 0015 Ibase.elem aqu.txt
Cerd2wO 0015I base.elem mio.txt
Cerd2wO 00151 base.elem tot.txt
Cerd2WO 0015I batchi.6i
Cerd2WO 0015! batchia.61
Cerd2wO0015I batchla.elem aqu.txt
Cerd2wO 0015! batchla.elem min.txt
Cerd2wO_O015Ibatchia.elem tot.txt
cerd2wO 0015 Ibatchlb.61
Cerd2wO_0015I batchlb.elem aqu.txt
Cerd2wO_0015I batchlb.elemm min.txt
Cerd2wO 0015! batchlb.elem tot.txt
Cerd2WO70015lIbatch3 .6i
Cerd2wO 0015I batch3.elem aqu.txt
Cerd2wO 0015!lbatch3.elem min.txt
Cerd2wO 0015I batch3.elem tot.txt
Cerd2WO 0015! blend.6i
Cerd2wO 0015! blend.elemaqu.txt
Cerd2wO 0015! blend.elem min.txt
Cerd2wO_0015! blend.elem tot.txt
cerd2WO70015I_eq6new.61
Cerd2WO 0015Ihm.6i
Cerd2wO 0015!7hm.elemaqu.txt
Cerd2wOOO1SI-hm.elem-min.txt

-\Pu-ceramCD\sens Glass
CZ40C5-1 61 43,010 01-3:
CZRD2W-2 TXT 23,536 01-3:
CERD2W-3 TXT 22,247 01-3:
CERD2W-4 TXT 22,260 01-31
CERD2W-1 6! 43,222 01-3:
CERD2W-2 6I 43,222 01-3:
CEFB4F-1 TXT 16,171 01-31
CEFB2B-1 TXT 15,314 01-3:
CE144D-1 TXT 15,327 01-31
CERD2w-3 6! 40,522 01-31
CE3C4F-1 TXT 8,606 01-31
CE3C2B-1 TXT 8,157 01-31
CES44D-1 TXT 8,170 01-3:
CERD2W-4 6I 43,632 01-31
CE96C8-1 TXT 24,181 01-31
CE82C8-1 TXT 22,892 01-31
CE98EC-1 TXT 22,905 01-31
CEDE02-1 6I 43,632 01-31
CEDCFO-1 TXT 26,851 01-31
CEDCD8-1 TXT 25,418 01-31
CEF4F6-1 TXT 25,431 01-31
CEFFF5-1 6! 46,723 12-0i
CEFBF7-1 6! 43,550 01-31
CESA47-1 TXT 22,846 01-31
CE4647-1 TXT 21,629 01-31

L -99
L-99
L-99
1-99
1-99
L-99
L-99
L-99
1-99
1-99
l-99
1-99
L-99
L-99
L-99
L-99
1-99
L-99
L-99
L-99
L,-99
2-98
L-99
L-99
L-99

4 :53p
6:16a
6:16a
6:16a
4:53p
5: S9p
6:25a
6:25a
6:25a
6:16p
6:31a
6:31a
6:31a
4 :53p
7: Ola
7:Ola
7:01a
4 :55p
6:46a
6:46a
6:46a
2:21p
4:54p
8:40p
8:40p
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CESC6-1
ECCEF6-

CE5481-1
CES46D-l
CERD2W-1
GLASS2-1
GLASS2-1
README-1

TXT
61
TXT
TXT
TXT
DOC
XLS
TXT

21,642
43,222
21,511
20,366
20,379
50,688

113,664
380

01-31-99
61-31-99
01-31-99
01-31-99
01-31-99
02-08-99
02-01-99
09-12-99

8:40p
4:54p
7:16a
7: l6a
7: l6a
2:24p
10:29a
2:20p

Cerd2w0_0015 hm.elem tot.txt
Cerd2Wo_0015I_purex.61
Cerd2wvO O5Ipurex.elem aqu.txt
Cerd2wO_001SI_purex.elemimn.txt
Cerd2w0ooos0Ispurex.elemtott.txt
glass2sensitivity.doc
glass2sensitivity.xls
Readme dates .txt

-\Pu-ceram CD\sensJ13
j13cal25 3i
J13cal25 3p
j13cal3O 3i
j13cal3O 3p
j13cal3S 3i
j13cal35 3p
j13noc25 3i
jl3noc25 3p
j13noc3O 3i
J13noc3O 3O
jl3noc3O 3p
j13noc35 3i
j13noc3S 3p
J13SEN-1 DOC
r4base 6i
R4BASE-1 TXT
R4EASE-1 XLS
r4cal25 6i
r4cal25 6i
R4CAL2-1 TXT
R4CAL2-1 XLS
r4cal3O 6i
r4cal3O_ 6i
R4CAL3-1 TXT
R4CAL3-1 XLS
r4cal35 6i
r4cal35 6i
R4CAL3-2 TXT
R4CAL3-2 XLS
r4noc2S 6i
r4noc2S 6i
R4NOC2-1 TXT
R4NOC2-1 XLS
r4noc3O 6i
r4noc30_ 6i
R4NOC3-1 TXT
R4NOC3-1 XLS
r4noc35 6i
r4noc35 6i
R4NOC3-2 TXT
R4NOC3-2 XLS

12,547
10,396
12, 993
10,840
12,991
10,840
12,846
10,692
12,920

127,230
10,766
12,920
10,766
39,936
40,547
22,260
47,616
40,855
42,996
20, 800
44,032
41,299
43,406
24,589
41;472
41,299
43,570
27,115
53,248
40,872
42,996
23,326
47,616
41,225
43,406
25,431
51,200
41,225
43,570
25,852
51,712

02-12-99
02-12-99
02-12-99
02-12-99
02-12-99
02-12-99
02-12-99
02-12-99
02-12-99
04-21-99
04-21-99
02-12-99
02-12-99
02-15-99
01-31-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-13-99
02-14-99
02-14-99
02-14-99
03-05-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99
02-14-99

4:43p j13cal2S.3i
6:05p j13cal25.3p
4:41p J13cal3O.3i
6:05p j13cal3O.3p
4:40p j13cal35.3i
6:05p j13cal3S.3p
4:43p J13noc2S.3i
6:05p j13noc23.3p
4:42p jl3noc3O.3i
7:53a j13noc3O.3o
7:53a J13noc3O.3p
4:50p j13noc3S.3i
6:05p j13noc3S.3p
1:46p j13sensitivity.doc

12:59p r4base.6i
7:44p r4base_.elem-tot.txt
7:47p r4base_.elem-tot.xls
3:39a r4cal25.6i
10:13a r4cal25_.6i
11:43a r4cal25_.elemtot.txt
7:13p r4cal25_.elemtot.xls
3:38a r4cal3O.6i
10:14a r4cal3O_.6i
11:54a r4cal30_.elemtot.txt
7:10p r4cal3O0.elem-tot.xls
3:39a r4cal35.6i

10:15a r4cal35_.6i
12:06p r4cal35_.elem-tot.txt
7:15p r4cal35_.elem-tot.xls
7:52p r4noc25.6i

10:16a r4noc25 .6i
11:OSa r4noc25_.elemtot.txt
7:18p r4noc2S .elem tot.xls

10:35a r4noc30.6i
10:16a r4noc3O_.6i
11:17a r4noc30_.elemutot.txt
7:21p r4noc30_.elemntot.x1s

10:07a r4noc35.6i
10:25a r4noc35 .6i
11:29a r4noc3S5.elem-tot.txt
7:24p r4noc35_.elemtot.

i
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